
1 3

J Plant Res (2017) 130:203–210
DOI 10.1007/s10265-016-0882-4

REGULAR PAPER

Enzymatic activities for lignin monomer intermediates highlight 
the biosynthetic pathway of syringyl monomers in Robinia 
pseudoacacia

Jun Shigeto1 · Yukie Ueda1 · Shinya Sasaki1 · Koki Fujita1 · Yuji Tsutsumi1 

Received: 2 September 2016 / Accepted: 31 October 2016 / Published online: 25 November 2016 
© The Botanical Society of Japan and Springer Japan 2016

Introduction

Lignin is a complex aromatic heteropolymer that is derived 
principally from three primary monolignols (p-coumaryl, 
coniferyl, and sinapyl alcohols) in angiosperms. Studies on 
the mechanism of monolignol biosynthesis have revealed 
that the biosynthetic pathway is more of a “metabolic 
grid” (Higuchi 2003; Shi et al. 2010). To date, 11 enzyme 
families including Arabidopsis caffeoyl shikimate esterase 
(CSE), a recently discovered enzyme that converts caffeoyl 
shikimic acid to caffeic acid (Barros et  al. 2015; Kumar 
et al. 2016; Vanholme et al. 2013), have been shown to be 
involved in the metabolic grid of monolignol biosynthe-
sis (Fig. 1). One of these is the 4-coumarate:coenzyme A 
ligase (4CLs) family, whose members convert p-coumaric 
acid and other substituted cinnamic acids into correspond-
ing coenzyme A (CoA) thiolesters, and exhibit distinct sub-
strate specificity (Chen et al. 2013; Costa et al. 2005; Lin-
dermayr et al. 2002). The 4CL family is generally encoded 
by a small number of genes. For example, there are four 
isoforms in Arabidopsis (Hamberger and Hahlbrock 2004) 
and five in Populus trichocarpa (Souza Cde et  al. 2008). 
The 4CLs play roles in the biosynthesis of monolignols and 
other phenylpropanoids (Allina et al. 1998; Hamberger and 
Hahlbrock 2004; Hu et  al. 1998; Lindermayr et  al. 2002; 
Lozoya et  al. 1988) and their distinct substrate specificity 
directs metabolic flux through different pathways to syn-
thesize specific compounds (Ehlting et al. 1999).

Functional characterizations using recombinant proteins 
have revealed most of the known 4CLs related to monol-
ignol biosynthesis, such as Pt4CL1 and 2 in Populus tremu-
loides (Hu et al. 1998), Ptr4CL3, and 17 in P. trichocarpa 
(Chen et  al. 2013), 4CL9 in hybrid poplar (Allina et  al. 
1998; Cukovic et al. 2001), Gm4CL2, 3, and 4, in soybean, 
and At4CL1 and 2 in Arabidopsis. These 4CLs cannot 
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convert sinapic acid to sinapoyl CoA. In addition to the 
poor substrate selectivity of 4CLs towards sinapic acid, 
coniferaldehyde, which is the preferred substrate for feru-
late 5-hydroxylase (F5H), prevents hydroxylation of feru-
lic acid (Humphreys et  al. 1999; Li et  al. 2000; Osakabe 
et  al. 1999). Similarly, 5-hydroxyconiferaldehyde, which 
is the preferred substrate for caffeic acid O-methyltrans-
ferase (COMT), inhibits O-methylation of caffeic acid and 
5-hydroxyferulic acid (Li et  al. 2000). Therefore, sinapyl 
alcohol is thought to be synthesized mainly through conif-
eraldehyde (Fig.  1), and it has been questioned whether 
sinapic acid can serve as a precursor of sinapyl alcohol. 
On the other hand, a very limited number of 4CLs in some 
species can convert sinapic acid to sinapoyl-CoA (Hamada 
et al. 2004; Hamberger and Hahlbrock 2004; Li et al. 2015; 
Lindermayr et al. 2002). Furthermore, a tracer experiment 
showed that heptadeuterosinapic acid fed to shoots of Rob-
inia pseudoacacia and Nerium indicum was incorporated 
into syringyl lignin (Hamada et al. 2004, 2003; Yamauchi 
et al. 2002).

