
ORIGINAL PAPER

OsCAD2 is the major CAD gene responsible for monolignol
biosynthesis in rice culm

Ko Hirano • Koichiro Aya • Mari Kondo •

Ayako Okuno • Yoichi Morinaka • Makoto Matsuoka

Received: 27 May 2011 / Revised: 18 August 2011 / Accepted: 19 August 2011 / Published online: 13 September 2011

� Springer-Verlag 2011

Abstract Cinnamyl alcohol dehydrogenase (CAD) cata-

lyzes the last step of monolignol biosynthesis. The rice

genome contains 12 CAD-like genes, and whereas the

proteins encoded by OsCAD2 and OsCAD7 are known to

function in monolignol biosynthesis, the degree to which

these enzymes contribute to this process and the involve-

ment of the enzymes encoded by the remaining ten genes is

unclear. This paper investigates the role of OsCAD2 and

the nine other OsCAD-like proteins in monolignol bio-

synthesis. Among the OsCAD genes analyzed, OsCAD2, an

enzyme belonging to the bona fide CAD phylogenetic

group, was the most abundantly expressed gene in the

uppermost internode, and was expressed at levels that were

more than seven times greater than those of the second

most abundantly expressed gene, OsCAD1. Promoter-GUS

analysis of OsCAD2 (pCAD::GUS) in the internode,

sheath, and roots revealed that GUS expression was strong

in tissues that accumulated high levels of lignin. Further-

more, expression always preceded lignin accumulation,

showing the tight correlation between OsCAD2 expression

and monolignol biosynthesis. Additionally, expression of

pCAD::GUS was well synchronized with that of rice

caffeic acid 3-O-methyltransferase (OsCOMT::GUS), sug-

gesting that the two enzymes function cooperatively during

monolignol biosynthesis. Co-expression network analysis

of eight OsCAD genes further revealed that, among the

OsCAD genes, expression of OsCAD2 was most tightly

associated with the transcription of lignin biosynthesis-

related genes. These results suggest that OsCAD2 is largely

responsible for monolignol biosynthesis in rice, which is

similar to that indicated for the predominant role of other

plant bona fide CAD protein to monolignol biosynthesis.
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Introduction

To ensure the availability of sustainable energy supplies,

considerable effort is being made to utilize plant biomass

as biofuel. Although the production of ethanol from starch

and sugars is industrialized, the use of corn grain, sugar-

cane, and sugar beet as feedstock compete with food supply

and thus non-food lignocellulosic biomass usage is favored

(Yuan et al. 2008). Since lignocellulosic biomass is mostly

derived from plant cell walls, efficient conversion of cell

wall components to ethanol is essential; however, there are

still several technical problems in this process. Currently,

the main issue that needs to be addressed is the cost of

breaking down cell wall components to simple sugars

(Weng et al. 2008).

Lignin constitute up to 20% of grass secondary cell wall

(Vogel 2008) and undergoes cross-linking with cellulose

and hemicelluloses to form a rigid cell wall. When effects

of lignin on bio-ethanol production are considered, lignin

impedes the saccharification of cellulose probably by
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reducing the accessibility of the saccharification enzymes

to the cellulose microfibrils (Weng et al. 2008). Lignin is

also considered to disturb the fermentation process of

biofuel production. Consequently, manipulating the lignin

content and/or composition within the cell wall is an

important strategy for improving the utility of the materials

in biofuel production.

The major components of lignin are monolignols, which

belong to the phenolic hydroxycinnamyl alcohol mono-

mers, such as p-coumaryl, coniferyl, and syringyl alcohols

(Boerjan et al. 2003). Monolignols are incorporated into

lignin polymers in the form of p-hydroxyphenyl (H), gua-

iacyl (G), and syringyl (S) units. Attempts to change the

content/quality of lignin polymers are therefore mainly

focused on manipulating monolignol biosynthesis (Li et al.

