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Cinnamyl alcohol dehydrogenase (CAD; EC 1.1.1.195) has been thought to mediate the reduction of both coniferalde-

hyde and sinapaldehyde into guaiacyl and syringyl monolignols in angiosperms. Here, we report the isolation of a novel

aspen gene (

 

PtSAD

 

) encoding sinapyl alcohol dehydrogenase (SAD), which is phylogenetically distinct from aspen CAD

(PtCAD). Liquid chromatography–mass spectrometry-based enzyme functional analysis and substrate level–controlled

enzyme kinetics consistently demonstrated that PtSAD is sinapaldehyde specific and that PtCAD is coniferaldehyde

 

specific. The enzymatic efficiency of PtSAD for sinapaldehyde was 

 

�

 

60 times greater than that of PtCAD. These data

suggest that in addition to CAD, discrete SAD function is essential to the biosynthesis of syringyl monolignol in an-

giosperms. In aspen stem primary tissues, PtCAD was immunolocalized exclusively to xylem elements in which only

guaiacyl lignin was deposited, whereas PtSAD was abundant in syringyl lignin–enriched phloem fiber cells. In the devel-

oping secondary stem xylem, PtCAD was most conspicuous in guaiacyl lignin–enriched vessels, but PtSAD was nearly

absent from these elements and was conspicuous in fiber cells. In the context of additional protein immunolocalization

and lignin histochemistry, these results suggest that the distinct CAD and SAD functions are linked spatiotemporally to

the differential biosynthesis of guaiacyl and syringyl lignins in different cell types. 

 

SAD

 

 is required for the biosynthesis

of syringyl lignin in angiosperms.

INTRODUCTION

 

The evolution of modern angiosperms from their gymno-

sperm progenitors has been marked by important changes

in vascular development, including lignification. Lignin in

gymnosperms is polymerized primarily from the guaiacyl

monolignol, coniferyl alcohol. In angiosperms, the syringyl

monolignol, sinapyl alcohol, emerges from the guaiacyl

pathway and polymerizes with guaiacyl monolignols to form

a heterologous guaiacyl-syringyl lignin (Towers and Gibbs,

1953; Wardrop, 1971). The reductive formation of coniferyl

and sinapyl alcohols from coniferaldehyde and sinapalde-

hyde, therefore, has been considered to be the last step in

monolignol biosynthesis, and the reactions are catalyzed by

 

cinnamyl alcohol:NADP

 

�

 

 dehydrogenase (CAD; EC 1.1.1.195)

(Mansell et al., 1974, 1976; Kutsuki et al., 1982; Higuchi,

1997).

CAD in gymnosperms is encoded by a single gene, and

only one CAD protein isoform has been detected in and

purified from lignifying tissues of various gymnosperms

(Lüderitz and Grisebach, 1981; O’Malley et al., 1992; Galliano

et al., 1993a, 1993b; MacKay et al., 1995; Zinser et al.,

1998). Gymnosperm CAD is coniferaldehyde specific with

insignificant catalytic activity toward sinapaldehyde (Lüderitz

and Grisebach, 1981; Kutsuki et al., 1982; O’Malley et al.,

1992; Galliano et al., 1993b), consistent with the biosynthe-

sis of mainly guaiacyl lignin in these species. In contrast,

multiple CAD isoforms have been purified from a number of

angiosperms (Mansell et al., 1974; Wyrambik and Grisebach,

1975, 1979; Sarni et al., 1984; Goffner et al., 1992; Halpin et

al., 1992; Hibino et al., 1993a; Grima-Pettenati et al., 1994;

Hawkins and Boudet, 1994). Those considered to be mono-

lignol related exhibited comparable catalytic activities with

coniferaldehyde and sinapaldehyde (Kutsuki et al., 1982;

Goffner et al., 1992; Grima-Pettenati et al., 1994; Hawkins and

Boudet, 1994). This has lent support to a model in which the

last step in the biosynthesis of guaiacyl and syringyl mono-

lignols in angiosperms is mediated by a broad specificity

CAD capable of reducing both coniferaldehyde and sinapal-

dehyde (Boudet et al., 1995; Whetten and Sederoff, 1995;

Whetten et al., 1998).

 

1
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Putative 

 

CAD

 

 cDNA sequences also have been isolated from

various angiosperms (Knight et al., 1992; Grima-Pettenati et

al., 1993; Hibino et al., 1993b; Van Doorsselaere et al., 1995;

Sato et al., 1997; Goffner et al., 1998; Brill et al., 1999). The

biochemical functions of the proteins they encode, however,

remain largely unknown. Two lucerne cDNAs, 

 

MsaCad1 

 

and

 

MsaCad2

 

, were characterized for their protein functions

(Brill et al., 1999). 

 

MsaCad1 

 

encoded a benzaldehyde dehy-

drogenase thought to be associated with pathogen defense

(Somssich et al., 1989, 1996). 

 

MsaCad2

 

 was believed to en-

code a monolignol-related CAD because it catalyzed the re-

duction of coniferaldehyde and sinapaldehyde but not of

benzaldehyde derivatives. It was reported as well that the

protein encoded by a putative 

 

CAD

 

 cDNA, 

 

pEuCAD2

 

, from

 

Eucalyptus

 

 

 

gunnii

 

 used coniferaldehyde and sinapaldehyde

equally (Grima-Pettenati et al., 1993). pEuCAD2 shares

high amino acid sequence homology (80% identity) with

MsaCad2. In fact, all monolignol-related CADs cloned thus

far from angiosperms share high protein sequence homol-

ogy with either MsaCad2 (73 to 80% identity) or pEuCAD2

(79 to 81% identity).

The identification of these homologs appears to support

the model of multisubstrate CADs in angiosperms for the

biosynthesis of monolignols. The suppression of 

 

CAD

 

 gene

expression resulting in an essentially unchanged syringyl-

to-guaiacyl (S/G) lignin ratio in transgenic poplar (Baucher et

al., 1996) also seems to agree with such a model. However,

other transgenic results on CAD downregulation all showed

altered S/G ratios

 

 

 

(Halpin et al., 1994; Higuchi et al., 1994;

Baucher et al., 1996; Stewart et al., 1997), suggesting a

likely preferential suppression of substrate-specific alcohol

dehydrogenases involved in monolignol biosynthesis. Stewart

et al. (1997) showed that CAD-suppressed transgenic to-

bacco plants had xylem lignin with an increased amount of

coniferaldehyde. These results are consistent with the dem-

onstration by Higuchi et al. (1994) that lignins in CAD down-

regulated transgenic tobacco exhibited up to a 10-fold

increase in the quantity of coniferaldehyde, with no change

in sinapaldehdye content. Moreover, these transgenic plants

had a 24% increase in S/G ratio. These findings are evi-

dence that the downregulated CAD was coniferaldehyde or

guaiacyl specific.

In addition,

 

 

 

whereas

 

 

 

the 

 

Eucalyptus gunnii

 

 

 

CAD

 

 gene,

 

pEuCAD2

 

, was shown to be highly expressed in developing

xylem, it was not expressed in phloem (Grima-Pettenati et

al., 1993), a tissue that accumulates syringyl-enriched lignin

(Grand et al., 1982). Furthermore, polyclonal antibodies against

pEuCAD2 reacted with hybrid poplar proteins localized in

stem protoxylem (Samaj et al., 1998), likely a guaiacyl lignin–

enriched tissue (Bland, 1966; Hu et al., 1998; Tsai et al.,

1998). These results cast doubt on the association of

 

pEuCAD2

 

, and therefore its homologs, with the biosynthesis

of syringyl monolignol. Together, these lines of evidence led

us to hypothesize a new model in which the biosynthesis of

monolignols in angiosperms may require guaiacyl-specific

as well as syringyl-specific CADs.