In this study, we focused on enzymatic activities that are 
essential for sinapyl alcohol biosynthesis through sinapic 

acid. The activities of 4CL, cinnamyl alcohol dehydroge-
nase (CAD), aldehyde dehydrogenase (ALDH), F5H, and 
COMT in a protein mixture extracted from the developing 
xylem of R. pseudoacacia were characterized in vitro. We 
also detected monolignol intermediates in the developing 
xylem of R. pseudoacacia to provide in vivo evidence that 
sinapic acid is a precursor of sinapyl alcohol in this species.

Materials and methods

4CL assay

Stems and branches of R. pseudoacacia were harvested 
from Kyushu University Forest from May to June. Devel-
oping xylem tissue (approx. 10  g) was ground in liquid 
nitrogen using a mortar and pestle. To prepare the crude 
enzyme mixture including 4CL, extraction buffer (5 ml g−1 
xylem) containing 200  mM Tris–HCl (pH 7.8), 5% (v/v) 
β-mercaptoethanol, 20  mM ascorbic acid, 30% glycerol, 
3% (w/v) polyvinylpolypyrrolidone and 2% AG 1-X2 
Resin (Bio-Rad, Hercules, CA, USA) was added and the 

Fig. 1   Proposed pathway of lignin biosynthesis. Gray arrows show 
principal pathway of sinapyl alcohol biosynthesis in Arabidopsis and 
poplar. Pathway through sinapic acid is shown in white arrows. Cir-
cled P and R indicate monolignol intermediates detected in develop-
ing xylem of Populus alba and Robinia pseudoacacia, respectively. 
PAL phenylalanine ammonia-lyase, SMT sinapoylglucose:malate 
sinapoyltransferase, C4H cinnamate 4-hydroxylase, SGT sinapate 

glucosyltransferase, C3H p-coumarate 3-hydroxylase, COMT caf-
feic acid O-methyltransferase, F5H ferulate 5-hydroxylase, 4CL 
4-coumarate:CoA ligase, CSE caffeoyl shikimate esterase, HCT 
p-hydroxycinnamoyl-CoA:quinate/shikimate p-hydroxycinnamoyl-
transferase, CCoAOMT caffeoyl-CoA O-methyltransferase, ALDH 
aldehyde dehydrogenase, CCR cinnamoyl-CoA reductase, CAD cin-
namyl alcohol dehydrogenase
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mixture was further homogenized. The homogenates were 
centrifuged at 10,000g for 20  min, and the supernatants 
were recovered and filtered through a 0.45-μM syringe fil-
ter. The reactions were performed at 30 °C in a 1-ml vol-
ume containing 100 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 
5  mM ATP, 330 μM CoA, and 50 μM substrate (4-cou-
maric acid, caffeic acid, ferulic acid, 5-hydroxyferulic 
acid, or sinapic acid). The change in absorbance was moni-
tored with a UV–visible spectrophotometer (V-530; Jasco, 
Tokyo, Japan). The CoA esters were quantified using the 
following extinction coefficients: cinnamoyl-CoA (ε333 nm  
=  21  mM−1 cm−1) (Stöckigt and Zenk 1975), caffeoyl-
CoA (ε346 nm = 18 mM−1 cm−1) (Stöckigt and Zenk 1975), 
feruloyl-CoA (ε345 nm = 19 mM−1 cm−1) (Gross and Zenk 
1966), 5-hydroxyferuloyl-CoA (ε356 nm = 20 mM−1 cm−1) 
(Knobloch and Hahlbrock 1975; Lüderitz et al. 1982), and 
sinapoyl-CoA (ε352 nm  =  20  mM−1 cm−1) (Stöckigt and 
Zenk 1975).