2008), and one such target is the cinnamyl alcohol dehy-

drogenase (CAD), which catalyzes the last step of mono-

lignol biosynthesis, in which hydroxyl-cinnamyl aldehydes

are converted into their corresponding alcohols.

Arabidopsis contains nine CAD-like genes in its genome

and are classified differently by three groups (Costa et al.

2003; Goujon et al. 2003a; Raes et al. 2003). Here we will

refer to the classification proposed by Costa et al. (2003;

AtCAD1 to 9), unless otherwise stated. Among them,

AtCAD-C and -D (At3g19450 and At4g34230, respectively;

nomenclature proposed by Goujon et al. 2003a) are classi-

fied as so-called bona fide CAD genes (Costa et al. 2003).

Recent phylogenetic analysis suggested that the emergence

of real lignin in the vascular plant lineage was associated

with the origin of the bona fide CAD genes (Guo et al. 2010).

The Arabidopsis cad-c/-d double mutant shows a 40%

reduction in Klason lignin content in the flowering stem

(Sibout et al. 2005), indicating that bona fide CAD genes are

the major CAD genes involved in lignin biosynthesis. In

Oryza sativa (rice), 12 CAD-like genes have been identified

(Tobias and Chow 2005; Table 1), whereas only one

(OsCAD2) has been identified that belongs to the bona fide

CAD gene family. Curiously, however, the Klason lignin

content of the OsCAD2 null mutant gh2 was reduced by only

5–6% in comparison to its original strain (Zhang et al. 2006).

This may suggest that another OsCAD gene(s) besides the

bona fide OsCAD2 cooperatively functions in monolignol

biosynthesis in rice, or that there is another type of lignin that

is independently produced by CAD.

To investigate the role of non-bona fide CADs in

monolignol biosynthesis, each CAD in Arabidopsis have

been studied extensively (Kim et al. 2004; Eudes et al.

2006; Kim et al. 2007). CAD enzymatic activity was

detected for recombinant AtCAD2, 3, 7, and 8 (At2g21730,

At2g21890, At4g37980, and At4g37990, respectively)

proteins expressed in Escherichia coli, but at significantly

lower levels than for bona fide AtCAD-C and -D, while

AtCAD1, 6, and 9 (At1g72680, At4g37970, and

At4g39330, respectively) had no detectable CAD activity

(Kim et al. 2004). The expression pattern of AtCAD genes

investigated by promoter-GUS analysis revealed that, like

AtCAD-C and -D, AtCAD7 and 8 are expressed at sites

where lignin accumulates, whereas AtCAD2 and 3 are not

expressed in lignified tissues, and AtCAD1, 6, and, 9 are

expressed in lignin-forming tissues despite the lack of

detectable CAD activity in their encoded proteins (Kim

et al. 2007). T-DNA knockout mutants of AtCAD1, 3, 6, 7,

and 8 did not display apparent phenotypes, whereas the

atcad9 knockout mutant had a slight reduction in Klason

lignin content in the elongating stems (Eudes et al. 2006).

Similarly, AtCAD-D promoter-driven AtCAD1, 2, 6, 7, and

8 were unable to complement the atcad-c/-d double mutant

phenotype, while AtCAD5 promoter-driven AtCAD9 par-

tially did (Eudes et al. 2006). Thus, although some AtC-

ADs, such as AtCAD7, 8, and 9, may participate in lignin

biosynthesis, it seems that bona fide AtCAD-C and -D act

as the primary CADs in monolignol biosynthesis in

Arabidopsis.

In rice, apart from the bona fide OsCAD2, the involve-

ment of OsCAD7 in lignin biosynthesis was recently

reported. OsCAD7 is the causal gene of flexible culm 1

(fc1), which shows reduced mechanical strength, and

reduced cellulose and lignin content (18% reduction in

Klason lignin content; Li et al. 2009). This observation

supports the hypothesis that non-bona fide CADs in rice are

involved in lignin biosynthesis, and suggests that the

mechanism of lignin biosynthesis might differ in rice and

Arabidopsis.

