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To elucidate the genetic and biochemical regulation of elicitor-induced p-coumaraldehyde accumulation in plants, we
undertook a multifaceted approach to characterize the metabolic flux through the phenylpropanoid pathway via the
characterization and chemical analysis of the metabolites in the p-coumaryl, coniferyl, and sinapyl alcohol branches of this
pathway. Here, we report the identification and characterization of four cinnamyl alcohol dehydrogenases (CADs) from
cucumber (Cucumis sativus) with low activity toward p-coumaraldehyde yet exhibiting significant activity toward other
phenylpropanoid hydroxycinnamaldehydes. As part of this analysis, we identified and characterized the activity of a
hydroxycinnamoyl-coenzyme A:shikimate hydroxycinnamoyl transferase (HCT) capable of utilizing shikimate and
p-coumaroyl-coenzyme A to generate p-coumaroyl shikimate. Following pectinase treatment of cucumber, we observed the
rapid accumulation of p-coumaraldehyde, likely the result of low aldehyde reductase activity (i.e. alcohol dehydrogenase in
the reverse reaction) of CsCAD enzymes on p-coumaraldehyde. In parallel, we noted a concomitant reduction in the activity of
CsHCT. Taken together, our findings support the hypothesis that the up-regulation of the phenylpropanoid pathway upon
abiotic stress greatly enhances the overall p-coumaryl alcohol branch of the pathway. The data presented here point to a role for
CsHCT (as well as, presumably, p-coumarate 3-hydroxylase) as a control point in the regulation of the coniferyl and sinapyl
alcohol branches of this pathway. This mechanism represents a potentially evolutionarily conserved process to efficiently and

quickly respond to biotic and abiotic stresses in cucurbit plants, resulting in the rapid lignification of affected tissues.

The induction of stress and defense responses in
higher plants is regulated by a broad spectrum of
genetic and biochemical processes. At the cellular
level, activation requires the coordinated activity of
key enzymes, the function of which often depends
upon the availability of substrates to drive the chem-
ical reactions in which they participate. The lignin
biosynthetic pathway (Fig. 1) is one of the major
biosynthetic processes in plants and, like the entire
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phenylpropanoid pathway, responds to stress (Dixon
and Paiva, 1995; Naoumkina et al., 2010). In cucumber
(Cucumis sativus), for example, both biotic and abiotic
stresses elicit the synthesis of a variety of phenolic
compounds that have p-rimary functions in the acti-
vation of defense signaling (Stange et al., 1999, 2001;
Daayf et al., 2000; McNally et al., 2003), such as cell
wall lignification (Naoumkina et al., 2010) and the
production of antimicrobial compounds (Nicholson
and Hammerschmidt, 1992). As part of this general
defense response, lignin-related defense responses
have been hypothesized to be associated with the
enhancement of physical barriers, the decreased sen-
sitivity of plant cell walls to cell wall-degrading en-
zymes, as well as the production of toxic intermediates
produced during lignin biosynthesis (Ride, 1975). In
the early 1960s, Hijwegen (1963) reported that pre-
treatment of cucumber seedlings with phenyl-Ser in-
duces resistance to the scab pathogen Cladosporium
cucumerinum. This resistance was associated with the
deposition of phloroglucinol-positive materials, which
suggested a role for lignification in defense. Further
studies reported on the deposition of lignin as part of
the systemic acquired resistance of cucumber plants to
fungal pathogens (for review, see Hammerschmidt,
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Figure 1. The lignin biosynthetic pathway in cucumber. PAL, Phe ammonia-lyase; 4CL, 4-coumarate:CoA ligase; CCOAOMT,
caffeoyl-CoA O-methyltransferase; F5H, ferulate-5-hydroxylase; COMT, caffeate O-methyltransferase; POD, peroxidase. Major
known in vivo pathways are shown with the enzymes in black lettering with black arrows. Pathways that may have been
demonstrated in vitro or in vivo, but that are not considered to be primary pathways, are shown in gray. (Adapted from Boerjan

etal., 2003.)

2009) as well as part of genetic resistance to C. cucum-
erinum (Robertsen, 1987; Robertsen and Svalheim,
1990).

The chemical nature of the lignin-like material pro-
duced by cucumber and other cucurbits following biotic
and abiotic stress induction has been studied by a
number of approaches. For example, histochemical ob-
servations of infected or elicited tissues revealed the
deposition of a wall-associated insoluble material pos-
itively stained by phloroglucinol-HCl (Hammerschmidt
et al., 1984; Robertsen and Svalheim, 1990). Cupric oxide
oxidation of cucurbit cell wall components from plants
that have been elicited by, or are actively defending
against, fungal infection yields increased amounts of
simple p-phenols (e.g. p-hydroxybenzoic acid and
p-hydroxybenzaldehyde; Hammerschmidt et al., 1985;
Robertsen and Svalheim, 1990) as compared with me-
thoxylated analogs (e.g. vanillic acid and vanillin). Sim-
ilarly, acidolysis of cell walls from squash (Cucurbita
maxima) fruit previously elicited with pectinase resulted
in the release of p-coumaraldehyde (Stange et al., 2001).
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These observations suggested that the “lignin” polymer
produced during this response was different from that
found in, for example, xylem tissues. Indeed, early anal-
ysis suggested that lignin could be defined according to
its chemical composition, such as defensive lignin
(H-lignin) and developmental lignins (S- and G-lignin;
for review, see Whetten et al, 1998). The p-hydro-
xyphenylpropanoid nature of defense-associated lignin
in cucurbits was further supported by Stange et al.
(1999), who reported the accumulation of free p-cou-
maraldehyde in polygalacturonase-elicted squash fruit.
Taken together, these results suggest that the biosynthe-
sis of lignin precursors in pathogen-challenged cucur-
bits is directed toward the synthesis of p-coumaryl
derivatives rather than the more highly substituted
methoxylated analogs. This suggests that pathogen
infection, or treatment with elicitors, leads to a shift in
phenylpropanoid biosynthesis, favoring 4-hydroxycin-
namic acid derivatives. This seems reasonable in the
sense that the most expedient monomers for polymer-
ization are those made with the fewest biosynthetic
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steps: each addition of a methoxyl requires the action of
a hydroxylase and an O-methyltransferase (Boerjan
et al., 2003).