CAD and ALDH assays

To prepare the crude enzyme solution including ALDH 
and CAD, the ground xylem tissue was mixed with 
buffer (5  ml  g−1 xylem) containing 100  mM NaH2PO4-
NaOH (pH 7.5), 250 mM sucrose, 1 mM EDTA, 5% (v/v) 
β-mercaptoethanol, 20 mM ascorbic acid, 1% (w/v) poly-
vinylpolypyrrolidone, and 2 μM leupeptin, and the mix-
ture was further homogenized. The homogenates were 
centrifuged at 10,000g for 20  min, and the supernatants 
were recovered and filtered through a syringe filter. The 
CAD and ALDH activity assays were conducted using 
15–150  μg protein in 200  μl buffer containing 50  mM 
HEPES–KOH (pH 8.0), 5  mM dithiothreitol, 10% glyc-
erol, 5% ethanol, and 0.2 mM substrate (coniferaldehyde, 
sinapaldehyde). After preheating the mixture at 30  °C for 
3 min, NADPH (for the CAD activity assay) or NAD+ (for 
the ALDH activity assay) was added to a final concentra-
tion of 0.5  mM to start the reaction. The reactions were 
mixed every 5 min for 25 min, and the reaction was stopped 
by adding 15 μl 36% HCl. The sample was extracted three 
times with ethyl acetate and then the solvent mixture was 
dried. Trimethylsilylation derivatization was carried out by 
adding 15  μl  N,O-bis (trimethylsilyl) trifluoroacetamide 
(BSTFA) and 10 μl pyridine to the residue and heating the 
mixture at 75  °C for 30 min. Then, the trimethylsilylated 
samples were subjected to GC–MS analysis. The GC–MS 
analysis was performed using a Shimadzu GC-17A gas 
chromatograph coupled with a Shimadzu QP5050 mass 
spectrometer (Shimadzu Co., Ltd., Kyoto, Japan) equipped 
with a DB-Wax column (0.25 mm × 60 cm; J&W Scien-
tific, Folsom, CA, USA). The column temperature was pro-
grammed to increase at 5  °C min−1 from 200 to 320  °C. 

The injector and detector temperatures were 280  °C. The 
amounts of coniferyl alcohol, sinapyl alcohol, ferulic acid, 
and sinapic acid were determined using calibration curves 
derived from trimethylsilylated pure authentic samples.

F5H and COMT assays

The protein mixture containing F5H and COMT was pre-
pared in the same way as the mixture including ALDH and 
CAD up to the 0.45-μM filtration step. After centrifuga-
tion at 100,000g for 90  min at 4  °C, the supernatant was 
recovered as a crude enzyme solution containing COMT, 
and the pellet containing F5H was suspended in buffer 
containing 50 mM NaH2PO4-NaOH (pH 7.5) and 0.1 mM 
EDTA. Each enzyme solution was flushed with nitrogen 
gas and stored at 4  °C until use. The F5H activity assay 
was conducted using 350 μg protein in 200 μl oxygen-sat-
urated buffer containing 50 mM NaH2PO4-NaOH (pH 7.5), 
1  mM β-mercaptoethanol, 5% ethanol, and 0.2  mM sub-
strate (ferulic acid, coniferaldehyde, or coniferyl alcohol). 
After preheating the mixture at 30 °C for 3 min, 0.5 mM 
NADPH was added to a final concentration of 1 mM. The 
COMT activity assay was conducted using 15  µg protein 
in 200  µl buffer containing 50  mM Tris–HCl (pH 7.5), 
5 mM β-mercaptoethanol, 5% ethanol, 2 mM MgCl2, and 
substrate (5-hydroxyferulic acid, 5-hydroxyconiferalde-
hyde, or 5-hydroxyconiferyl alcohol). After preheating the 
mixture at 30  °C for 3 min, S-adenosyl-l-methionine was 
added to a final concentration of 0.3  mM. The reactions 
were mixed every 5 min for 25 min, and then stopped by 
adding 15 μl 36% HCl. Then, GC–MS analysis was per-
formed as described above for the CAD and ALDH assays. 
For the COMT kinetics assay, substrates were supplied at 
various concentrations (5, 10, 15, 30, 50, 100, 100 µM of 
5-hydroxyferulic acid; 1.5, 2.5, 5, 10, 15, 20, 30  µM of 
5-hydroxyconiferaldehyde; or 1.5, 2.5, 5, 10, 15, 30, 50 µM 
coniferyl alcohol).