To investigate the possibility that non-bona fide CADs

contribute to lignin biosynthesis in rice, we conducted

Table 1 List of CAD-related genes identified in the rice (Oryza
sativa cv. Nipponbare) genome

KOME accession no. RAP-DB ID

OsCAD1 AK068221 Os10g0194200

OsCAD2 AK105011 Os02g0187800

OsCAD3 AK069040 Os10g0430200

OsCAD4 Nonea Os11g0622800

OsCAD5 None Os08g0270400

OsCAD6 AK071484 Os04g0229100

OsCAD7 AK102452 Os04g0612700

OsCAD8A AK059858 Os09g0399800

OsCAD8B NM_001069645b Os09g0400000

OsCAD8C AK067085 Os09g0400300

OsCAD8D AK243022 Os09g0400400

OsCAD9 None Os03g0223200

a Full-length cDNA or the corresponding EST sequence were not

identified in KOME database or in GENBANK, respectively
b The GENBANK EST accession number

92 Plant Cell Rep (2012) 31:91–101

123



several experiments. Although non-bona fide CADs were

suggested to contribute in monolignol biosynthesis to some

extent, our results suggest that the bona fide OsCAD2 plays

the major role in monolignol biosynthesis, as observed for

Arabidopsis AtCAD-C and -D.

Results

Phylogenetic analysis of OsCAD

According to the previous report (Tobias and Chow 2005),

12 CAD-like genes have been identified in the rice genome

(Table 1). Among them, the OsCAD8 locus is assumed to

have undergone recent duplication events, resulting in four

tandemly localized CAD-like genes termed OsCAD8A to

8D (Tobias and Chow 2005). CAD belongs to the medium-

chain dehydrogenase/reductase (MDR) superfamily, the

members of which possess two Zn2? ions per subunit and

require NADPH as a cofactor (Youn et al. 2006). All of the

deduced amino acid sequences of OsCAD genes contain

the conserved Zn-binding signatures and the NADPH-

binding domain (Supplemental Fig. 1). OsCAD5 is shorter

than other OsCADs, due to a premature stop codon and is

therefore probably a non-functional protein. However,

none of the other OsCAD genes are apparently disrupted in

their coding sequences, indicating that they may encode

functional proteins. Three genes (OsCAD4, 5, and 9) were

not found in the public EST database (GENBANK) or in

the FULL-length database (KOME: http://cdna01.dna.

affrc.go.jp/cDNA/) (Table 1), suggesting that these genes

are expressed at low levels or are not expressed at all, or

that their expression is restricted to certain tissues and/or

stages of development.

When a phylogenetic tree was created using amino acid

sequences deduced from the OsCAD genes and CAD genes

from other species, OsCADs could be classified into three

groups (Fig. 1). One group (bona fide CAD clade) consists

Fig. 1 Phylogenetic tree of

CAD proteins. A phylogenetic

tree of the deduced amino acid

sequences of CAD genes was

created by the neighbor-joining

method. The tree is drawn to

scale, with branch lengths in the

same units as those of the

evolutionary distances used to

infer the phylogenetic tree. The

evolutionary distances were

computed using the Poisson

correction method (Zuckerkandl

and Pauling 1965) and are in the

units of the number of amino

acid substitutions per site.

Bootstrap values were obtained

by 1,000 bootstrap replicates

and numbers above branches

refer to bootstrap values. Values

below 50 were not reported. At,

Arabidopsis thaliana; Os, Oryza
sativa; Eg, Eucalyptus gunni.
Bm1 and Bmr6 are bona fide
CADs from Zea mays (maize)

and Sorghum bicolor
(sorghum), respectively
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of OsCAD2 (GH2; Hamberger et al. 2007). This clade

contains proteins such as AtCAD-C and -D, and Zea mays

(maize) CAD Bm1 (Halpin et al. 1998). Mutation of At-

CAD-C/-D and Bm1 results in a 40 and 20.3% reduction in

Klason lignin content, respectively (Sibout et al. 2005;

Halpin et al. 1998). The second group (class II) is com-

posed of rice CADs and does not contain Arabidopsis

CADs. The causal protein of fc1, OsCAD7, exists within

this clade (Li et al. 2009). The third group (Class III)

includes OsCAD1, 4, and 6 and forms a clade with

AtCAD1, which was previously reported to have no

detectable CAD activity (Kim et al. 2004).