The proposition of a syringyl-specific CAD, or sinapyl al-

cohol dehydrogenase (SAD), also is consistent with recent

insights into the mechanism of monolignol substrate biosyn-

thesis. Evidence is accumulating that while being metabo-

lized into guaiacyl monolignol, coniferaldehyde formed in

the guaiacyl pathway in angiosperms also becomes a key

entry point to sinapaldehyde biosynthesis (Humphreys et al.,

1999; Osakabe et al., 1999; Li et al., 2000). Two metabolic

steps that are absent from gymnosperm monolignol biosyn-

thesis are linked to syringyl flux. Coniferaldehyde 5-hydroxylase

(CAld5H) catalyzes the 5-hydroxylation of coniferaldehyde

into 5-hydroxyconiferaldehyde (Osakabe et al., 1999), which

in turn is methylated by 5-hydroxyconiferaldehyde 

 

O

 

-meth-

yltransferase (AldOMT) to form sinapaldehyde (Li et al.,

2000). Therefore, the reduction of sinapaldehdye by SAD

would be consistent with syringyl monolignol biosynthesis

having coevolved with angiosperm-specific CAld5H/AldOMT/

SAD functions.

The vascular system in gymnosperms is relatively sim-

ple, consisting mainly of tracheid cells for both conduction

and strengthening (Esau, 1965). Angiosperm xylem cells

evolved from tracheids and differentiated into conducting

elements, the vessels, and principal strengthening ele-

ments, the fibers (Esau, 1965). Vessels are enriched in

guaiacyl lignin, whereas syringyl-enriched lignin is depos-

ited in fibers (Fergus and Goring, 1970a, 1970b; Musha

and Goring, 1975; Saka and Goring, 1985). Furthermore,

the deposition of guaiacyl lignin precedes that of syringyl

lignin in differentiating xylem elements (Terashima et al.,

1986; Saka and Goring, 1988). Our hypothesis of the pres-

ence of distinct CAD

 

 

 

and

 

 

 

SAD

 

 

 

functions, therefore, could

be extended to suggest that CAD and CAld5H/AldOMT/

SAD functions may be an evolutionary adaptation of an-

giosperms linked to the differential biosynthesis of guaia-

cyl and syringyl lignins in accordance with vascular

specialization. CAld5H and AldOMT functions during sy-

ringyl monolignol biosynthesis have been confirmed in a

variety of angiosperms (Li et al., 2000). However, SAD

function has yet to be demonstrated.

We report here the discovery of a 

 

SAD

 

 cDNA, 

 

PtSAD

 

, in

developing xylem of aspen. The PtSAD protein sequence is

phylogenetically distinguishable from the sequences of all

currently known monolignol CADs. We also cloned an aspen

xylem 

 

CAD

 

 cDNA, 

 

PtCAD

 

. Mass spectrometry–based pro-

tein functional analyses with 14 aromatic aldehydes and

enzyme kinetics confirmed that PtSAD is sinapaldehyde

specific and that PtCAD is coniferaldehyde specific. Protein

immunolocalization and lignin histochemical localization fur-

ther revealed that the distributions of PtCAD and PtCAld5H/

PtSAD proteins were correlated spatiotemporally with the

deposition of guaiacyl and syringyl lignins in different cell

types. Distinct SAD and CAD proteins also were found in

several angiosperm species. Together, these results sug-

gest discrete roles in angiosperms for CAD and CAld5H/

AldOMT/SAD proteins in coordinating cell-specific biosyn-

thesis of guaiacyl and syringyl lignins.
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RESULTS

Cloning of a Novel Alcohol Dehydrogenase Gene, 

 

PtSAD

 

, from Aspen

 

To test our hypothesis of distinct 

 

CAD

 

 and 

 

SAD

 

 genes in an-

giosperms, we first cloned a 

 

CAD

 

 cDNA, 

 

PtCAD

 

, from de-

veloping xylem of aspen and used it to screen for related

sequences in the same species. Low- and high-stringency

differential screening of 2.4 

 

�

 

 10

 

4

 

 plaque-forming units from

an aspen xylem cDNA library (Wu et al., 2000) resulted in the

isolation of two groups of positive clones. Group I contained

12 cDNAs with sequences identical to 

 

PtCAD

 

.

 

 

 

Sequences of

the eight cDNAs constituting group II were identical to each

other but differed from 

 

PtCAD

 

. Two of the eight clones in

group II were full-length cDNAs and were tentatively named

 

PtSAD

 

.

The open reading frame of PtSAD was 1086 bp, encoding

a 39-kD protein with a pI of 6.69. The deduced amino acid

sequence of PtSAD was 53% identical to that of PtCAD and

 

�

 

50% identical to that of other angiosperm monolignol

CADs, but it exhibited insignificant identity (10 to 40%) with

the sequences of alcohol dehydrogenases (ADHs) associ-

ated with pathogen defense (Brill et al., 1999). PtCAD, on

the other hand, showed extensive amino acid sequence

identity with CADs from 

 

Populus trichocarpa

 

 

 

�

 

 

 

Populus del-

toides

 

 (97%) (PtCADA; Van Doorsselaere et al., 1995), 

 

Euca-

lyptus gunnii

 

 (81%) (pEuCAD2; Grima-Pettenati et al., 1993),

tobacco (82%) (pTCAD14; Knight et al., 1992), lucerne (79%)

(MsaCad2; Brill et al., 1999), and other reported angiosperms

(

 

�

 

80%) (Brill et al., 1999). Therefore, 

 

PtSAD

 

 belongs to a

novel class of ADHs.

Cofactor and zinc binding sequences conserved in

ADHs (Jornvall et al., 1987) were present in PtSAD (Figure

1). The Zn1 binding motif and structural Zn2 consensus re-

gions (Jornvall et al., 1987; MacKay et al., 1995) were lo-

cated at amino acid residues 71 to 85 and 91 to 117,

respectively. A NADP binding site (Jornvall et al., 1987)

was identified at residues 191 to 196. Repeated screening

of the aspen xylem cDNA library with either 

 

PtCAD

 

 or 

 

Pt-

SAD

 

 cDNA probes always resulted in the isolation of

clones identical to either 

 

PtCAD

 

 or 

 

PtSAD

 

, indicating that

they are the two predominant monolignol-related 

 

ADH

 

s in

lignifying xylem.

Phylogenetic analysis of PtSAD and available full-length

monolignol CAD protein sequences showed that gymno-

sperm and angiosperm CADs form a cluster that does not

include PtSAD (Figure 2). The angiosperm monolignol

CADs in this cluster share 

 

�

 

70% amino acid sequence

identity with gymnosperm CADs but 

 

�

 

50% with PtSAD,

suggesting that all of these putative angiosperm monoli-

gnol CADs may be guaiacyl specific. These results also

may reflect a divergence of the guaiacyl CAD phylogenetic

group into a more syringyl-specialized group, to which Pt-

SAD belongs.

 

DNA Gel Blot Analysis of 

 

PtCAD

 

 and 

 

PtSAD

 

 and RNA 

and Protein Gel Blot Analyses of 

 

PtCAD

 

 and 

 

PtSAD

 

 

Tissue-Specific Expression in Aspen

 

To determine whether there are other 

 

PtCAD-

 

 and 

 

PtSAD

 

-

related sequences in aspen, we performed gel blot analysis

of aspen genomic DNA digested by various restriction en-

zymes and hybridized with either 

 

PtCAD

 

 (Figure 3A) or 

 

PtSAD

 

(Figure 3B) full-length cDNA probes. There was a strong sin-

gle band in each lane, but a weak single band also was de-

tected in each lane, perhaps evidence of a distantly related

sequence. Together with our cDNA screening results, we in-

terpret these data to indicate that 

 

PtCAD

 

 and 

 

PtSAD

 

 likely are

the predominant members of a small gene family in aspen.

DNA gel blot analysis also clearly demonstrated that

 

PtCAD

 

 and 

 

PtSAD

 

 did not cross-hybridize with each other.

Thus, using the same hybridization conditions and 

 

PtCAD

 

and 

 

PtSAD

 

 full-length cDNA probes, we conducted RNA gel

blot analysis to investigate the tissue-specific expression of

 

PtCAD

 

 and 

 

PtSAD 

 

in aspen. The greatest 

 

PtCAD

 

 expression

was found in tissue types containing a large amount of ligni-

fying xylem, but its expression was lower in phloem-enriched

tissues (internodes 1 to 3; Figure 3C). Strong expression of

 

PtSAD

 

 was detected in tissues undergoing rapid phloem (in-

ternodes 1 to 3; Figure 3D) and xylem (internodes 4 to 9;

Figure 3D) development. The expression of 

 

PtCAD

 

 and 

 

PtSAD

 

was not observed

 

 

 

in leaves in which vascular mid-veins were

removed.