Analysis of ethyl acetate‑soluble metabolites

Branches of P. alba and R. pseudoacacia were harvested 
at Kyushu University nursery in Fukuoka city (Fukuoka, 
Japan) in May. Developing xylem tissues from P. alba and 
R. pseudoacacia (approx. 3 g) were ground in liquid nitro-
gen using a mortar and pestle. Ethyl acetate-soluble com-
pounds were extracted three times in 33  ml ethyl acetate 
at 4 °C, and then the mixtures were pooled and dried. The 
residue was dissolved in 100 µl pyridine, and then a 10-µl 
aliquot was subjected to trimethylsilylation derivatiza-
tion by adding 15 µl BSTFA and incubating the mixture at 
75 °C for 30 min. Then, GC–MS analyses were performed 
as described above for the CAD and ALDH assays.
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Results

Enzyme activities to modify phenylpropanoid side 
chains

A previous study showed that the developing xylem of 
R. pseudoacacia contains at least three 4CLs (Rp4CL1, 
Rp4CL2, and Rp4CL3), and that Rp4CL2 and Rp4CL3 are 
able to convert sinapic acid to sinapoyl-CoA (Hamada et al. 
2004). In this study, the crude enzyme mixture prepared 
from the developing xylem of R. pseudoacacia was able to 
convert sinapic acid to sinapoyl-CoA. The specific activity 
for sinapic acid (4.6 nmol/min/mg protein) was about one-
third that for p-coumaric acid (12.3 nmol/min/mg protein), 
the highest specific activity among the five substrates used 
in these analyses (Table 1). To evaluate whether there is a 
functional pathway to biosynthesize sinapyl alcohol from 
sinapic acid, the ALDH and CAD activities of the crude 
enzyme were measured using coniferaldehyde and sina-
paldehyde e as the substrates. A previous study showed 
that CAD catalyzes the reduction of both coniferaldehyde 
and sinapaldehyde to coniferyl alcohol and sinapyl alco-
hol, respectively, while ALDH catalyzes the oxidation of 
both coniferaldehyde and sinapaldehyde to ferulic acid 
and sinapic acid, respectively (Nair et al. 2004). The CAD 
activities for coniferaldehyde and sinapaldehyde were 7.7 
and 8.5  nmol  min–1  mg protein–1, respectively (Table  2), 

whereas the ALDH activities for coniferaldehyde and sina-
paldehyde were 9.6 and 36.2  pmol  min–1  mg protein–1, 
respectively (Table  2). The ALDH activities were a few-
hundredths to a few one-thousandths of the 4CL and CAD 
activities. Therefore, we concluded that ALDH activities 
have almost no impact on monolignol biosynthesis in R. 
pseudoacacia. 

Enzyme activities to catalyze aromatic hydroxylation 
and methylation

Next, to determine whether a path via sinapic acid con-
tributes to sinapyl alcohol biosynthesis, we investigated 
the activities of F5H and COMT, which catalyze aro-
matic hydroxylation of ferulic acid, coniferaldehyde, and 
coniferyl alcohol, and the following methylation reaction. 
The hydroxylation activities of xylem microsomes for feru-
lic acid, coniferaldehyde, and coniferyl alcohol were meas-
ured by monitoring the formation of 5-hydroxyferulic acid, 
5-hydroxyconiferaldehyde, and 5-hydroxyconiferyl alco-
hol, respectively. The xylem microsomes showed hydroxy-
lation activity for all three substrates with a mole ratio of 
1/3.1/0.9 for ferulic acid/coniferaldehyde/coniferyl alcohol 
(Table 3). We also measured the hydroxylation activities for 
ferulic acid in the presence of coniferaldehyde or coniferyl 
alcohol, because coniferaldehyde has been shown to com-
pletely inhibit ferulic acid 5-hydroxylation, blocking the 
production of sinapic acid from ferulic acid. This has been 
demonstrated in various angiosperm species using in vitro 
experiments (Li et  al. 2000; Osakabe et  al. 1999). In our 
experiments using xylem microsomes from R. pseudoaca-
cia, the presence of mixed substrates resulted in the reduc-
tion of a rate that converts ferulic acid to 5-hydroxyferulic 
acid, but did not abolish the conversion, unlike recombi-
nant F5H and xylem microsomes derived from many other 
species, including aspen, as previously reported (Li et  al. 
2000). On the other hand, in presence of ferulic acid, 71 
and 87% of 5-hydroxylation activities for coniferaldehyde 
and sinapyl alcohol, respectively, were lost when mixed 
substrates were supplied, compared with the reaction con-
taining individual substrates.