Transcript abundance of the OsCAD gene

in the rice internode

To investigate the expression of each OsCAD gene in rice,

we examined the transcription level of OsCAD RNA in the

culm. To resist the stresses imposed by water transport and

to support the plant structure, the rice culm forms well-

developed secondary walls in the xylem and sclerenchyma

(Hirano et al. 2010), and this organ was therefore selected

for analysis. Total RNA was extracted from the uppermost

internode at the heading stage, a stage in which culms begin

to accumulate lignin. OsCAD4, -5, and -9 were not amplified

from the total RNA, and therefore expression of these genes

could not be examined. Among the nine OsCADs, OsCAD2

was the most abundantly expressed (Fig. 2). OsCAD1 was

also expressed in the culm; however, its copy number was

more than seven times lower than that of OsCAD2. The other

OsCAD genes were either not expressed or expressed at very

low levels. This suggests that OsCAD2 plays a dominant role

in lignin biosynthesis in rice culm.

Promoter-GUS analysis of OsCAD2 and OsCOMT

To confirm that OsCAD2 is the OsCAD gene that makes

the greatest contribution to lignin biosynthesis in rice culm,

we analyzed the spatial and temporal expression of this

gene during lignin accumulation. For this purpose, we

constructed a reporter gene (pCAD::GUS), which con-

tained a GUS reporter fused to an OsCAD2 genome

sequence spanning from 2,100 bp upstream of the start

codon to 24 bp downstream of the start of the second exon,

and analyzed its expression in transgenic rice plants.

We also analyzed the expression of the rice caffeic acid

3-O-methyltransferase (OsCOMT) gene to determine if the

expression of OsCAD2 is synchronized with that of

OsCOMT. COMT catalyzes the synthesis of sinapyl alco-

hol. Rice contains seven genes related to COMT (OsCOMT

and OsCOMTL1 to -L6; Xu et al. 2009). Although the role

of these rice genes in lignin biosynthesis has not been

directly studied, phylogenetic analysis of the deduced

amino acid sequence of various plant COMT-like genes

has revealed that OsCOMT, but not the COMT-like genes,

is categorized into the clade containing the bona fide

COMT of Arabidopsis, maize (Bm3), and Sorghum bicolor

(Fig. 3; Vignols et al. 1995; Goujon et al. 2003b; Bout and

Vermerris 2003). Thus, we expected that the expression of

OsCOMT would reflect the site of lignin biosynthesis.

For the pCOMT::GUS assay, a fragment 2535 bp

upstream of the OsCOMT start codon to just before the stop

codon was used to create a transcriptional fusion to the

GUS reporter gene. Figure 4 shows the expression of

OsCAD2 and OsCOMT in the uppermost internode just

before heading. Rapid elongation of the uppermost inter-

node occurs at around 10–15 days before the heading

stage. In developing rice internodes, we can divide each

internode into three parts from the base to the upper por-

tion, that is, the basal cell divisional zone, the internal cell

elongation zone, and the secondary cell wall developing

zone. Phloroglucinol staining, which labels lignin, reveals a

gradient of development from the lower to the upper part of

the internode (Fig. 4, second and fifth columns).

CAD and COMT expression was well synchronized in

the internode regions of all transgenic lines analyzed (more

than 5 lines for each constructs), suggesting that these

enzymes function cooperatively in the internode (Fig. 4).

Fig. 2 Transcript abundance of

OsCAD genes in the culm. The

expression of OsCAD genes in

the uppermost internode of cv.