Here, we demonstrate that changes in the regulation
(i.e. gene expression and enzyme activity) of key
monolignol biosynthetic enzymes are responsible for
the production and accumulation of p-coumaralde-
hyde. It has long been known that cinnamyl alcohol
dehydrogenases (CADs) are responsible for the con-
version of p-hydroxycinnamaldehydes to p-hydroxy-
cinnamyl alcohols. In this study, we have identified
and characterized four CAD enzymes from cucumber,
characterizing their mRNA expression levels and en-
zymatic activities, both in vitro and in vivo, following
elicitation by abiotic stress. First, using an in vitro
approach coupling biochemical and genetic analyses,
we demonstrate that the four CsCADs have low ac-
tivity to p-coumaraldehyde. Next, we describe the
isolation and functional characterization of a hydroxy-
cinnamoyl-coenzyme A:shikimate hydroxycinnamoyl
transferase (HCT) from cucumber responsible for the
conversion of p-coumaric acid (via its CoA thioester)
and shikimic acid to p-coumaroyl shikimate. Finally,
our results of monitoring mRNA transcript and me-
tabolite accumulation in parallel with the enzyme and
substrate availability, in vivo and in vitro, suggest that
even though CAD activity was induced, the CAD’s
low affinity for p-coumaraldehyde, coupled with the
concomitant down-regulation of HCT, leads to overall
enhancement of the p-coumaryl branch of the phenyl-
propanoid monolignol pathway and an accumulation
of p-coumaraldehyde, which may function as a phy-
toalexin (Stange et al., 1999). The work described here
is, to our knowledge, the first extensive in vivo anal-
ysis of the regulation of the phenylpropanoid pathway
following abiotic stress elicitation in cucumber.

RESULTS

p-Coumaraldehyde and a Lignin-Like Material
Accumulate in Cucumber Hypocotyls upon
Pectinase Treatment

Previous research has demonstrated that the fruits of
squash and cucumber hypocotyls rapidly accumulate a
phloroglucinol-positive material following pectinase
treatment and fungal infection (Hammerschmidt
et al., 1984; Robertsen and Svalheim, 1990; Stange
et al., 2002). To visualize the accumulation of lignin-
like materials in planta, phloroglucinol staining of
cucumber hypocotyls following pectinase treatment
was performed (Fig. 2). As shown in Figure 2A, staining
of cucumber hypocotyls in the absence of pectinase
treatment resulted in little or no visible response. In
contrast, phloroglucinol staining of hypocotyls follow-
ing pectinase treatment revealed the rapid accumula-
tion of a lignin-like material (Fig. 2B). To determine
if the phloroglucinol-reactive material in pectinase-
elicited hypocotyls was composed, at least in part, of
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Figure 2. Pectinase treatment induces the rapid and tissue-specific
induction of p-coumaraldehyde in cucumber hypocotyls. Cucumber
hypocotyls were treated with pectinase, and epidermal tissues were
stained with phloroglucinol to visualize the production of p-coumar-
aldehyde. A, Untreated cucumber hypocotyl. B, Pectinase-treated
cucumber hypocotyl (48 h). Bars = 100 um. C, TLC silica plate
visualized/developed with phloroglucinol staining. Total extracts were
prepared from both wounded (i.e. pectinase) and infected samples and
analyzed by TLC. Lane 1, Sinapaldehyde control; lane 2, coniferalde-
hyde control; lane 3, p-coumaraldehyde control; lane 4, methanol
extraction of untreated cucumber hypocotyls; lane 5, methanol extrac-
tion of 48-h pectinase-treated cucumber hypocotyl; lane 6, methanol
extract of untreated cucumber hypocoty! after mild acid hydrolysis;
lane 7, methanol extract of 48-h pectinase-treated cucumber hypocotyl
after mild acid hydrolysis. D, Untreated Arabidopsis hypocoty! stained
with phloroglucinol. E, Arabidopsis hypocotyl 24 h post treatment
stained with phloroglucinol. Bars = 50 um.

p-coumaraldehyde, methanol extractions of the treated
and control tissues were performed, followed by anal-
ysis using thin-layer chromatography (TLC). As shown
in Figure 2C, visualization with phloroglucinol revealed
a single (red) band that migrated to an Ry value of 0.45,
which was identical to that of the p-coumaraldehyde
standard (Fig. 2C; lane 3, standard; lane 5, cucumber
hypocotyls). As expected, p-coumaraldehyde was not
detected (or was weakly present) in untreated hypo-
cotyls (Fig. 2, A and C, lane 4). Next, the methanol extract
from cucumber hypocotyls was subjected to mild acid
hydrolysis, and using this method, we detected the
release of additional amounts of p-coumaraldehyde (Fig.
2C, lane 7). This result suggests that p-coumaraldehyde
is either weakly bound or present in different conjugated
forms or chemical derivatives. Similar observations were
previously made in the fruits of squash (Stange et al.,
2001); in this study, we also observed the release of
p-coumaraldehyde in cucumber fruits (data not shown),
which suggests that this might be a general mechanism
in cucurbits.

Staining of Arabidopsis (Arabidopsis thaliana) hypo-
cotyls yielded a result similar to that observed in
cucumber, with untreated tissues accumulating little

Plant Physiol. Vol. 157, 2011



or no lignin-like material (Fig. 2D), while pectinase
treatment resulted in the visible red staining of the
epidermal tissue (Fig. 2E); however, as noted below,
Arabidopsis did not accumulate p-coumaraldehyde.
We presume in this case that positive phloroglucinol
staining is due to the accumulation of lignin-like
materials derived from coniferaldehyde and/or sina-
paldehyde. Taken together, these data confirm that
the accumulation of lignin-like materials is a rapid
response in plants associated with the initiation of
stress-specific responses but that the accumulation of
p-coumaraldehyde is a feature of cucurbits.

p-Coumaraldehyde Accumulation in Cucumber
Hypocotyls following Pectinase Treatment Represents an
Overall Enhancement of the Phenylpropanoid Pathway

While phloroglucinol staining is a valid method for
the visualization of lignin and lignin-like materials in
plant tissues (Jensen, 1962), it is for the most part
purely qualitative. To this end, p-coumaraldehyde was
quantified in planta following pectinase treatment
using ultraperformance liquid chromatography cou-
pled to tandem mass spectrometry (UPLC MS/MS).
As shown in Figure 3, p-coumaraldehyde content was
increased approximately 25-fold at 24 h following
treatment with pectinase, and by 48 h, this level was
approximately 78-fold over untreated samples. Using
these measurements, we calculated the amount of
p-coumaraldehyde in planta to be approximately 20
ug g ! fresh weight. Measurements were also made
for additional phenylpropanoids, including p-couma-
ric acid (more than 67-fold increase), coniferaldehyde,
and ferulic and caffeic acids (Fig. 1), each with an
approximately 8-fold increase. While attempted, we
could not detect sinapaldehyde in cucumber hypo-
cotyls, although the compound could be detected in
Arabidopsis hypocotyls (Supplemental Fig. S1). Inter-
estingly, p-coumaraldehyde was not detected in Arab-
idopsis hypocotyls, suggesting possible differences in
phenylpropanoid-based defense regulation between
these two plant species.