The methylation activities of the xylem extract for 
5-hydroxyferulic acid, 5-hydroxyconiferaldehyde, and 
5-hydroxyconiferyl alcohol were measured by monitoring 
the formation of sinapic acid, sinapaldehyde, and sinapyl 
alcohol, respectively. Although the specific activity was 
higher for 5-hydroxyferulic acid than for 5-hydroxyconif-
eraldehyde (Table 4), the highest affinity was for 5-hydrox-
yconiferaldehyde, with a Vmax/Km value that was 10 and 
3.1 times higher than those for 5-hydroxyferulic acid and 
5-hydroxyconiferyl alcohol, respectively. This result indi-
cated that 5-hydroxyconiferaldehyde is the best COMT 
substrate (Fig. 2). An inhibitory effect of mixed substrates 

Table 1   Coenzyme A ligase activity of developing xylem proteins

Values represent means and SD of biological triplicate

PA p-coumaric acid, CA caffeic acid, FA ferulic acid, 5-OHFA 
5-hydroxyferulate, SA sinapic acid, ND not detectable

Substrate CoA ester (nmol min–1 mg protein–1)

PA 12.3 ± 0.9

CA 9.4 ± 0.1

FA 6.5 ± 1.2

5-OHFA ND

SA 4.6 ± 0.1

Table 2   Reduction and oxidation activity of developing xylem pro-
teins for coniferaldehyde and sinapaldehyde

Values represent means and SD of biological triplicate

CoAld coniferaldehyde, SiAld sinapaldehyde, CoAlc coniferyl alco-
hol, SiAlc sinapyl alcohol, FA ferulic acid, SA sinapic acid

Substrate CAD activity (pmol min–1 mg 
protein–1)

ALDH activity 
(pmol min–1 mg 
protein–1)

CoAld 7675 ± 288.6 (CoAlc) 9.6 ± 0.7 (FA)

SiAld 8527 ± 282.2 (SiAlc) 36.2 ± 0.6 (SA)
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has also been reported for 5-hydroxyferulic acid meth-
ylation (Li et  al. 2000). When 5-hydroxyconiferaldehyde 
(Km =  3.81  µM) or 5-hydroxyconiferyl (Km =  7.99  µM) 
alcohol were present with 5-hydroxyferulic acid 
(Km = 62.8 µM), methylation activities for 5-hydroxyferu-
lic acid were retained, but were lower than those recorded 
when each substrate was provided individually (Table  4). 
Although the in  vitro reaction with the mixed substrates 
may not necessarily represent the conditions in  vivo, the 
existence of F5H and COMT activities in the developing 
xylem of R. pseudoacacia does not exclude the possibility 
of a pathway producing sinapic acid through ferulic acid 
and 5-hydroxyferulic acid.