Nipponbare at the heading stage

was analyzed by qRT-PCR.

Data are the average of three

replicates (mean ± SD; n = 3)
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At the young stage (bottom row), faint GUS expression

caused by both promoters was observed in almost all tis-

sues, including the parenchymal cells. When lignin started

to accumulate (middle row), GUS expression became

stronger and was restricted to tissues that accumulate lig-

nin, such as sclerenchyma and the vascular bundle. At the

developed stage (top row), GUS expression was no longer

observed, even in cells stained with phloroglucinol. Thus,

during these developmental processes, GUS expression

always preceded lignin accumulation, suggesting that CAD

and COMT may be involved in lignin synthesis.

We also observed GUS expression driven by these pro-

moters in the sheath and roots (Figs. 5, 6, and Supplemental

Fig. 2). The pattern of OsCAD2 and OsCOMT promoter-

driven GUS expression was always synchronized, and was

observed strongly in the vascular bundle and in the

sclerenchyma tissues of both organs. Expression of these

genes was again always observed before lignin accumula-

tion, whereas no or faint GUS expression was observed in

mature tissues that had already accumulated lignin. Such a

tight correlation between the site of OsCAD2 expression and

lignin accumulation, with some temporal differences, pro-

vides further evidence that this gene plays a dominant role in

lignin biosynthesis in the culm, and might also be dominantly

involved in lignin biosynthesis in the leaf and root.

Co-expression network analysis of OsCAD genes

To further demonstrate that OsCAD2 is the primary Os-

CAD gene involved in lignin biosynthesis, co-expression

network analysis of eight OsCAD genes was performed.

Co-expression analysis assumes that proteins that operate in
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Fig. 3 Phylogenetic tree of

COMT proteins. A phylogenetic

tree of the deduced amino acid

sequences of COMT genes was

created by the neighbor-joining

method. The evolutionary

distances were computed using

the Poisson correction method

(Zuckerkandl and Pauling 1965)

and are in the units of the

number of amino acid

substitutions per site. Bootstrap

values were obtained by 1,000

bootstrap replicates and the

numbers above the branches

refer to bootstrap values. Values

below 50 were not reported. At,

Arabidopsis thaliana; Os, Oryza
sativa; Lp, Lolium perenne; Sb,

Sorghum bicolor; Zm, Zea mays
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the same biochemical pathway or those that function in

concert are coordinately regulated at the transcriptional

level. In this study, we constructed a co-expression network

of each OsCAD gene using publicly available Affymetrix

microarray data obtained from various organs grown under

different physiological conditions. For each analysis,

mutual rank less than 30 was adopted to create the network

(Obayashi and Kinoshita 2011). To evaluate whether

OsCAD genes are co-expressed with other lignin biosyn-

thesis genes, we counted the number of genes in the network

that are considered to encode lignin biosynthesis genes and

secondary cell wall-related cellulose synthase genes

(OsCesA4, 7, and 9, Supplemental Table 1).

In the OsCAD2 network, 17 lignin biosynthesis or CesA

genes appeared, which was the highest number observed

among all of the OsCAD gene networks created (Table 2).