Four Enzymes from Cucumber Exhibit CAD Activity

BLAST analysis of the cucumber genome (Huang
et al., 2009) identified six genes as having high homol-
ogy (greater than 50% amino acid sequence similarity)
with known CADs from Arabidopsis (Supplemental
Fig. S2; Kim et al., 2004). To evaluate the role of the
cucumber CADs in the accumulation of p-coumaral-
dehyde following stress induction, all six CsCAD
genes were heterologously expressed in Escherichia
coli, and the purified proteins were tested for activity
toward all three aforementioned hydroxycinnamalde-
hydes (i.e. p-coumaraldehyde, coniferaldehyde, and
sinapaldehyde) and the related hydroxycinnamyl al-
cohols. Of the six CsCADs that we identified and
isolated, four were experimentally confirmed as being
able to convert p-coumaraldehyde to the correspond-
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ing alcohol (Fig. 4). Using clustering analysis based on
sequence homology of the CsCADs with known, char-
acterized CADs from Arabidopsis, we observed a
distinct partitioning of the AtCADs and CsCADs
into two distinct clades (Supplemental Fig. S2). In
short, this clustering correlates with the functional
diversification of the CAD family described previ-
ously (Somssich et al., 1996; Kim et al., 2004). For
example, CsCAD1 and CsCAD2 cluster with AtCAD4
and AtCADS5, suggestive of a similar, conserved activ-
ity in cucumber as compared with Arabidopsis. Like-
wise, CsCAD3 and CsCAD4 segregated to a second
cluster that includes ELI3 from Arabidopsis, a well-
characterized CAD associated with plant defense sig-
naling (Somssich et al., 1996). Based on the output of
this analysis, as well as the previous observation of the
enzymatic properties of ELI3 (Somssich et al., 1996),
2-methoxybenzyl alcohol and its corresponding alde-
hyde were included as possible CAD substrates.

As shown in Figure 5, CsCAD3 and CsCAD4 each
has a high specific activity toward 2-methoxybenzal-
dehyde yet much lower activity toward the hydrox-
ycinnamaldehydes. Moreover, and as predicted based
on inference from our phylogenetic analysis, CsCAD1
and CsCAD2 were found to have high specific activ-
ities to both sinapyl and coniferyl alcohol. Conversely,
both enzymes were found to have significantly lower
activity toward p-coumaryl alcohol and no detected
activity toward 2-methoxybenzaldehyde/2-methoxy-
benzyl alcohol (Fig. 5). All four enzymes showed low
activity to p-coumaraldehyde as well as toward p-cou-
maryl alcohol. CsCAD5 and CsCAD6 did not have any
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Figure 3. Quantification of p-coumaraldehyde, coniferaldehyde, sina-
paldehyde, p-coumaric acid, sinapic acid, ferulic acid, and caffeic acid
in pectinase-treated hypocotyls of cucumber. Cucumber hypocotyls
were treated with pectinase, and the accumulation of major phenyl-
propanoid metabolites was monitored (ug g ' fresh weight [fr wt]).
Pectinase-treated hypocotyls were collected at 24 and 48 h post
treatment. Untreated hypocotyls were used for baseline measurements.
Statistical significance was determined using two-way ANOVA fol-
lowed by Bonferroni post tests, where ** P < 0.01 and *** P < 0.001.
Numeric values are listed in Supplemental Table S1.
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Figure 4. Purified recombinant cucumber CAD enzymes are capable
of converting p-coumaraldehyde to p-coumaryl alcohol. A, CsCAD1. B,
CsCAD2. C, CsCAD3. D, CsCAD4. Data shown are representative of
analyses obtained from six independent experiments. Alc, p-Coumaryl
alcohol; Ald, p-coumaraldehyde. The x axis shows retention time (min)
and the y axis shows absorbance units (AU).

detectable activity, as monitored by HPLC (e.g. no reduc-
tion of p-coumaraldehyde) and by spectrophotometry
(e.g. oxidation of p-coumaryl alcohol to its corresponding
aldehyde), with any of the tested substrates (Fig. 5). Based
on these results, we conclude that CsCAD5 and CsCAD6
activity is extremely low, below the limits of detection, as
was observed with several members of the Arabidopsis
CAD family (Kim et al., 2004).

While we can conclude that CsCAD1 and CsCAD2
proteins are bona fide CADs, they have very different
properties in terms of substrate specificities compared
with AtCAD4 and AtCAD5 (Fig. 5). For example,
AtCAD4 and AtCADS5 were previously shown to have
the highest activities, in vitro, toward p-coumaralde-
hyde, followed by lesser activities to sinapaldehyde
and coniferaldehyde (Kim et al., 2004). In contrast, our
data demonstrate that the activities of both CsCAD1
and CsCAD2, when compared with CsCAD3 and
CsCAD4, although having high specific activities to-
ward hydroxycinnamaldehydes, demonstrated even
higher affinity toward 2-methoxybenzaldehyde/2-
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methoxybenzyl alcohol. This result is similar to that
observed for ELI3 (i.e. AtCAD7; Somssich et al., 1996).

To further evaluate the substrate specificities of the
purified CsCAD enzymes, the steady-state kinetics of
each were analyzed in vitro (Table I). For the majority of
the enzymes, the apparent K, values for sinapyl alcohol
and coniferyl alcohol were in the range of 1 to 200 um.
CsCAD3 and CsCAD4 had the lowest K., values (2 and
4 um, respectively) with 2-methoxybenzaldehyde as a
substrate, whereas all bona fide CsCADs (i.e. CsCAD1,
-2, -3, and -4) had the highest K values (ranging from
0.5 to 1.2 mm) with p-coumaraldehyde as a substrate.
For comparison, AtCAD5 had an apparent K, of 20 um
for p-coumaraldehyde.