Accumulation of monolignol intermediates 
in developing xylem of P. alba and R. pseudoacacia

To obtain additional information about the pathway pro-
ducing sinapyl alcohol, we analyzed the accumulation 
of monolignol intermediates in the developing xylem by 
GC–MS. As well as detecting enzymatic activities, detect-
ing certain monolignol intermediates that serve as enzyme 
substrates can predict a practical pathway for monolignol 
biosynthesis. Table  5 shows the contents of monolignol 
intermediates in the developing xylem of P. alba and R. 

pseudoacacia. It was suggested that sinapic acid was not 
a precursor of sinapyl alcohol in P. alba by tracer experi-
ments using deutero-labeled sinapic acid (Hamada et  al. 
2003). While the contents of sinapyl alcohol in P. alba and 
R. pseudoacacia were approximately the same, the contents 
of 5-hydroxyferulic acid, sinapic acid, and coniferalde-
hyde differed markedly between the two plant species. We 
detected 5-hydroxyferulic acid and sinapic acid only in R. 
pseudoacacia, and the concentration of coniferaldehyde in 
R. pseudoacacia (18.2 nmol g dry weight–1 of xylem) was 
much higher than that in P. alba (0.17 nmol g dry weight–1 
of xylem).

Discussion

In this study, we focused on the enzymatic activities and 
monolignol intermediates in the developing xylem to 
demonstrate that sinapyl alcohol biosynthesis in R. pseu-
doacacia occurs via a pathway in which sinapic acid is a 
precursor. The substrate selectivity of the enzymes related 
to monolignol biosynthesis provides information about 
the pathway(s) that produces monolignols. A well-studied 
enzyme with highly selective substrate specificity is 4CL. 
Cinnamic acids related to monolignol biosynthesis, such as 

Table 3   5-Hydroxylation 
activity of developing xylem 
proteins

Substrate specificities of a single biological sample were calculated from the amount of formed products in 
five different reaction times (Fig. S1)

FA ferulic acid, CoAld coniferaldehyde, CoAlc coniferyl alcohol, 5-OHFA 5-hydroxyfelulic acid, 
5-OHCoAld 5-hydoroxyconiferaldehyde, 5-OHCoAlc 5-hydroxyconiferyl alcohol

Substrate Substrate specificity (pmol min–1 mg protein–1)

FA → 5-OHFA CoAld → 5-OHCoAld CoAlc → 5-OHCoAlc

FA 70.6 – –

CoAld – 219.0

CoAlc – – 66.1

FA + CoAld 5.0 63.9 –

FA + CoAlc 22.7 – 8.9

Table 4   Methylation activity of 
developing xylem proteins

Substrate specificities of a single biological sample were calculated from the amount of formed products in 
four to six different reaction times (Fig. S2)

5-OHFA 5-hydroxyfelulic acid, 5-OHCoAld 5-hydoroxyconiferaldehyde, 5-OHCoAlc 5-hydroxyconiferyl 
alcohol, SA sinapic acid, SiAld sinapaldehyde, SiAlc sinapyl alcohol

Substrate Substrate specificity (pmol min–1 mg protein–1)

5-OHFA → SA 5-OHCoAld → SiAld 5-OHCoAlc → SiAlc

5-OHFA 6547 – –

5-OHCoAld – 1644 –

5-OHCoAlc – – 7980

5-OHFA + 5-OHCoAld 1588 959 –

5-OHFA + 5-OHCoAlc 338 – 1234
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p-coumaric acid, caffeic acid, ferulic acid, 5-hydroxyferu-
lic acid, and sinapic acid are candidates for Co-A-ligation 
catalyzed by 4CL. To our knowledge, A. thaliana At4CL4 
(Hamberger and Hahlbrock 2004; Li et  al. 2000), G. max 
Gm4CL1 (Lindermayr et al. 2002), Oryza sativa Os4CL5 
(Gui et  al. 2011; Sun et  al. 2013) and R. pseudoacacia 
Rp4CL2 and Rp4CL3 (Hamada et  al. 2004) can effec-
tively convert sinapic acid to sinapoyl-CoA, unlike most of 
the 4CLs related to monolignol biosynthesis. Recent gene 
expression and T-DNA insertion mutant analyses revealed 
that At4CL4 makes a modest contribution to lignin 

biosynthesis (Li et al. 2015). Because the localization and 
substrate selectivity of enzymes related to monolignol bio-
synthesis differ among different species and isoforms, the 
pathway responsible for monolignol production may differ 
depending on the plant species, organ, and even cell type.