Next, we conducted protein gel blot analysis to verify the

tissue-specific expression of 

 

PtCAD

 

 and 

 

PtSAD

 

. We ob-

tained polyclonal antisera against affinity-purified PtCAD

and PtSAD

 

 

 

recombinant proteins produced in 

 

Escherichia

coli

 

 and used protein gel blotting to verify the specificity of

PtCAD and PtSAD antibodies against PtCAD and PtSAD re-

combinant proteins. For the various recombinant protein

amounts (up to 75 ng) tested, PtCAD antibody did not

cross-react with PtSAD protein (Figure 3E), and PtSAD anti-

body did not cross-react with PtCAD protein (Figure 3F).

The PtCAD protein exhibited the expected molecular mass

of 

 

�

 

39 kD and was more abundant in protein extracts from

xylem than from phloem tissue (Figure 3E). In contrast, the

strongest signal using PtSAD antibody was detected in phloem

protein extracts (Figure 3F). RNA and protein gel blot

analyses consistently indicated that both 

 

PtCAD

 

 and 

 

PtSAD

 

were associated with lignification. Strong 

 

PtSAD

 

 expression

in syringyl lignin–enriched phloem (Grand et al., 1982) sug-

gests a specialized role for 

 

PtSAD

 

 in syringyl monolignol

biosynthesis. Therefore, we characterized the biochemical

functions of the 

 

PtCAD

 

 and 

 

PtSAD

 

 genes.

 

Substrate Specificity of PtCAD and PtSAD with

Phenolic Aldehydes

 

NADPH-dependent CAD reductive activity has been esti-

mated spectrophotometrically by monitoring the decrease
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1570 The Plant Cell

Figure 1. Amino Acid Sequence Alignment of Aspen SAD and Selected CAD Proteins.

The deduced amino acid sequences of aspen SAD and CAD, Eucalyptus CAD (Eucalyptus globulus), tobacco CAD (Nicotiana tabacum), and luc-

erne CAD (Medicago sativa) were aligned using the OMIGA program of the GCG software package (Genetics Computer Group, Madison, WI).

Identical amino acid sequences are shaded. Locations of Zn1, Zn2, and NADP binding domains are indicated.
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in 

 

A

 

340 

 

attributable to the oxidation of NADPH, presumably

coupled exclusively with the reduction of the aldehyde sub-

strate provided (Wyrambik and Grisebach, 1975). The identi-

ties and quantities of all possible reduction products,

including those of the alcohol product in question, can only

be assumed. In this study, we developed an HPLC-UV/

mass spectrometry (MS) approach to unambiguously quan-

tify the authentic reaction products in all enzyme reactions.

After reaction termination, the mixture was subjected di-

rectly to HPLC separation, and the structural identities and

quantities of the separated reaction products were corrobo-

rated on the basis of diode array UV and MS signature com-

parisons with authentic compounds.

Using this HPLC-UV/MS system, we determined the

functions of PtCAD and PtSAD by first testing the substrate

specificity of the purified PtCAD and PtSAD recombinant

proteins with various benzaldehyde and 

 

p

 

-coumaralde-

hyde derivatives. PtCAD and PtSAD were inactive with benz-

aldehyde, 2-hydroxybenzaldehyde, 

 

p

 

-hydroxybenzaldehyde,

3,4-dihydroxybenzaldehyde, vanillin, 5-hydroxyvanillin, and

5-methoxyvanillin but exhibited low or insignificant activity

with 2-methoxybenzaldehyde and 3-methoxybenzaldehyde

(data not shown). Preliminary results also showed that in

sharp contrast, PtCAD and PtSAD exhibited high activities

with all 

 

p

 

-coumaraldehyde derivatives tested, PtSAD hav-

ing the greatest activity with sinapaldehyde and PtCAD

having the greatest activity with coniferaldehyde. Figures

4A and 4B show the typical HPLC-UV/MS results of PtCAD

and PtSAD reactions with coniferaldehyde and sinapalde-

hyde, respectively. These aldehydes and their alcohol de-

rivatives then were used as substrates to characterize the

pH dependence of the PtCAD and PtSAD reduction and

oxidation reactions (data not shown). Kinetic analyses of

PtCAD- and PtSAD-catalyzed reductive reactions with

 

p

 

-coumaraldehyde derivatives then were conducted at

their respective enzyme pH optima.

Figure 2. Phylogenetic Analysis of Aspen SAD and Plant CADs.

An unweighted pair-group method using arithmetic averages was

used for phylogenetic tree analysis of aspen SAD (PtSAD) and

other full-length plant CAD protein sequences available in the Gen-

Bank database.

Figure 3. Molecular Characterization of Aspen PtCAD and PtSAD.

(A) and (B) Genomic DNA gel blot analysis. Aspen genomic DNA (10

�g/lane) was digested with restriction enzymes and hybridized with
32P-labeled full-length PtCAD (A) and PtSAD (B) cDNAs.

(C) and (D) RNA gel blot analysis of PtCAD and PtSAD tissue-spe-

cific expression patterns. Total RNA (10 �g/lane) from each organ or

tissue type was hybridized with 32P-labeled full-length PtCAD (C)

and PtSAD (D) cDNAs.

(E) and (F) Protein gel blot analysis of anti-PtCAD and anti-PtSAD

antibody specificity and tissue-specific expression of PtCAD and

PtSAD. Immunoblots of E. coli–expressed and affinity-purified

PtCAD and PtSAD recombinant proteins (25 ng/lane) and plant

protein extracts (10 �g/lane) with anti-PtCAD (E) and anti-PtSAD

(F) antibodies.
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PtCAD and PtSAD Enzyme Kinetic Properties and 

Inhibition Kinetics

Lineweaver-Burk analysis (Tables 1 and 2) revealed signifi-

cantly greater turnover rates for PtSAD-catalyzed reactions

than for PtCAD-catalyzed reactions with all aldehydes

tested. Vmax/Km values demonstrated that coniferaldehyde

was the preferred substrate for PtCAD and that the pre-

ferred PtSAD substrate was sinapaldehyde. In light of the in-

creasing evidence that competition among structurally

Figure 4. HPLC-UV/MS Analysis of Recombinant PtCAD and PtSAD Reactions.

(A) HPLC-MS (selected ion monitoring, 70 V; mass-to-charge ratio [m/z], 179.0) chromatogram showing the PtCAD reduction (see Methods) of

coniferaldehyde (blue; retention time [Rt] � 13.58 min) into coniferyl alcohol (brown; Rt � 7.79 min). The inset shows the negative ion electro-

spray mass spectrum (scanning mode at 70 V) of coniferyl alcohol with properties (UV [HPLC mobile phase] �max I, 262 nm, �max II, 294 nm; MS

[150 V] mass-to-charge ratio [%], 179.1 [100%], 164 [39%], 146 [38%], 161 [25%]) identical to the authentic standard. MW, molecular weight.

(B) HPLC-MS (selected ion monitoring, 70 V; mass-to-charge ratio [m/z], 209.0) chromatogram showing the PtSAD-mediated sinapaldehyde

(red; Rt � 12.09 min) reduction (see Methods) into sinapyl alcohol (green; Rt � 7.03 min). The inset shows the negative ion electrospray mass

spectrum of sinapyl alcohol with properties (UV [HPLC mobile phase] �max I, 222 nm, �max II, 274; MS [150 V] mass-to-charge ratio [%], 209.1

[100%], 194 [41%], 176 [11%]) identical to the authentic compound. MW, molecular weight.

(C) and (D) HPLC-MS (selected ion monitoring, 70 V; mass-to-charge ratio [m/z], 179.0 and 209.0) chromatograms of PtCAD and PtSAD reac-

tions (see Methods) with a mixture of equal molar coniferaldehyde (blue; Rt � 13.58 min) and sinapaldehyde (red; Rt � 12.09 min). Coniferyl al-

cohol (brown; Rt � 7.79 min) is the exclusive product of the PtCAD reaction (C), and sinapyl alcohol (green; Rt � 7.03 min) is the only product of

the PtSAD reaction (D).