Cucumber CAD mRNA Transcripts Are Induced upon
Pectinase Treatment

To evaluate changes in gene expression of the key
enzymes from the phenylpropanoid pathway involved
in lignin formation, real-time PCR (RT-PCR) was per-
formed. In total, we monitored the expression of three
cucumber CAD mRNAs (i.e. CsCAD1, -2, and -4), cinna-
mate 4-hydroxylase (CsC4H), p-coumarate 3-hydroxylase
(CsC3H), and cinnamoyl-CoA reductase-1 (CsCCR1) fol-
lowing treatment of cucumber hypocotyls with pectinase.
As predicted, the pathway is highly transcriptionally
regulated, and many of the genes encoding the key
enzymes involved in lignin biosynthesis were induced
upon pectinase treatment (Fig. 6). For example, all three
CsCAD mRNAs were induced at 24 h post treatment,
with CsCADI mRNA expression remaining induced
above resting levels at 48 h. Similarly, CsC4H and
CsC3H were also induced 24 h post treatment, with
CsC4H expression at 48 h remaining increased above
resting levels. CsCCR1 mRNA was not significantly
induced, nor was CsCAD3 (data not shown). Coupled

Il p-coumaryl alcohol

40000000 4 T EZA coniferyl alcohol
30000000 u [l sinapy! alcohol
— 20000000 - [ 2-methoxybenzyl alcohol
- :.:
'\n 10000000 - i ok
L _ | o=
= 400000 v
"’g 300000 -
2 200000 -
x 100000 -

Figure 5. Four CADs from cucumber exhibit activity to hydroxycin-
namyl alcohols. The relative substrate activity of each recombinant
CsCAD isoform against p-coumaryl alcohol, coniferyl alcohol, sinapyl
alcohol, and 2-methoxybenzyl alcohol is presented as K,,, (M~ s7"),
where K, is calculated by dividing K_,, by K.,. Statistical significance
was determined using two-way ANOVA followed by Bonferroni post
tests, where *** P> 0.001 refers to differences between the CsCADs for
each substrate.
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Table I. Enzyme kinetics of recombinant CsCAD proteins

K,,, was calculated by dividing K_, by K,.
Enzyme Substrate (Alcohol) K., Koo Ko,
UM s M5!
CsCAD1 p-Coumaryl alcohol 889 + 2.3 0.84 59,100
Coniferyl alcohol 16 = 0.2 4.25 267,295
Sinapy! alcohol 10.7 £ 1 217 202,402
2-Methoxybenzyl alcohol No activity No activity No activity
CsCAD2 p-Coumaryl alcohol 1,200 £ 8 0.00133 1.11
Coniferyl alcohol 56 £ 2.3 2.96 52,884
Sinapy! alcohol 46 £ 0.8 2.44 53,242
2-Methoxybenzy! alcohol No activity No activity No activity
CsCAD3 p-Coumaryl alcohol 702 =5 1.38 98,809
Coniferyl alcohol 200 =5 3.58 50,469
Sinapy! alcohol 70 £ 0.2 7.71 9,635
2-Methoxybenzyl alcohol 2.2 *+0.1 61 26,707,407
CsCAD4 p-Coumaryl alcohol 489 = 7 44 43,500
Coniferyl alcohol 66 * 1 10 151,332
Sinapy! alcohol 70 = 0.5 1.28 68,996
2-Methoxybenzyl alcohol 3.8 = 0.1 19.2 5,030,621

with our biochemical and metabolic analyses shown in
Figure 3, our data support the hypothesis that the
overall regulation of the phenylpropanoid pathway in
cucumber following abiotic stress perception occurs at
both the transcriptional and enzymatic levels.

C4H is considered a key point for entering the
monolignol pathway (Fig. 1), and in agreement with
the induction of mRNA accumulation in pectinase-
treated plants, we also detected increased levels of
p-coumaric acid in pectinase-treated hypocotyls of
cucumber (Fig. 3). Based on this observation, we
hypothesized that CsCAD1, CsCAD?2, and, to a lesser
extent, CsCAD4 are the primary enzymes responsible
for the generation of hydroxycinnamyl alcohol forma-
tion in cucumber hypocotyls. In agreement with this
hypothesis, CsCAD3 showed higher activity toward
p-coumaraldehyde in comparison with the other
CsCADs; however, CsCAD3 mRNA was not detected
in cucumber hypocotyls, suggesting that this enzyme is
likely not expressed in hypocotyls and therefore does
not contribute to the accumulation of the hydroxycin-
namaldehydes in the epidermis of the hypocotyl. Al-
though an increase in the expression levels of mRNAs
of all genes described above was observed, the possi-
bility still exists that this level does not compensate for,
nor reflect, the full enzyme capacity required to con-
vert all of the accumulated p-coumaraldehyde into its
alcohol.

HCT Enzyme Activity Is Down-Regulated following
Pectinase Treatment

BLAST analysis of the cucumber genome did not
identify a gene with homology to HCT; however, based
on our metabolomics analyses above, we hypothe-
sized that this gene may have been missed in the
original assembly of the genome. To this end, degen-

Plant Physiol. Vol. 157, 2011

erate primers were synthesized for the amplification of
a cucumber HCT gene based on BLAST searches of
the melon EST database (http://www.icugi.org/). In
short, an approximately 500-bp fragment from the 5’
end of a candidate CsHCT ¢cDNA was successfully
amplified and isolated. To complete the sequence, 3’
RACE was performed, and the full-length clone was
confirmed by DNA sequencing (Supplemental Fig. S3;
BankIt1454952 CsHCT JN005932).

To complement the mRNA expression analyses
shown in Figure 6, we next monitored the expression
of CsHCT mRNA. As shown in Figure 7A, CsHCT

S 155 cloh
‘w 8.01 Ill 24h
g 05 A BE=48 h
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™
uJ *k
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-‘?u. *k ok ***
@ 00
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¢ o ® ¢,

Figure 6. Pectinase treatment results in the rapid induction of mRNA
expression levels of the primary biosynthetic genes in the phenyl-
propanoid pathway. Cucumber hypocotyls were treated with pectinase,
and samples were taken at 24 and 48 h post treatment. RT-PCR was
used to measure the mRNA accumulation of CsCAD1, CsCAD2,
CsCAD4, CsC4H, CsC3H, and CsCCR1 following treatment. Actin
was used as an endogenous control for PCR. Values represent means =
st from three technical replicates of three biological replications.
Statistical significance was determined using one-way ANOVA fol-
lowed by Tukey post tests, where * P < 0.05, ** P < 0.005, and *** P <
0.001.