Arabidopsis accumulates a hydroxycinnamoyl ester pri-
marily found in members of the Brassicaceae that serves as 
a UV protectant (Chapple et al. 1992; Landry et al. 1995). 
The biosynthesis of sinapoylmalate is thought to require 
4CL and ALDH activities. Therefore, sinapic acid, a pre-
cursor of sinapoyl malate, can be produced through sina-
paldehyde in Arabidopsis. However, there have been no 
reports to date that R. pseudoacacia accumulates sinapoyl 
malate. The ALDH activity was much lower in R. pseu-
doacacia (9.6 and 36.2 pmol min–1 mg protein–1 for conif-
eraldehyde and sinapaldehyde e, respectively, Table 2) than 
in Arabidopsis (2118 and 2886  pmol  min–1  mg protein–1 
coniferaldehyde and sinapaldehyde, respectively) (Nair 
et al. 2004). This result indicated that ALDH with cinnamic 
aldehyde substrates contributes little to the production of 
sinapic acid in R. pseudoacacia, and therefore has little 
effect on monolignol production. In addition, F5H retained 
its activity for ferulic acid and COMT retained its activ-
ity for 5-hydroxyferulic acid in the presence of competi-
tive substrates. These observations did not contradict the 
hypothesis that the sinapyl alcohol biosynthetic pathway 
through ferulic acid, 5-hydroxyferulic acid, and sinapic 
acid operates in R. pseudoacacia.

As shown in Fig.  1, the main route to produce sinapyl 
alcohol in P. trichocarpa, whose relative 4CL activity for 
sinapic acid is extremely low, passes through coniferal-
dehyde (Chen et  al. 2013). The monolignol intermediates 
detected by the GC–MS analysis of the developing xylem 
of P. alba (which is closely related to P. trichocarpa), were 
substantially coincident with the predicted metabolites in 
the proposed principal monolignol biosynthetic pathway in 
P. trichocarpa (Fig. 2). Therefore, the detected monolignol 
intermediates reflect the metabolic flux to a certain degree.

5-Hydroxyferulic acid and sinapic acid were detected in 
the developing xylem of R. pseudoacacia but not in P. alba. 
This result suggested that the pathway to produce sinapyl 
alcohol through sinapic acids plays a certain role in R. pseu-
doacacia but not poplar. Interestingly, a large amount of 
coniferaldehyde accumulated in R. pseudoacacia. Because 
of the low ALDH activity in R. pseudoacacia, coniferal-
dehyde may not recycle coniferaldehyde into ferulic acid. 
Also, in R. pseudoacacia, sinapic acid can serve as a sinapyl 
alcohol precursor, but this is not the main route of sinapyl 
alcohol production. The main route may pass through conif-
eraldehyde, like in Arabidopsis and P. trichocarpa.

In summary, these provide evidence that in R. pseudo-
acacia, sinapyl alcohol can be synthesized in a pathway 
that uses sinapic acid as substrates. Yamauchi et al. (2003) 

Fig. 2   Kinetic analysis of caffeic acid O-methyltransferase. 
Lineweaver–Burk plots of xylem protein-catalyzed methylation of 
5-hydroxyferulic acid (5–150  µM) (a), 5-hydroxyconiferaldehyde 
(1.5–30 µM) (b), and 5-hydroxyconiferyl alcohol (1.5–50 µM) (c)
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reported that heptadeuterosinapic acid was incorporated 
into sinapyl alcohol in R. pseudoacacia and N. indicum 
but not in Magnolia kobus and Arabidopsis. The fact that 
two of these four plants can incorporate sinapic acid into 
sinapyl alcohol indicates that there is some diversity or 
flexibility in sinapyl alcohol biosynthesis in angiosperms, 
and that some plant species can utilize sinapic acid as a 
sinapyl alcohol precursor. It is likely that R. pseudoacacia 
can use these pathways separately depending on the devel-
opmental stage, organ, or cell type.
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