O-Coumaric acid was the internal standard (I.S.) in all reactions.
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similar monolignol pathway intermediates as substrates can

modulate enzyme activities to affect phenolic metabolism

(Osakabe et al., 1999; Li et al., 2000), we tested PtCAD and

PtSAD in mixed substrate reactions. When a mixture of

equal molar coniferaldehyde and sinapaldehyde was incu-

bated with PtCAD, coniferaldehyde was converted into the

guaiacyl monolignol, coniferyl alcohol, but sinapaldehyde

reduction was blocked (Figure 4C). These findings provide

evidence that CAD is guaiacyl specific and that a discrete

SAD function is needed for the biosynthesis of syringyl

monolignol. PtSAD would fulfill such a need, because it me-

diated the exclusive production of sinapyl alcohol from a

mixture of coniferaldehyde and sinapaldehyde (Figure 4D).

Evidently, sinapaldehyde also acted as an inhibitor of PtSAD-

catalyzed coniferaldehyde reduction. To understand how

coniferaldehyde may inhibit PtCAD-catalyzed sinapalde-

hyde reduction and how sinapaldehyde may block PtSAD-

mediated coniferaldehyde reduction in vivo, we studied en-

zyme inhibition kinetics.

For both PtCAD and PtSAD proteins, the two-substrate

interactions were of the competitive inhibition type (Figure 5).

Coniferaldehyde, the preferred substrate of PtCAD, was a

competitive inhibitor of PtCAD-catalyzed reduction of sinapal-

dehyde, with an apparent inhibition constant (Ki) of 1.7 �M

(Figure 5A, inset), a value that was significantly lower than

the Km (Table 1) of coniferaldehyde as a PtCAD substrate.

Sinapaldehyde, the preferred PtSAD substrate, strongly in-

hibited PtSAD utilization of coniferaldehyde, with a Ki of 0.5

�M (Figure 5B, inset), nearly 15 times lower than the Km (Ta-

ble 2) of sinapaldehyde as a PtSAD substrate. These results

provide evidence that in the presence of coniferaldehyde,

PtCAD-mediated sinapaldehyde reduction is unlikely, and

that in the presence of sinapaldehyde, PtSAD-catalyzed co-

niferaldehyde reduction would not take place in vivo. Thus,

PtCAD is a coniferaldehyde- or guaiacyl-specific CAD and

PtSAD is a sinapaldehyde- or syringyl-specific SAD. These

results challenge the traditional model of monolignol biosyn-

thesis and suggest that CAD mediates the reduction of co-

niferaldehyde into guaiacyl monolignol and that SAD along

with CAld5H/AldOMT controls the biosynthesis and utiliza-

tion of sinapaldehyde for syringyl monolignol.

Histochemical and Chemical Detection of Guaiacyl

and Syringyl Lignin Distributions in Aspen Stem

Vascular Tissues

We began to identify the in situ relationship between PtCAD

and PtSAD and guaiacyl and syringyl lignin biosynthesis by

analyzing the distribution of guaiacyl and syringyl lignins in

vascular systems of the aspen stem. Syringyl lignin can be

distinguished chromogenically from guaiacyl lignin in situ by

Cross/Bevan or Mäule color reaction (Nakano and Meshitsuka,

1992). The lignin-based chromophore-forming mechanisms

in these two methods are similar. The chlorination of the sy-

ringyl nucleus leads to a pink (lignifying cells) or red (lignified

cells) color, whereas the guaiacyl nucleus produces a light

(lignifying cells) to dark (lignified cells) brown color (Bland,

1966; Wardrop, 1981). In this study, we used the Cross/Bevan

method because of its mild reaction conditions, circumvent-

ing the problem of thin tissue section destruction that often

occurs during Mäule color reactions.

In the primary vascular tissues, lignin was observed only

in xylem and was of the guaiacyl type, as revealed by the

brown staining of protoxylem and metaxylem vessel ele-

ments between stem internodes 1 and 4 (Figures 6A and

6B). This was further confirmed by thioacidolysis analysis of

stem lignin, which demonstrated the exclusive detection of

guaiacyl monomers (Figure 6D). The primary xylem re-

mained as the only stem tissue containing pure guaiacyl lig-

nin (Figures 6E to 6G). Guaiacyl-syringyl lignin appeared

during the differentiation of secondary vascular systems, as

indicated by the chemical analyses of stem internodes 5

and beyond (Figure 6H). However, the deposition of syringyl

lignin in the secondary xylem followed that of guaiacyl lignin,

as manifested by the color change from bright light brown to

pink and then red in developing, partially lignified, and ex-

tensively lignified secondary xylem elements, respectively

(Figure 6G). This is consistent with the reported sequential

deposition of guaiacyl followed by syringyl lignins in xylem

cells of angiosperms (Terashima et al., 1986; Saka and Goring,

1988).

Aggregated protophloem parenchyma cells, the precur-

sors of primary phloem fibers (Esau, 1965), were present in

Table 1. Kinetic Properties of the Recombinant PtCAD Proteina

Substrate Km (�M) Vmax (nmol·min�1·�g�1) kcat
b (min�1) Vmax/Km (%)

p-Coumaraldehyde 6.2 � 1.1 0.17 � 0.04 6.8 � 0.2 30.1

Caffealdehyde 37.0 � 5.4 0.15 � 0.03 6.0 � 0.2 4.4

Coniferaldehyde 2.3 � 0.8 0.21 � 0.03 8.4 � 0.3 100

5-Hydroxyconiferaldehyde 17.5 � 2.5 0.17 � 0.04 6.8 � 0.4 10.6

Sinapaldehyde 9.1 � 1.2 0.10 � 0.01 4.0 � 0.2 12.0

a Values are means �SE for three independent assays.
b kcat, enzyme turnover number.
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1574 The Plant Cell

primary growth tissues (Figures 6A to 6C), but these cells

were not stained for lignin, likely because of their lack of

secondary wall thickening. They also failed to stain for guai-

acyl lignin once lignification and secondary thickening be-

gan (Figure 6I). Instead, syringyl-positive pink (Figure 6I) to

red (Figures 6E and 6F) coloration prevailed in these cells as

they differentiated into fibers. Indeed, phloem fibers are

known for their enrichment in syringyl lignin, but they do ac-

cumulate guaiacyl-syringyl lignin (Grand et al., 1982). To-

gether, these observations indicate that in direct contrast to

the lignification sequence in secondary xylem elements, the

biosynthesis of syringyl lignin precedes and overwhelms

that of guaiacyl lignin in primary phloem fibers.

We then used immunolocalization to verify whether PtCAD

is associated with guaiacyl lignin–synthesizing primary xylem

and whether the distribution of PtCAD and PtSAD is in line

with the guaiacyl and syringyl lignin deposition patterns in

phloem and xylem elements. The distribution of another

syringyl pathway protein, PtCAld5H, also was analyzed.

Immunolocalization of PtCAD, PtCAld5H, and PtSAD in 

Aspen Stem Internodes

Conditions similar to those present during protein gel blot

analyses, by which the specificities of PtCAD and PtSAD

antibodies were verified (Figures 3E and 3F), were applied to

cellular immunolocalization. PtSAD and PtCAld5H were vi-

sualized in tissue sections after the anti-rabbit IgG–alkaline

phosphatase reaction with nitroblue tetrazolium/5-bromo-

4-chloro-3-indolyl phosphate substrate. PtCAD signals were

visualized with Fast Red substrate. Serial sections were an-

alyzed. Preimmune serum used at the same protein concen-

tration as the anti-PtCAD, anti-PtSAD, or anti-PtCAld5H

antiserum gave no immunolabeling signal (data not shown).

At the third internode, PtCAD was detected almost exclu-

sively in developing metaxylem vessels (Figure 7A). PtSAD

was not detected in metaxylem vessels but was most con-

spicuous in protophloem parenchyma cells and in the paren-

chymatous storage tissue, the medullary sheath (Figure 7B).

The cellular distribution of PtCAld5H (Figure 7C) con-

formed with that of PtSAD. At the third internode, the lignifi-

cation and secondary wall thickening had begun in

metaxylem vessels but not in protophloem parenchyma

cells (Figures 6A to 6C). Consistently, no lignin color reac-

tion was observed in protophloem parenchyma cells (Figure

6A), despite the detection in these cells of PtSAD and

CAld5H (Figures 7B and 7C). However, at internode 6, both

syringyl lignin deposition (Figure 6I) and PtSAD signals (data

not shown) were observed in these cells undergoing differ-

entiation into primary phloem fibers. At the eighth internode,

PtSAD signals diminished in these differentiating fiber cells

(Figure 7E), signifying the near completion of syringyl mono-

lignol biosynthesis in these cells (Figure 6E).