1061



Varbanova et al.

mRNA expression was found to be reduced approx-
imately 2-fold at 24 h post treatment, and a nearly
3-fold reduction was observed at 48 h, compared with
the expression level in the untreated control. Similarly,
the mRNA expression of the Arabidopsis HCT gene
was analyzed (Supplemental Fig. S4), and the overall
level of HCT mRNA, compared with that in cucumber,
was significantly lower, yet the trend of mRNA re-
duction in treated versus untreated tissues was the
same. Conversion of p-coumaric acid and shikimic
acid to p-coumaroyl shikimate by CsHCT was ana-
lyzed from total protein extracts of cucumber hypo-
cotyls by UPLC MS/MS (Supplemental Fig. S5).
Consistent with our mRNA expression data, a down-
regulation (approximately 6-fold) in CsHCT activity
24 h after treatment was observed; by 48 h, CsHCT
activity was largely undetectable (Fig. 7B; Supplemen-
tal Fig. S5). No p-coumaroyl shikimate was detected in
negative control reactions (Supplemental Fig. S6).
Pectinase treatment resulted in a reduction of HCT
activity in cucumber hypocotyl extracts. As shown in
Figure 7B and Supplemental Figure S5, a down-regu-
lation (approximately 6-fold) of CsHCT was observed
24 h after treatment; by 48 h, the level of CsHCT
activity was largely undetectable. Based on this, we
hypothesize that CsHCT is one of the key enzymes that
regulates changes in the phenylpropanoid pathway in
cucumber following abiotic stress induction.

DISCUSSION

In this study, we investigated the biochemical mech-
anism(s) underlying stress-induced accumulation of
p-coumaraldehyde in cucumber. Based on previous
observations (Stange et al., 2002), a role for p-coumar-
aldehyde as a defense compound in cucurbits was
proposed, likely responsible for the rapid lignification
response observed in wounded tissues. However, that
work did not fully investigate the mechanism(s) or
activities of the enzymes involved in p-coumaralde-
hyde accumulation. To this end, we chose to investi-
gate this mechanism using seedlings of cucumber cv
Straight 8, which is well characterized for its ectopic
accumulation of p-coumaraldehyde at the site of
wounding and infection (Robertsen and Svalheim,
1990). As previously demonstrated, p-coumaralde-
hyde is an important substrate required for the for-
mation of p-coumaryl alcohol, a lignin precursor (Kim
et al., 2003). To date, lignin analyses in dicot species
have shown that the levels of H-units are always
dramatically lower than those of S- and G-subunits
and that H-lignin subunits are derived from p-cou-
maryl alcohol, which itself is derived from p-coumar-
aldehyde (Boerjan et al., 2003; Ralph and Landucci,
2010). In Arabidopsis, H-type lignin subunits repre-
sent less than 2% of the total lignin aromatic nuclei,
compared with the G- and S-subunits, which represent
the remainder in ratios of approximately 2:1 and 4:1,
respectively (Abdulrazzak et al, 2006; Vanholme
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et al., 2010a, 2010b; Weng et al., 2011). Based on this
observation, it is reasonable to hypothesize that the
regulation and accumulation of the defense-specific
phenylpropanoid pathway metabolites in cucurbits
is highly dependent upon the primary substrate,
p-coumaraldehyde, and is thus governed by a rate-
limiting reaction controlling the accumulation of the
alcohol precursor for lignin (Fig. 1).

To study the conversion of p-coumaraldehyde into
p-coumaryl alcohol, we chose cucumber as an in vivo
model for stress-induced aldehyde accumulation. To
simulate pathogen infection and the subsequent in-
duction of stress, we used pectinase treatment as an
elicitor of p-coumaraldehyde (Stange et al., 2002) to
analyze the biochemical and genetic regulation of
monolignol synthesis in plants. As the first step in
this analysis, and to monitor the de novo synthesis
of free aldehydes, we used phloroglucinol staining
to assess the local accumulation of stress-induced
p-coumaraldehyde (Fig. 2, A and B). Using this
approach, we were able to detect the presence of
p-coumaraldehyde and, moreover, quantify these
levels in planta using UPLC MS/MS (Fig. 3; Supple-
mental Table S1). Based on these initial observations,
we eliminated substrate availability as the rate-limit-
ing step controlling the formation of H-lignin follow-
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Figure 7. CsHCT activity is reduced following pectinase treatment. A,
RT-PCR analysis of the mRNA expression of CsHCT in cucumber
hypocotyls following pectinase treatment. Amplification of actin was
used as an endogenous control. B, Quantification of p-coumaroylshi-
kimate obtained after a 30-min incubation of total plant protein extract
with p-coumaroyl-CoA following pectinase treatment. Statistical sig-
nificance was determined using one-way ANOVA followed by Tukey
post tests, where * P < 0.05 and *** P < 0.001.
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ing pectinase treatment. To this end, we hypothesized
that the rate-limiting step in the formation of H-lignin
might be the reduction of cinnamaldehydes to alco-
hols, a reaction catalyzed by CAD.

In Arabidopsis, several functional CAD enzymes
have been characterized (Somssich et al., 1996, Kim
et al., 2004), and their activities and functions have
been demonstrated to drive numerous developmental
and stress-associated responses. To determine the
roles and subsequent activities of this family of en-
zymes from cucumber, a candidate gene approach was
taken to identify CsCADs. In total, six genes were
isolated, all of which showed between 45% and 76%
protein sequence identity to CAD enzymes from other
plant species (Supplemental Fig. 52; Kim et al., 2004;
Sibout et al., 2005). Enzymatically, however, only four
of the six cucumber CADs showed activity to hydrox-
ycinnamaldehydes, all of them with low activity, in
vitro, to the substrate p-coumaraldehyde (Fig. 4; Table
I). These results are in contrast to published in vitro
Arabidopsis CAD activities (Kim et al., 2004), which
showed that all of the Arabidopsis enzymes have very
high specificity for p-coumaraldehyde as well as for
sinapaldehyde and coniferaldehyde. Based on our
observations here, we conclude that the CAD enzymes
in cucumber hypocotyls are restricted in their ability to
convert p-coumaraldehyde to p-coumaryl alcohol. This
is in agreement with our observations of increased
accumulation of p-coumaraldehyde in cucumber hy-
pocotyls upon pectinase treatment.