The OsCAD8A and 8C network showed the second highest

appearance of 2 lignin-associated genes. Unexpectedly,

OsCAD7 network did not show any appearance of lignin-

associated genes, despite that OsCAD7 has been reported

to participate in monolignol biosynthesis. These results

suggest that compared to other OsCAD genes, the tran-

scription of OsCAD2 is more tightly associated with the

Fig. 4 Histochemical staining

of rice culm for OsCAD2 and

OsCOMT promoter activity and

lignin staining. The uppermost

internode of OsCAD2
promoter::GUS or OsCOMT
promoter::GUS transgenic

plants was sectioned

transversely to 80–100 lm

thickness and stained with

5-bromo-4-chloro-3-indolyl-b-

D-glucuronic acid, or with

phloroglucinol. The

approximate positions of the

sections are shown as red lines

beside the internode. The

sectioned areas presented in the

top, middle, and bottom panels
correspond to the lines at the

top, middle, and bottom of the

central photograph,

respectively. Note that both

OsCAD2 and OsCOMT
promoter-driven GUS

expression is stronger in

internodes that have not yet

accumulated lignin, whereas

GUS expression is reduced in

the internodes that have

accumulated lignin. Bar 100 lm

Fig. 5 Histochemical staining of rice sheath for OsCAD2 and

OsCOMT promoter activity and lignin staining. The sheaths of

OsCAD2 promoter::GUS or OsCOMT promoter::GUS transgenic

plants was sectioned transversely to 80 lm thickness and stained with

5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid or phloroglucinol.

Note that both OsCAD2 and OsCOMT promoter-driven GUS

expression was strongest at the inner leaf sheath, which has not yet

accumulated lignin, and reduced in the outer layer of leaf sheath,

which has accumulated lignin. Bars 100 lm
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transcription of lignin biosynthesis-related genes. OsCOMT

also showed a high level of co-expression with lignin-

associated genes (18 genes), as was expected from the

promoter-GUS expression analysis. Among the lignin-

related genes that are co-expressed with OsCAD2, various

genes encoding lignin biosynthesis enzymes and cellulose

synthase appeared, including genes related to PAL, C4H,

C3H, 4CL, CCoAOMT, CCR, COMT, and CesA (Fig. 7).

Fig. 6 Histochemical staining of rice roots for OsCAD2 and

OsCOMT promoter activity and lignin staining. The roots of OsCAD2
promoter::GUS or OsCOMT promoter::GUS transgenic plants were

sectioned transversely to 80 lm thickness and stained with 5-bromo-

4-chloro-3-indolyl-b-D-glucuronic acid or phloroglucinol. The

approximate positions of the sections are indicated as red lines

beside the roots. The sectioned areas presented in the top, middle, and

bottom panels correspond to the lines at the top, middle, and bottom

of the central photograph, respectively. Note that both OsCAD2 and

OsCOMT promoter-driven GUS expression is stronger in the roots

that have not yet accumulated lignin, whereas GUS expression is

reduced in the roots that have accumulated lignin. Bars 100 lm

Table 2 Number of lignin-related genes which appear on OsCAD
networks

Network Lignin-related

genesa
Nodeb Edgec Note

CAD1 0 235 1,494

CAD2 17 286 1,740

CAD3 0 37 89

CAD4 – – – Probe not on arrayd

CAD5 – – Probe not on array

CAD6 0 144 530

CAD7 0 190 1,543

CAD8A 2 424 3,379

CAD8B – – – Probe not on array

CAD8C 2 171 939

CAD8D – – – Probe not on array

CAD9 1 94 405

COMT 18 466 3,477

a Number of lignin-related genes that appeared on the network
b Number of nodes in each network, representing the size of each

network
c Number of edges in each network
d Network were not created due to the absence of the probe on array

Fig. 7 Co-expression network analysis of the OsCAD2 gene. Nodes

represent genes that are co-expressed with OsCAD2. Green nodes
represent lignin-related genes (Supplemental Table 1)
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Discussion

Previous phylogenetic analysis showed that OsCAD2 is the

only rice gene that belongs to the bona fide CAD clade

(Hamberger et al. 2007). However, other OsCADs were

also suggested to contribute to rice monolignol biosyn-

thesis, because the oscad2 null mutant showed only a slight

reduction in the Klason lignin content (5.3–6.1%; Zhang

et al. 2006). In contrast, atcad-c/-d, a double mutant of the

Arabidopsis bona fide CADs, shows a 40% reduction in

Klason lignin content in the flowering stem. This indicates

that the contribution of bona fide CADs to monolignol

biosynthesis might differ between rice and Arabidopsis.

However, CAD/SAD (sinapyl alcohol dehydrogenase)

activity of the crude extract from the gh2 mutant is sig-

nificantly lower than that of the wild type (Zhang et al.