At this stage, PtCAD became more conspicuous than PtSAD

in these maturing fibers (Figure 7D), indicative of an active

biosynthesis of guaiacyl monolignol. As the primary phloem

continued its centripetal course of differentiation, new pro-

tophloem parenchyma cells appeared adjacent to the ma-

turing fibers toward the center of the stem. These new

primary phloem fiber precursors (Esau, 1965) were labeled

with PtSAD (Figure 7E) but not yet with PtCAD (Figure 7D).

At internode 12, PtSAD signals disappeared in primary

phloem fibers (Figure 7I), suggesting the completion of sy-

ringyl monolignol biosynthesis in these cells. However, PtCAD

signals remained strong in these maturing fibers (Figure 7H).

At internode 15, neither PtCAD nor PtSAD was detected in

these fibers that became fully lignified (data not shown).

These results agree with those of histochemical lignin local-

ization indicating that the biosynthesis of syringyl lignin pre-

cedes that of guaiacyl lignin in primary phloem fibers.

However, these procambium-derived primary phloem ele-

ments and the secondary xylem exhibited contrasting lignifi-

cation sequences. PtCAD appeared in xylem fusiform initials

before PtSAD (Figures 7H and 7I), consistent with chemical

and histochemical evidence that the biosynthesis of syringyl

lignin lags behind that of guaiacyl lignin in the secondary xy-

lem. Furthermore, in the differentiating secondary xylem,

PtCAD signals were most conspicuous in maturing vessels

(Figures 7F and 7H) but also were strong in developing fiber

and ray cells. PtSAD signals were strongest in syringyl lig-

nin–enriched radial and axial ray cells (Figure 7G) (Wardrop

and Dadswell, 1952; Musha and Goring, 1975) and were

conspicuous in maturing fiber cells but were nearly absent

Table 2. Kinetic Properties of the Recombinant PtSAD Proteina

Substrate Km (�M) Vmax (nmol·min�1·�g�1) kcat
b (min�1) Vmax/Km (%)

p-Coumaraldehyde 15.6 � 1.4 2.9 � 0.3 116 � 11 27.4

Caffealdehyde 140.0 � 9.1 2.0 � 0.1 80 � 4 2.2

Coniferaldehyde 12.7 � 1.5 2.3 � 0.2 92 � 6 26.6

5-Hydroxyconiferaldehyde 36.1 � 2.3 3.8 � 0.4 152 � 16 15.5

Sinapaldehyde 7.4 � 1.1 5.0 � 0.3 200 � 13 100

a Values are means �SE for three independent assays.
b kcat, enzyme turnover number.
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Syringyl Monolignol Pathway–Specific SAD 1575

from developing vessels (Figures 7G and 7I). These protein

distribution patterns in the secondary xylem were sustained

through older internodes (data not shown). These results and

histochemical observations consistently demonstrated that

PtCAD is associated with cells specializing in guaiacyl lignin

synthesis and that PtSAD and PtCAld5H are associated with

vascular elements containing enriched syringyl lignin.

Detection of CAD and SAD Proteins in

Various Angiosperms

Protein gel blot analysis of stem xylem proteins from six an-

giosperms and one gymnosperm (Figure 8) indicated that

CAD and SAD proteins likely are common to angiosperms.

Only the CAD signal was detected for loblolly pine, a gym-

nosperm.

DISCUSSION

Principal Metabolic Fluxes Involving SAD and CAD for 

Monolignol Biosynthesis in Angiosperms

Our previous enzyme kinetic studies demonstrated that the

pathway from caffeate to sinapate via ferulate and 5-hydroxy-

ferulate (Figure 9) is unlikely because of CAld5H/AldOMT-

mediated biosynthesis of sinapaldehyde from coniferalde-

hyde (Osakabe et al., 1999; Li et al., 2000). Certain recently

published transgenic results confirmed our finding that caf-

feate methylation into ferulate is unlikely to occur in vivo

during monolignol biosynthesis (Guo et al., 2001). We also

had concluded that as a result of inhibiting the ferulate path-

way, the 4-coumarate:CoA ligase (4CL)–catalyzed CoA liga-

tion of sinapate, ferulate, and 5-hydroxyferulate would be

obviated as paths to monolignols in vivo (Osakabe et al.,

1999; Li et al., 2000).

Consistent with this conclusion, HPLC/MS analysis of the

activity of aspen lignin–specific 4CL, Pt4CL1 (Hu et al., 1998,

1999), in mixed substrate assays showed that caffeate strongly

inhibited the Pt4CL1-mediated CoA ligation of ferulate and

p-coumarate (S.A. Harding, J. Leshkevich, V.L. Chiang, and

C.J. Tsai, unpublished data). These results suggest a feed-

back mechanism by which any increase in levels of caffeate

attributable to a CAld5H/AldOMT-modulated partial block of

its methylation to ferulate would direct a phenolic flux

through caffeate instead of through p-coumarate, caffeate,

ferulate, 5-hydroxyferulate, or sinapate, as has been be-

lieved (Hahlbrock and Scheel, 1989; Whetten et al., 1998).

This pathway intermediate–modulated feedback control

lends support to a simple yet well-defined major phenolic

flux to the biosynthesis of monolignols, a model we now

propose (Figure 9, blue and red pathways).

The proposed principal flux through caffeate is consistent

with the fact that caffeoyl-CoA, the predominant 4CL reac-

tion product, also is the preferred substrate of caffeoyl-CoA

O-methyltransferase for the biosynthesis of feruloyl-CoA (Ye

et al., 1994; Zhong et al., 1998; Li et al., 1999), which in turn

can be reduced in sequence most efficiently by cinnamoyl-

CoA reductase (Lüderitz and Grisebach, 1981; Sarni et al.,

1984; Goffner et al., 1994; Lacombe et al., 1997) and CAD

(Figure 4C, Table 1) into the guaiacyl monolignol, coniferyl

alcohol.

When intermediates (feruloyl-CoA, coniferaldehyde, and

coniferyl alcohol) of the guaiacyl monolignol flux were re-

acted with angiosperm xylem protein extracts or CAld5H

and AldOMT recombinant proteins, sinapaldehyde was the

exclusive product, supporting the existence in angiosperms

of a branch from the guaiacyl pathway at coniferaldehyde

Figure 5. Inhibition Kinetics of PtCAD and PtSAD.

Lineweaver-Burk plots of 1/v versus 1/[S] in the presence of different

levels of inhibitor concentrations as indicated. The insets show re-

plots of apparent Km	 versus the corresponding inhibitor concentra-

tion, used to calculated the Ki.

(A) Competitive inhibition effects of coniferaldehyde on PtCAD re-

duction of sinapaldehyde in mixed substrate assays.

(B) Competitive inhibition effects of sinapaldehyde on PtSAD reduc-

tion of coniferaldehyde in mixed substrate assays.
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1576 The Plant Cell

Figure 6. Detection of Guaiacyl and Syringyl Lignins in Aspen Stem.

Cross/Bevan histochemical analysis of transverse sections of stem internodes showing the exclusive presence of guaiacyl lignin (brown) in pri-
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Syringyl Monolignol Pathway–Specific SAD 1577

toward syringyl monolignol biosynthesis via sinapaldehyde

(Osakabe et al., 1999; Li et al., 2000). We now report the dis-

covery of a novel gene, PtSAD, encoding SAD, that together

with CAld5H/AldOMT regulates the biosynthesis and utiliza-

tion of sinapaldehyde for syringyl monolignol (Figure 9). Like

the CAld5H/AldOMT-mediated initiation of the syringyl path-

way (Li et al., 2000), SAD is widely distributed in angio-

sperms (Figure 8). Thus, the current results reinforce the

model of a CAld5H/AldOMT/SAD pathway in common angio-

sperms for synthesizing syringyl monolignol and challenge

the dated concept that CAD regulates the biosynthesis of

both guaiacyl and syringyl monolignols.