In this study, we observed that CsCAD1 is more
active than CsCAD2, and based on this, we hypothe-
size that CsCAD1 is largely responsible for the reduc-
tion of hydroxycinnamaldehydes to hydroxycinnamyl
alcohols, ultimately leading to lignin biosynthesis.
Indeed, the two most active cucumber enzymes,
CsCAD1 and CsCAD2, are clustered together with
AtCAD4 and AtCADS5, the primary CAD enzymes
responsible for lignin stem formation in Arabidopsis
(Supplemental Fig. S2; Kim et al., 2004; Sibout et al.,
2005). CsCAD3 and CsCAD4 have high protein se-
quence similarity to ELI3 (i.e. AtCAD7), which has
been shown to play a role in plant defense (Somssich
et al.,, 1996). Enzymatically, ELI3 exhibits a high spe-
cific activity to a number of substrates in vitro, in-
cluding 2-methoxybenzaldehyde, benzaldehyde, and
salicylaldehyde, as well as to monolignols. In this
study, and consistent with published ELI3 activity, we
observed a high activity for CsCAD3 and CsCAD4
toward 2-methoxybenzaldehyde and less activity to
hydroxycinnamaldehydes. Based on this observation,
we hypothesize that CsCAD3 and CsCAD4 likely play
roles in host defense, similar to that described for ELI3.
Taken together, our data strongly support the hypoth-
esis that CsCAD1 and CsCAD?2 are the primary bio-
synthetic enzymes responsible for the conversion of
hydroxycinnamaldehydes to hydroxycinnamyl alco-
hols, which ultimately leads to lignin formation in
cucumber hypocotyls. However, we cannot exclude
some measure of functional redundancy among all
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members of the CAD family of proteins in cucumber.
For example, redundancy among all members of
Arabidopsis CAD proteins has been described, most
recently in the study of the cadC/cadD double loss-of-
function mutant (Sibout et al., 2005). Interestingly, in
the cadC/cadD double mutant, a loss in function of
two enzymes appeared to be partially compensated
through an increase in the enzymatic activity of the
remaining CADs (Tronchet et al., 2010), thus illustrat-
ing the complex regulatory and enzymatic activities
governing this pathway.

Our work presented here demonstrates that all four
characterized cucumber CADs show significantly lower
activity to p-coumaraldehyde than that demonstrated
for AtCAD4 and AtCADS5 (Fig. 5). Similarly, RT-PCR
analysis of most of the phenylpropanoid biosynthetic
genes from the p-coumaryl branch reveals that, upon
pectinase treatment, mRNA transcripts are strongly up-
regulated (Fig. 6). This would suggest de novo biosyn-
thesis of p-coumaryl-type phenylpropanoids, which is
in agreement with our metabolic analyses (Fig. 3).

In Arabidopsis, when elicited with pectinase, we
could not detect p-coumaraldehyde, suggestive of a
divergent phenylpropanoid response to that in cucur-
bits. However, we could clearly identify high levels of
sinapic acid (Supplemental Fig. S1), a substrate for
sinapoylmalate, a major defensive compound for
many members of the Brassicaceae family (Chapple
et al., 1992; Lehfeldt et al., 2000; Franke et al., 2002).
Based on this, we hypothesized that an enzyme in-
volved in late monolignol biosynthesis is differentially
expressed in cucumber as compared with Arabidop-
sis. Here, we present the identification and character-
ization of the cucumber HCT gene, defining both the
enzymatic activity and mRNA expression pattern in
vivo. In total, our data suggest that CsHCT activity, as
well as its mRNA expression level, are significantly
reduced (approximately 2-fold for mRNA and approx-
imately 6-fold for enzyme activity; Fig. 7, A and B,
respectively) in pectinase-treated tissue. In contrast, in
Arabidopsis, HCT activity was not significantly dif-
ferent at 0 and 24 h post pectinase treatment (Supple-
mental Figs. S4 and S5). Based on these observations,
we can conclude that these treatments elicit differing
effects on the enzyme activity in cucumber, as com-
pared with other plant species, such as Arabidopsis.
Our observations support the hypothesis that HCT is a
control point for the synthesis of H-lignin in plants as
well as a key point of interaction between otherwise
independent monolignol branches (Hoffmann et al.,
2004).

In Arabidopsis, Medicago sativa, Nicotiana benthami-
ana, and Pinus radiata (a softwood), silencing of HCT
resulted in an enhancement of the p-coumaryl branch
of the phenylpropanoid pathway under normal
developmental conditions (Hoffmann et al., 2004;
Wagner et al., 2007; Gallego-Giraldo et al., 2011). In
cucumber, our data support the possibility that HCT
regulation has evolved as a mechanism for the rapid
adaptation to biotic and abiotic stress. Through quan-
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tifying the enzyme activity in planta, as well as mon-
itoring the genetic regulation (i.e. mRNA accumulation)
of the main biosynthetic enzymes in the pathway, our
analyses suggest that HCT is likely the primary control
point leading to the accumulation of the defensive com-
pound p-coumaraldehyde. Taken together, we posit that
p-coumaraldehyde accumulation in elicited cucumber is
the result of substrate inhibition and/or low CAD activ-
ity. While the fate of p-coumaraldehyde is not known, the
simplest hypothesis is that excess p-coumaraldehyde is
oxidatively coupled to an insoluble material that is
visible after phloroglucinol staining; coniferaldehyde
and sinapaldehyde couple reasonably efficiently into
syringyl lignins (Kim et al., 2003), and homopolymers
of coniferaldehyde have been examined (Higuchi et al.,
1994). In summary, our results provide a partial bio-
chemical and molecular explanation for the accumulation
of p-coumaraldehyde in cucurbits that are responding to
an elicitor. Although how this process is regulated by
the plant or induced by pectinase is not known, we
have established a framework to further understand
pathogenesis-related monolignol biosynthesis in cu-
curbits and how this stress-associated metabolism
differs from developmentally regulated phenolic com-
pound and lignin synthesis.