2006), which suggests that CAD/SAD activity in rice

depends mostly on the activity of OsCAD2.

To clarify these seemingly contradictory results, we

re-investigated the contribution of OsCAD2 to monolignol

biosynthesis. Our results suggest that OsCAD2 is the pre-

dominant CAD in monolignol biosynthesis, at least in the

culm. First, expression of OsCAD2 was the highest among

the OsCADs in the rice internode, an organ that accumu-

lates lignin. Although the fc1 mutant, which has a mutation

of the OsCAD7 gene, shows a 13.4% reduction in Klason

lignin content, expression of OsCAD7 in the culm was

more than three orders of magnitude lower than that of

OsCAD2. Second, promoter-GUS analysis showed that the

expression pattern of OsCAD2 always synchronized with

that of the bona fide COMT gene, OsCOMT. The fact that

OsCAD2 expression was detected in lignin-forming tissues

and always preceded lignin accumulation indicates the

tight correlation between OsCAD2 and lignin biosynthesis.

Third, co-expression network analysis showed that among

the OsCAD genes, OsCAD2 was co-expressed with the

presumed lignin biosynthesis genes with the highest

frequency.

We consider two possible explanations for why the

Klason lignin content of gh2 is reduced to only 5.3–6.1%

of the levels found in the original cultivar. One explanation

is that other OsCAD genes are mainly responsible for

monolignol biosynthesis and that OsCAD2 does not play a

major role in this process; however, our results and some of

those presented by Zhang et al. (2006) do not support this

hypothesis. The second possibility is that compounds other

than hydroxycinnamyl alcohol monomers are incorporated

into lignin polymers at a high degree in gh2. Indeed,

although a precise composition analysis of the lignin

polymer in gh2 has not been conducted, lignin in atcad-

c/-d shows increased amounts of indene derivatives (which

originate from b-O-4 linkage sinapaldehyde and conifer-

aldehyde units), dithioketal derivatives of coniferaldehyde

(vanillin and syringaldehyde), and ferulic and sinapic acids

(Sibout et al. 2005). An increase in indene derivatives has

also been reported for the sorghum bmr6 mutant (Sattler

et al. 2009). Detailed composition analysis of gh2 mutant

will be important.

However, even if the incorporation of other compounds

in the lignin polymer might explain the slight reduction in

Klason lignin content in gh2, considerable amounts of H,

G, and S monolignols are still released by thioacidolysis

in the mutant (Zhang et al. 2006), implying that, other

OsCADs also contribute to monolignol biosynthesis to

some extent. Despite that the level of OsCAD7 transcript

was low compared to that of OsCAD2 in the internode

(Fig. 2), the level of monolignols released by thioacidol-

ysis in the culm of the oscad7 null mutant was 16–36%

lower than that of the wild type (Li et al. 2009), indi-

cating that OsCAD7 does indeed affect monolignol bio-

synthesis. However, although expression of OsCAD7 has

been reported to be highest in the uppermost internode

compared to second and the third internodes, our analysis

did not indicate a major role for OsCAD7 in monolignol

biosynthesis at least in the uppermost internode, as stated

above. It is possible that OsCAD7 possesses a higher

level of enzymatic activity or a longer duration of

expression than OsCAD2 in the developing internode.

This possibility needs further investigation such as anal-

ysis of gh2/fc1 double mutant. Although several monocot

CADs belonging to the bona fide CAD clade have been

implicated in monolignol biosynthesis (Bm1 of maize,

Bmr6 of Sorghum, TaCAD1 of wheat, and GH2 of rice),

OsCAD7 is the only non bona fide CAD reported to have

a role in monolignol biosynthesis (Halpin et al. 1998;

Sattler et al. 2009; Ma 2010; Zhang et al. 2006). Thus at

the moment, we do not know whether function of non

bona fide CADs in monolignol biosynthesis is a general

phenomenon, or OsCAD7 is unique among non bona fide

CADs.