With respect to the guaiacyl pathway (Figure 9), a shunt

was suggested recently (Guo et al., 2001; Parvathi et al.,

2001) in which caffeoyl-CoA, the most efficient caffeoyl-CoA

O-methyltransferase substrate, is not methylated to feruloyl-

CoA but instead is used by cinnamoyl-CoA reductase fol-

lowed by CAD for the biosynthesis of caffealdehyde and

caffeyl alcohol, respectively. However, the facts that caf-

feoyl-CoA is a poor cinnamoyl-CoA reductase substrate

(Wengenmayer et al., 1976; Gross, 1980; Lüderitz and

Grisebach, 1981) and that caffealdehyde is a poor substrate

for both PtCAD and PtSAD (Tables 1 and 2), yielding no caf-

feyl alcohol in PtCAD or PtSAD reactions with mixed cinna-

maldehyde derivatives, do not support the idea of such a

shunt. Our previous (Zhang and Chiang, 1997; Osakabe et

al., 1999; Li et al., 2000) and current results have consis-

tently demonstrated mechanisms by which proteins with

apparent broad substrate specificities may exhibit limited or

directed functions as a result of substrate pool composition.

Another substrate level–controlled reaction is the coniferal-

dehyde-modulated block of coniferyl alcohol 5-hydroxyla-

tion (Li et al., 2000), which negates a path from coniferyl

alcohol to sinapyl alcohol previously proposed on the basis

of isotope tracer studies (Chen et al., 1999).

However, other evidence from these tracer studies, such

as the fact that the CAD-catalyzed oxidation of coniferyl al-

cohol to coniferaldehyde would lead to the biosynthesis of

sinapyl alcohol via 5-hydroxyconiferaldehyde, is consistent

with our model of syringyl monolignol biosynthesis. It also is

consistent with biochemical demonstrations that the PtCAD-

catalyzed oxidation of coniferyl alcohol exhibited signifi-

cantly higher reaction rates in a wide pH range than the

PtCAD-mediated coniferaldehyde reduction (data not shown).

Thus, these in vivo and in vitro studies suggest that coniferyl

alcohol is used not only for the biosynthesis of guaiacyl lig-

nin but also for that of coniferaldehyde, supplementing the

substrate pool for syringyl monolignol biosynthesis via

CAld5H/AldOMT/SAD mediation. Together, this and the

rapid PtSAD-mediated sinapaldehyde reduction would al-

low an efficient biosynthesis of syringyl lignin, the cell-

strengthening component. Thus, the operation of a stream-

lined principal phenolic flux (Figure 9, blue and red path-

ways) would seem appropriate in vascular cells, which

require timely lignification for basic structural and conduct-

ing functions to sustain tree growth and development.

PtCAD and PtSAD Are Linked Spatiotemporally to the 

Differential Biosynthesis of Guaiacyl and Syringyl 

Lignins, Respectively, in Vascular Elements

In the primary xylem of aspen stem, only guaiacyl lignin is

deposited (Figures 6A to 6D). No syringyl monolignol pathway

proteins were detected in lignifying cells in this tissue. How-

ever, strong PtCAD signals were found in protoxylem and

metaxylem vessel elements (Figure 7A), validating the idea

that PtCAD is guaiacyl specific. PtCAld5H (Figure 7C), PtAld-

OMT (data not shown), and PtSAD (Figure 7B) were colocal-

ized to protophloem parenchyma cells that would later

mary xylem tissues ([A] to [C]) and the deposition of guaiacyl-syringyl lignin (red) in secondary growth tissues ([E] to [G] and [I]). The differential

deposition of these lignins along the stem was confirmed by thioacidolysis analysis of the stem lignin ([D] and [H]).

(A) Internode 3.

(B) Internode 4.

(C) A magnified section of the image in (B).

(D) and (H) Gas chromatograms of trithioethylated monomeric lignin products after thioacidolysis, demonstrating the exclusive presence of gua-

iacyl lignin in internodes 1 to 4 (D) and the presence of guaiacyl and syringyl lignins in internodes 5 to 20 (H). Typical erythro (e) and threo (t) iso-

mers (1:1 ratio) of guaiacyl and syringyl monomers were present. The internal standard (I.S.) was hexacosane.

(E) Internode 8. The primary xylem is the only vascular tissue having the pure guaiacyl lignin.

(F) Internode 10. The primary xylem is the only vascular tissue having the pure guaiacyl lignin.

(G) Internode 8 revealing the sequential deposition of guaiacyl (light brown) followed by syringyl (pink to red) lignins in secondary xylem ele-

ments. Note the deposition of only the guaiacyl lignin in metaxylem vessels.

(I) Internode 6 showing the onset of syringyl lignin (pink) deposition in primary phloem fibers.

Dsxf, developing secondary xylem fibers; Dsxv, developing secondary xylem vessels; Mxv, metaxylem vessels; Ppc, protophloem parenchyma

cells; Ppf, primary phloem fibers; Px, primary xylem; Pxv, protoxylem vessels; Rp, ray parenchyma cells; Sx, secondary xylem. Bars in (A), (B),

(E), and (F) � 100 �m; bars in (C), (G), and (I) � 30 �m.

Figure 6. (continued).
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1578 The Plant Cell

Figure 7. Immunolocalization of PtCAD, PtCAld5H, and PtSAD Proteins in Aspen Stem.
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differentiate into syringyl lignin–enriched fibers (Figures 6E

and 6F) (Grand et al., 1982). However, PtCAD was found in

later differentiation stages of these fiber cells (Figures 7D

and 7E), consistent with the fact that the biosynthesis of

guaiacyl lignin lagged behind that of syringyl lignin in pri-

mary phloem fibers (Figures 6A, 6B, and 6I). These findings

provide further evidence that PtCAD is guaiacyl specific and

that PtSAD is syringyl specific. Moreover, the strong PtCAD

signals (Figures 7F and 7H) and the near absence of PtSAD

(Figures 7G and 7I) in secondary developing xylem vessels

are consistent with the fact that vessels are enriched with

the guaiacyl lignin (Fergus and Goring, 1970a, 1970b).

Both PtSAD and PtCAD are conspicuous in secondary

developing xylem fiber cells, because these cells contain

both syringyl and guaiacyl lignins (Musha and Goring, 1975;

Saka and Goring, 1985) that likely originate from pools of si-

napaldehyde and coniferaldehyde, respectively. In this case,

the metabolic specificity of PtSAD and PtCAD would be-

come modulated differentially by substrate pool composi-

tion. Although the precise cellular concentrations of these

two aldehydes are unknown, we found that the total extract-

able sinapaldehyde and coniferaldehyde contents in devel-

oping aspen stem xylem cells were 110 and 12 ng/g fresh

tissue, respectively, as quantified by HPLC/MS. In view of the

fact that fiber elements constitute 
80% of total vascular tis-

sue volume (Fergus and Goring, 1970a, 1970b), the detected

high sinapaldehyde/coniferaldehyde substrate pool ratios

likely are typical in fiber cells. Thus, the enrichment of syringyl

lignin in xylem fibers could be ascribed to the presence of Pt-

SAD, because PtSAD would convert sinapaldehyde preferen-

tially into syringyl monolignol according to substrate level–

controlled kinetics (Figures 4 and 5).

One interesting observation was the conspicuous copres-

ence of PtCAld5H, PtAldOMT, and PtSAD syringyl lignin

proteins in ray parenchyma cells and particularly in the par-

enchymatous medullary zone (Figure 7). These cells are

known for their storage function and may remain alive for

many years (Frey-Wyssling and Bosshard, 1959; Esau,

1965), exporting cellular substances including proteins (Ryser

and Keller, 1992). Thus, xylem radial and axial ray cells may

serve as reservoirs that supply syringyl monolignol proteins

to the adjacent fiber cells for syringyl lignin metabolism. This

also may contribute to the high syringyl lignin content in xy-

lem cells of heartwood formed after the autolysis of these

cells (Kawamura and Higuchi, 1962). An enduring presence

of syringyl monolignol proteins in ray cells and the medullary

zone also suggests links to the biosynthesis of syringyl-type

lignans during heartwood formation (Umezawa, 1994). To-

gether, our results provide consistent evidence that guaia-

cyl-specific PtCAD and syringyl-specific PtSAD functions

are linked spatiotemporally to the differential biosynthesis of

guaiacyl and syringyl lignins and other specific monolignol-

derived products in different cell types.