MATERIALS AND METHODS
Plant Growth and Treatment

Seeds of cucumber (Cucumis sativus ‘Straight 8") were surface sterilized in
50% bleach, washed thoroughly with sterile water, and grown on wet
germination paper for 7 d in the dark at room temperature. Following
germination, hypocotyls were separated from the cotyledons and roots,
wounded with a razor blade, and sprayed with 3.6 units mL ™' pectinase
aqueous solution and 15 mg mL ™" CaCl, as described by Stange et al. (1999).

Arabidopsis (Arabidopsis thaliana ecotype Columbia) seedlings were grown
for 10 d in the dark on nylon mesh on Murashige and Skoog medium
containing 10% dextrose following surface sterilization with 50% bleach and
0.05% Tween 20. Pectinase treatment of Arabidopsis hypocotyls was per-
formed as described above.

Chemical Preparation and Aldehyde/Alcohol Synthesis

p-Coumaryl alcohol was prepared from ethyl p-coumarate according to
published methods (Quideau and Ralph, 1992), and p-coumaraldehyde was
prepared from p-coumaryl alcohol by 2,3-dichloro-5,6-dicyanobenzoquinone
oxidation as described previously (Becker et al., 1980).

p-Coumaric acid, sinapic acid, caffeic acid, and the corresponding alcohols
and aldehydes (except p-coumaraldehyde and p-coumaryl alcohol) and
2-methoxybenzaldehyde/2-methoxybenzyl alcohol were purchased from
Sigma-Aldrich.

Quantification of p-Coumaraldehyde and Other
Phenylpropanoids by MS

Approximately 300 mg of hypocotyls from 7-d-old cucumber seedlings
was frozen in liquid nitrogen, ground, and extracted with 2 mL of methanol:
water (80:20, v/v) containing 0.1% formic acid. Following grinding, the
extraction was moved to 4°C for 24 h. After 24 h, homogenates were mixed by
inverting and centrifuged at 12,000¢ for 10 min at 4°C. The resultant super-
natants were removed and filtered through a 0.2-um polytetrafluoroethylene
membrane (Millipore) and transferred to autosampler vials. Five microliters
was separated on an UPLC BEH C18 column (2.1 X 50 mm, 1.7 um) attached
to an Acquity UPLC system interfaced to a Quattro Premier XE mass

1064

spectrometer (Waters). For acid hydrolysis, we followed the procedure de-
scribed by Stange et al. (2001) with minor modifications. In brief, extractions
were performed in 2 mL of 2 N HCl and incubated at 90°C for 3 h. For further
extraction, ethyl acetate was used (phenyl acetate was added as an internal
standard for the quantification of p-coumaraldehyde). Homogenates were
mixed and centrifuged at 12,000¢ for 10 min at 4°C. The extracts were
evaporated at room temperature under N, gas. Remaining residues were
dissolved in 0.3 mL of 70% methanol-water (v/v) and filtered through a 0.2-
wpm filter. Again, 5 uL was separated on an UPLC BEH C18 column (1.7 um,
2.1 X 50 mm) attached to an Acquity UPLC system and Quattro Premier XE
mass spectrometer (Waters). A gradient of 0.15% aqueous formic acid (solvent
A) and methanol (solvent B) was applied over 9 min with a mobile phase flow
rate of 0.4 mL min ™. Transitions from [M-H] " to product ions were monitored
using negative mode electrospray ionization for p-coumaraldehyde mass-to-
charge ratio (m/z) 147 > 119 (precursor ion > product), cone (V) 34, collision
(V) 16 for most of the investigated metabolites, dwell time of 0.09 s; trans-
cinnamic acid m/z 147 > 103, cone (V) 28; p-coumaric acid m/z 163 > 119, cone
(V) 22; coniferaldehyde m/z 177 > 162, cone (V) 28; caffeic acid m/z 179 > 135,
cone (V) 28; ferulic acid m/z 193 > 134, cone (V) 28; sinapaldehyde m/z 207 >
177, cone (V) 28, collision (V) 22; sinapic acid m/z 223 > 164, cone (V) 28;
p-coumaroyl shikimate m/z 319 > 119, cone (V) 39, collision (V) 25. Peak areas
were integrated, and the analytes were quantified based on calibration curves
using 10 different concentrations of the analyte. Data acquisition and pro-
cessing were performed using Masslynx 4.1 (Waters).

TLC

Samples for TLC were prepared as described above. Extracted samples
were loaded onto a silica gel TLC plate (silica gel 60; EMD Chemicals) and
developed in hexane:ethyl acetate (1:1) as described by Stange et al. (2001).
Aldehydes were visualized by spraying with phloroglucinol (1% phloroglu-
cinol solubilized in ethanol), air dried, and then sprayed with concentrated
HCI (Stange et al., 2001).

Heterologous Expression of CAD and HCT Enzymes

For heterologous expression of CADs and HCT, the open reading frame of
each CsCAD and the single CsHCT was cloned into Champion pET101/
D-TOPO (Invitrogen), yielding a C-terminal His tag fusion construct. His
fusions constructs were confirmed by sequencing and transformed into
Escherichia coli strain BL21 (DE3) cells. For protein expression, E. coli strains
expressing the His fusions were grown at 37°C to an optical density at 600 nm
of 0.6. Isopropylthiogalactopyranoside (Sigma) was added to a final concen-
tration of 1 mm, and the cultures were incubated for 16 h at 22°C with shaking
at 250 rpm. Induced cells were collected by centrifugation, resuspended in
extraction buffer (100 mwm Tris, pH 7.0, 0.5 mm phenylmethylsulfonyl fluoride,
and 10% [v/v] glycerol), and disrupted by a 4 X 30 s treatment with a
sonicator. Cell debris was removed by centrifugation at 14,000, and the
resultant supernatant was collected. The His-tagged CsCAD enzymes were
further purified on a nickel agarose column (Qiagen) according to the
manufacturer’s instructions.