CAld5H/AldOMT/SAD Function Is Associated with

Cell Support Function Specialization in

Angiosperm Evolution

Lignin in the most primitive land plants, such as Psilopsida,

is of the guaiacyl type (Wardrop, 1971). Its function in

these plants was not so much in mechanical support but in

conduction (Corner, 1968; Raven, 1977). The gymnosperms

Figure 7. (continued).

Light micrographs of stem transverse sections showing localizations of PtCAD (red; [A], [D], [F], and [H]), PtCAld5H (blue; [C]), and PtSAD

(blue; [B], [E], [G], and [I]).

(A) to (C) Internode 3. PtCAD was localized exclusively to primary xylem elements (A), whereas PtSAD (B) and PtCAld5H (C) were not detected

in these primary xylem elements but were abundant in protophloem parenchyma cells and the medullary sheath.

(D) and (E) Primary phloem fibers in internode 8.

(F) and (G) Internode 8. Note the strong PtCAD signals in developing secondary xylem vessels (F), but PtSAD signals were nearly absent from

these cells (G).

(H) and (I) Internode 12. The appearance of PtSAD (I) lagged behind that of PtCAD (H) in fusiform initials.

Ap, axial ray parenchyma cells; Ffi, fusiform initials; Ms, medullary sheath. Other abbreviations are as given in Figure 6. Bars in (A) to (C), (H),

and (I) � 50 �m; bars in (D) to (G) � 30 �m.

Figure 8. Immunoblot Detection of CAD and SAD Proteins in Vari-

ous Plants.

CAD was detected by immunoblotting in developing xylem of all

plants analyzed (top), but SAD was found only in angiosperm spe-

cies (bottom). Seventy-five nanograms of recombinant protein per

lane was used, and other lanes were loaded with 10 �g of plant xy-

lem crude protein extracts.
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1580 The Plant Cell

Figure 9. Proposed Principal Biosynthetic Pathway for the Formation of Monolignols in Angiosperms.

C4H, cinnamate 4-hydroxylase; C3H, 4-coumarate 3-hydroxylase; 4CL, 4-coumarate:CoA ligase; CCoAOMT, caffeoyl-CoA O-methyltrans-

ferase; CCR, cinnamoyl-CoA reductase. Inconclusive pathways are shown in gray.
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of the Middle Devonian Period developed extensive sec-

ondary xylem consisting mainly of tracheids with dual func-

tions in conduction and mechanical support (Wardrop, 1981).

Interestingly, the gradual evolution of gymnosperms from

ancient Devonian ferns was not accompanied by detectable

changes in lignin structure (Sarkanen and Hergert, 1971).

Conceivably, the guaiacyl lignin always has been linked

largely to conduction function. In angiosperm evolution, the

functions of conduction and mechanical support were di-

vided among vessels and xylem fibers, respectively, two

specialized cell types that emerged from primitive tracheids

(Esau, 1965). Thus, it is possible that the evolution of fiber

cells concomitant with the emergence of syringyl lignin bio-

synthesis provided significant mechanical advantages to

angiosperm species. Consistent with this view, “tension

wood” produced specifically in angiosperm trees for correc-

tive growth to counteract mechanical and gravitational stim-

uli develops an abnormally high frequency of fibers but

relatively few vessels (Wardrop and Davies, 1964; Scurfield,

1973). These fibers are characterized by their exceptionally

high syringyl lignin content compared with that of normal

wood fibers (Sarkanen and Hergert, 1971). In contrast, the

less rigid, so-called rubbery wood of apple trees has lignins

that are scarcely methylated (Scurfield and Bland, 1963), a

type that resembles guaiacyl lignin. This insufficiently meth-

ylated lignin is known for its vulnerability to Mycoplasma in-

fection (Scurfield and Bland, 1963). Therefore, we suggest

that mechanical support and pathogen resistance offer

selection advantages that favor the evolution of CAld5H/

AldOMT/SAD and the copolymerization of the guaiacyl-

syringyl lignin in angiosperms.

In addition to the amenability of syringyl lignin to chemical

extraction during cellulose-based wood processing for ma-

terials and chemicals, its unique growth-conducive mechan-

ical and perhaps pathogen defense functions add further

incentives to engineering such a lignin type in gymno-

sperms, which contain chemically resistant guaiacyl lignin but

superior tracheid elements for paper/wood-related products.

Therefore, our results, which add new mechanistic insights

to the understanding of syringyl monolignol biosynthesis, may

help facilitate such biotechnological endeavors (Trotter, 1990).

METHODS

Isolation of Aspen SAD cDNA

A randomly primed, 32P-labeled, full-length PtCAD cDNA probe

(GenBank accession number AF217957) was used to screen an as-

pen (Populus tremuloides) stem developing xylem cDNA library (Wu

et al., 2000) under high and low stringency conditions for cDNAs that

were distinct from PtCAD. Four identical copies of plaque-forming

units (2.4 � 104) were hybridized with the probe, two under high

stringency conditions (65�C) and the other two under low stringency

conditions (50�C). Sequence analysis revealed that the positive

clones that hybridized with the probe simultaneously under high and

low stringency conditions had sequences identical to PtCAD. Se-

quences of clones that hybridized with the probe only under low

stringency conditions were identical to each other but distinct from

PtCAD. Two of these low stringency probe–hybridizing clones were

found to be full-length cDNAs; they were designated PtSAD and se-

quenced (ABI310; Perkin-Elmer) in both directions (GenBank ac-

cession number AF273256).

DNA and RNA Gel Blot Analysis

Aspen genomic DNA and total RNA from various aspen tissues were

isolated as described (Li et al., 1997; Hu et al., 1998). DNA and RNA

gel blot hybridizations were performed under high stringency condi-

tions (Hu et al., 1998). Probes were PtCAD or PtSAD cDNA labeled

with �-32P-dATP (Amersham) using the DECAprimeII labeling system

(Ambion, Austin, TX).

Expression and Purification of PtCAD and PtSAD Recombinant 

Proteins and Preparation of Plant Protein Extracts

The coding sequences of PtCAD and PtSAD were amplified by poly-

merase chain reaction (PCR) using primers designed to introduce

NdeI and NotI sites immediately upstream of their start and stop

codons. The PCR product was cloned into the NdeI and NotI sites of

pET23 b� vector (Novagen, Madison, WI) to fuse a His tag at the C

terminus of the cloned sequence. After sequence confirmation, the

engineered pET23 b� construct was transferred into Escherichia coli

host strain BL21(DE3) (Novagen). Induction and purification of re-

combinant PtCAD and PtSAD were performed as described (Li et al.,

2000). Differentiating stem xylem was collected during the growing

season from aspen, hophorn beam (Ostrya virginiana), yellow birch

(Betula alleghaniensis), sugar maple (Acer saccharum), red maple

(Acer rubrum), sweetgum (Liquidambar styraciflua), and loblolly pine

(Pinus taeda) and used to isolate crude protein extracts as described

(Li et al., 2000).

Preparation of Anti-PtCAD and Anti-PtSAD Antibodies and 

Protein Gel Blot Analysis

The affinity-purified PtCAD and PtSAD recombinant proteins were

used to immunize rabbits (Alpha Diagnostic, San Antonio, TX). The

antibodies, diluted 1:3000, were used in protein gel blot analyses of

xylem crude proteins (Osakabe et al., 1999). Protein concentrations

were determined by the Bio-Rad protein assay system.

Chemical Synthesis and Thioacidolysis Analysis of Aspen Stem 

Monolignol Composition

All aldehydes and their alcohol derivatives were obtained from

Sigma/Aldrich, except the following. p-Coumaraldehyde, p-coumaryl

alcohol, caffealdehyde, caffeyl alcohol, 5-hydroxyconiferaldehyde,

and 5-hydroxyconiferyl alcohol were prepared chemically from their

corresponding benzaldehyde derivatives as described (Osakabe et

al., 1999; Li et al., 2000). The structural identities of these com-

pounds were confirmed by 1H-NMR. p-Coumaraldehyde: 
 (acetone-

d6; standard carbon numbers were used) 6.48 (1H, dd, J1 � 15.9, J2 �

7.8, C8H), 6.80 (2H, m, Ar-H), 7.46 (1H, d, J � 15.8, C7H), 7.48 (2H, m,

Ar-H), 9.50 (1H, d, C9H); p-coumaryl alcohol: 
 (acetone-d6) 4.18 (2H,
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dd, J1 � 4, J2 � 1, C9H), 6.19 (1H, dt, J1 � 15.9, J2 � 5.5, C8H), 6.49

(1H, d, J � 15.9, C7H), 6.78 (2H, m, Ar-H), 7.26 (2H, m, Ar-H); caffe-

aldehyde: 
 (acetone-d6) 6.53 (1H, dd, J1 � 15.7, J2 � 7.6, C8H),

6.90 (1H, d, J � 7.9, C5H), 7.10 (1H, dd, J1 � 7.9, J2 � 2.1, C6H),

7.20 (1H, d, J � 2.1, C2H), 7.51 (1H, d, J � 15.7, C7H), 9.61 (1H, d, J �

7.6, C9H); caffeyl alcohol: 
 (acetone-d6) 4.17 (2H, d, J � 5.5, C9H),

6.14 (1H, dt, J1 � 15.9, J2 � 5.5, C8H), 6.43 (1H, dt, J1 � 15.9, J2 �

1.5, C7H), 6.75 (2H, d, J � 1.5, C5H, C6H), 6.92 (1H, d, J � 1.5, C2H);

5-hydroxyconiferaldehyde: 
 (acetone-d6) 3.88 (3H, s, OCH3), 6.60

(1H, dd, J1 � 15.6, J2 � 7.8, C8H), 6.88 (1H, d, J � 1.7, C6H), 6.95

(1H, d, J � 1.7, C2H), 7.50 (1H, d, J � 15.6, C7H), 9.61 (1H, d, J � 7.8,

C9H); 5-hydroxyconiferyl alcohol: 
 (acetone-d6) 3.87 (3H, s, OCH3),

4.28 (2H, t, J � 5.5, C9H), 6.20 (1H, dt, J1 � 15.9, J2 � 5.5, C8H),

6.47 (1H, d, J � 15.9, C7H), 6.51 (1H, d, J � 1.8, C6H), 6.64 (1H, d,

J � 1.8, C2H). For analysis of monolignol composition, aspen stem

internodes were extracted with benzene/alcohol and subjected to

gas chromatography–mass spectrometry (MS)-based thioacidolysis

(Rolando et al., 1992; Tsai et al., 1998).

HPLC-UV/MS Analysis of Enzyme Functions and

Reaction Kinetics

The basic enzyme reaction mixture contained 50 mM sodium phos-

phate buffer, 5 mM �-mercaptoethanol, 500 �M NADPH or NADP, pu-

rified recombinant protein (boiled protein was used as a control), and

phenolic substrate in a final volume of 500 �L. For the substrate spec-

ificity test, 500 �M aldehyde substrate and 1 �g of purified recombi-

nant PtCAD or PtSAD protein (�25 pmol) were used. To characterize

the enzyme pH optima, the substrate and recombinant PtCAD or Pt-

SAD protein concentrations described above were used in sodium

phosphate buffers, pH 5 to 8.5. All reactions were for 10 min at 30�C.

For normal and inhibition kinetic analyses, the reaction time was

4 min and pH was 8.0 for PtCAD (1.2 �g of purified recombinant pro-

tein) and 7.0 for PtSAD (0.1 �g). For kinetics, varying concentrations

(0.5 to 200 �M) of p-coumaraldehyde, caffealdehyde, coniferalde-

hyde, 5-hydroxyconiferaldehyde, or sinapaldehyde were used to

measure Km, Vmax, and the enzyme turnover number, kcat. For inhibi-

tion kinetics, the PtCAD-mediated reduction of sinapaldehyde (1 to

200 �M) was assayed in the presence of 1 to 5 �M coniferaldehyde,

and the PtSAD-catalyzed reduction of coniferaldehyde (1 to 200 �M)

was assayed in the presence of 1 to 5 �M sinapaldehyde. All reac-

tions were terminated by the addition of 10 �L of 6 N HCl (to bring

the pH to 2) and 500 ng of internal standard o-coumaric acid and an-

alyzed by HPLC-UV/MS.

An aliquot of 100 �L of reaction mixture was injected directly onto

a Supelcosil LC-ABZ column (15 cm � 4.6 mm � 5 �m; Supelco,

Bellefonte, PA) with automatic sample injection and separated iso-

cratically with a Hewlett-Packard (HP) 1100 liquid chromatography

system at 40�C and a flow rate of 0.25 mL/min. The gradient program

was 20% acetonitrile in 10 mM formic acid, pH 2.5, for 12 min, 20 to

100% acetonitrile from 12 to 16 min, and hold at 100% acetonitrile

for 5 to 10 min; detection was with an HP 1100 diode array detector

and an HP 1100 liquid chromatography–MS detector system with an

atmospheric pressure ionization–electrospray source in negative ion

mode. The reaction products were identified and confirmed by com-

paring the ion fragmentation patterns of the product and the authen-

tic standard in MS scanning mode at 70 V. The product quantity and

Km, Vmax, kcat, and apparent inhibition constant (Ki) values (means

�SE) were determined as described (Osakabe et al., 1999; Li et al.,

2000).

Histochemical Lignin Analysis, Immunolocalization,

and Microscopy

For histochemical localization of lignin, fresh hand-cut sections

(�20 �m thick) from stem internodes of 4-month-old, greenhouse-

grown aspen plants (clone 271) were incubated immediately in

freshly prepared saturated chlorinated water for 10 min at 4�C. After

three washes with water, the sections were incubated in 4% sodium

sulfite at room temperature for 5 min, mounted in 50% glycerol, and

photographed using a Nikon (Tokyo, Japan) Eclipse 400 fluores-

cence microscope. Segments (�1 mm thick) from the same internodes

used for histochemical analysis were used for immunolocalization

on the basis of the protocol of Wittich et al. (1999) with modifica-

tions. The segments were fixed in 4% paraformaldehyde in 0.1 M

PBS (4 mM sodium phosphate, pH 7.4, and 200 mM NaCl) for 12 hr

at 4�C. After washing in PBS for 2 hr at 4�C, the segments were de-

hydrated in an ethanol series, infiltrated, and embedded in butyl me-

thyl methacrylate.

Polymerization was performed under UV light (365 nm) for 40 hr at

�20�C in a UVC2 CRYO Chamber (PELCO, Redding, CA). Sections

(3 �m thick) were prepared with a Leica (Wetzlar, Germany) RM

2155 microtome and mounted on Superfrost/plus (Fisher) slides.

Slides were rinsed with acetone to remove butyl methyl methacry-

late from the sections, which were rehydrated in an ethanol series

and blocked first with 0.1 M hydroxyammonium chloride for 5 min

and then with 1% BSA for 30 min at room temperature. After incu-

bation with anti-PtCAD, anti-PtCAld5H (Osakabe et al., 1999), anti-

PtAldOMT (Li et al., 2000), or anti-PtSAD antibodies (in 1:500 dilu-

tion) for 2 hr at 37�C, slides were washed in PBS containing 0.1%

BSA and incubated with goat anti-rabbit antibody conjugated with

alkaline phosphatase (1:100; Boehringer Mannheim) for 1.5 hr at

37�C. After washing in PBS, slides incubated with anti-PtSAD, anti-

PtCAld5H, or anti-PtAldOMT antibodies were reacted at pH 9.5 with

a mixture of dimethylformamide and nitroblue tetrazolium/5-bromo-

4-chloro-3-indolyl phosphate, and those incubated with anti-PtCAD

antibodies were treated with Fast Red TR/Naphthol AS-MX (Sigma);

both treatments were for 20 to 30 min at room temperature. Preim-

mune serum was used as the control. The slides then were mounted

in 50% glycerol and observed with a Nikon Eclipse 400 microscope,

and images were taken using a Sony (Tokyo, Japan) DKC-5000 dig-

ital photo camera.

GenBank Accession Numbers

The GenBank accession numbers are as follows: aspen SAD

AF273256; aspen CAD AF217957; Eucalyptus globulus AF038561;

Nicotiana tabacum X62343; Medicago sativa AF083332.
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