Protein Extraction and Assay

Plant material (i.e. hypocotyl; 1 g for cucumber, 200 mg for Arabidopsis)
was ground in liquid nitrogen and then suspended in 3 mL of extraction
buffer containing 100 mm phosphate buffer, pH 7.0, 10% glycerol (v/v) at 4°C,
and one tablet of protease inhibitor cocktail (P-9599; Sigma). The extract was
centrifuged at 10,000 for 20 min, and the supernatant was desalted on
a Sephadex 50 column (GE Healthcare) into fresh extraction buffer (4°C). The
sample was concentrated to a final volume of 200 uL and assayed for HCT
activity (50 mm phosphate buffer, pH 7.0, 3 mm shikimic acid, 1 mm
p-coumaroyl-CoA, and 25 mwm ascorbic acid). For a control reaction, water
was added instead of shikimic acid (thiolesterase activity) to monitor
the release of free p-coumaric acid from p-coumaroyl-CoA. Fifty microliters
of the enzyme extract or purified protein from E. coli was added to initiate the
reaction. The assay was performed for 30 min and 1 h at 30°C. The enzymatic
products were loaded on a 1-mL ENVI-18 solid-phase extraction column
equilibrated with 3 X 1 mL of methanol and 3 X 1 mL of 0.1% acetic acid in
water, pH adjusted to 2.75 with HCI, as described by Sullivan (2009). After
drying, the extract was suspended in 50% methanol-water, and 5 uL. was
loaded for analysis on an UPLC BEH C18 column (1.7 um, 2.1 X 50 mm)
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coupled to an Acquity UPLC system and Quattro Premier XE mass spec-
trometer (Waters).

Enzyme Characterization
Reduction of Aldehydes

Standard assays contained 100 mm Bis-Tris-propane buffer (pH 6.25; 1 ug
of purified CAD in Tris-HCI [20 mm, pH 7.5], 0.4 mm aldehyde as a substrate,
and 0.4 mm NADPH) in a total volume of 250 uL. Enzymatic reactions were
conducted at 30°C for 4 min. Reactions were stopped by the addition of 10 uL
of glacial acetic acid. An aliquot (80 uL) of each assay mixture was loaded on a
reverse-phase C;g column (150 X 3.9 mm i.d.; Novapak; Waters) for HPLC
analysis (Alliance 2690 HPLC; Waters) with a flow rate of 1 mL min~".
Detection of the substrate and the product was performed at 280 nm using an
isocratic solvent system A:B (CH;CN-3% HOAc in water; 8:92) for the first 2
min, followed by a linear A:B gradient from 8:92 to 25:75 between 2 and 20
min. Assays with individual substrates were performed in triplicate or
tetraplicate, with controls performed in the absence of NADPH.

Oxidation Reaction of Alcohols

A standard reaction monitored spectroscopically was used for the deter-
mination of enzyme kinetics according to the method described by Wyrambik
and Grisebach (1975). In brief, the assay contained 100 mm Tris (pH 8.5), 1 ug
of protein, 1 mm NADP?, and 15 different concentrations (ranging from 1 to
200 uM up to 1.5 mm, depending on the activity of the purified proteins) of the
alcohol substrates The reaction was monitored on a Beckman Coulter spec-
trometer at 30°C for 4 min at 400 nm. The pH optimum was determined for
each CsCAD candidate against each of the four alcohol substrates using
spectrometric standard assay conditions (Wyrambik and Grisebach, 1975). For
pH optima, incubations were carried out at 30°C with 100 mm MES buffer (pH
5.1-6.8), 100 mm Bis-Tris-propane (pH 6.2-8.0), or 100 mm Tris-HCI (pH 8.5-10)
and monitored by UV spectrometry at 400/320 nm. The molar extinction
coefficients used for enzyme calculations were as follows: p-coumaraldehyde,
48%x10°mM 'em ™Y coniferaldehyde, 20 X 10°m tem ™} sinapaldehyde, 15.8 X
10° M ' em™! at 400 nm and 6.3 X 10° M~ cm ! at pH 6.5, NADPH at 340 nm.

p-Coumaroyl-CoA and Caffeoyl-CoA Biosynthesis

Caffeoyl- and p-coumaroyl-CoA were prepared using recombinant tobacco
(Nicotiana tabacum) 4CL1 protein (Beuerle and Pichersky, 2002) and were
expressed and purified in E. coli BL21 (DE3). Purification of thioesters was
performed as described by Beuerle and Pichersky (2002). The concentration of
thicesters was determined spectrophotometrically using extinction coefficients
of 21 and 18 mm ' cm ™ for p-coumaroyl-CoA (A, = 333 nm) and caffeoyl-CoA
(A nax = 346 nm), respectively, as described previously (Stoeckigt and Zenk, 1975).

max

RNA Isolation and RT-PCR Analysis

Total RNA from hypocotyl epidermal cells was extracted using a modified
cetyl-trimethyl-ammonium bromide extraction protocol (Doyle and Doyle,
1987; Kim et al., 2005). RNA was further purified using the RNeasy Mini Kit
(Qiagen) and treated with DNA-free (Ambion) to remove contaminating
DNA. First-strand cDNA was synthesized from 500 ng of total RNA using
SuperScript III reverse transcriptase (Invitrogen). Quantitative RT-PCR was
performed on a Mastercycler ep Realplex RT-PCR system using SYBR Green
PCR Master Mix (Applied Biosystems). Relative expression was determined
using the following equation: relative expression = 24!, where ACt (change
in critical threshold cycle) = Ctyqe of interest ~ Cthouse keeping gene 11€ housekeep-
ing genes actin and UBI10 (Tian et al., 2009) were used as endogenous controls
for cucumber and Arabidopsis, respectively. All DNA primers used in this
study are listed in Supplemental Table S2.

Statistical Analysis

Data were analyzed using GRAPHPAD PRISM software. Values are
represented as means * sE. Statistical analysis was performed using one-
way ANOVA followed by the Tukey post test or two-way ANOVA followed
by the Bonferroni post test. Values of P = 0.05 are considered significant.
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Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number JN005932 (CsHCT).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Measurement of metabolite changes in untreated
and pectinase-treated samples.

Supplemental Figure S2. Identification of cucumber CAD enzymes.

Supplemental Figure S3. Sequence and phylogenetic analysis of the HCT
amino acid sequences from Arabidopsis, cucumber, and tobacco.

Supplemental Figure S4. The expression of AtHCT mRNA is reduced
following treatment with pectinase.

Supplemental Figure S5. CsHCT activity is reduced, over time, following
treatment with pectinase.

Supplemental Figure S6. Product identification of CsHCT recombinant
protein.

Supplemental Table S1. Quantification of p-coumaraldehyde, coniferal-
dehyde, sinapaldehyde, p-coumaric acid, sinapic acid, ferulic acid, and
caffeic acid in pectinase-treated hypocotyls of cucumber.

Supplemental Table S2. Primers used for quantitative RT-PCR.
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