Another possibility that considerable amounts of H, G,

and S monolignols are still released by thioacidolysis in the

gh2 mutant is that mutation in the OsCAD2 gene leads to

increased expression of other OsCAD genes, which could

partially compensate monolignol biosynthesis in the gh2

mutant. Such phenomenon has been observed for Arabid-

opsis Cinnnamoyl-CoA reductase 1 (CCR1) mutants, in

which expression of other CCR gene, CCR2, increases

showing that mutation in the CCR1 induces expression of

CCR2 (Mir Derikvand et al. 2008).

Although all of the bona fide CAD-deficient mutants

investigated show reduced lignin content (Halpin et al.

1998; Sibout et al. 2005; Zhang et al. 2006; Sattler et al.

2009), the G:S ratio was altered in only some mutants. That

is, the G:S ratio of gh2 and the maize bm1 mutant does not

differ significantly from that of the wild type, suggesting
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that these monomers are evenly reduced in these mutants

(Halpin et al. 1998; Zhang et al. 2006). In contrast, the

atcad-c/-d double mutant and maize bmr6 mutant show

considerable change in the G:S ratio compared to the wild

type (WT: 2.6–3.2, atcad-c/-d: 11.8-13.8, and WT:1.3,

bmr6 3.2) (Sibout et al. 2005; Sattler et al. 2009). There are

reports that modulation of the G:S ratio could lead to

advantageous alterations in cell wall properties, such as

improved saccharification efficiency (Bose et al. 2009;

Kishimoto et al. 2010). Therefore, further studies on

enzyme activity, substrate preference, and expression pat-

tern of each CAD isozyme, and the relationship among

these enzymes, is required for an understanding of the fine-

tuning of lignin content and composition.

Materials and methods

Protein sequence alignment and phylogenetic analysis

The deduced amino acid sequences of CAD and COMT

were aligned with ClustalW version 1.83 with default

parameters (Thompson et al. 1994; http://www.genome.jp/

tools/clustalw/). Box shade (http://www.ch.embnet.org/soft

ware/BOX_form.html) was used to draw the alignments,

using default parameters.

A neighbor-joining (NJ) phylogenetic tree (Saitou and

Nei 1987) was obtained with Mega 4 (http://www.mega

software.net/mega4/mega.html) using Poisson correction

for amino acid distance estimates. Bootstrap analyses were

performed by repeating the procedure on 1,000 datasets.

Plasmid construction

The sequences of primers used in this study are listed in

Supplemental Table 2. All PCR fragments were sequenced

to confirm that no mutations were introduced.

For the OsCAD2 promoter::GUS construct, the promoter

region of the second exon (2100 bp upstream of the OsCAD2

start codon to 24 bp into the second exon) was amplified

from cv. Kinmaze genomic DNA and cloned into the

HindIII–SmaI site of the pBI-Hm2 vector (kindly provided

my Kenzo Nakamura, Nagoya University) to produce

pCAD2::GUS. For the OsCOMT promoter::GUS construct,

the promoter region and the CDS of OsCOMT (2,535 bp

upstream of the OsCAD2 start codon to just before the stop

codon) was amplified from cv. Kinmaze genomic DNA and

cloned into the SmaI site of the pBI-Hm2 vector in the correct

orientation to produce pCOMT::GUS. For use as qRT-PCR

standards, OsCAD genes were PCR amplified using full-

length cDNA clones provided by the Rice Genome Resource

Center (http://www.rgrc.dna.affrc.go.jp/index.html.en) or

using cDNA produced from total RNA from the uppermost

internode of cv. Nipponbare, and cloned into the pCR4

Blunt-TOPO vector (Invitrogen).

Plant transformation

Constructs were introduced into Agrobacterium tumefac-

iens strain EHA105 and used to infect rice callus of cv.

Kinmaze according to Hiei et al. (1994). Transformed cells

and plants were selected by hygromycin resistance, and

regenerants were grown to maturity in pots in a

greenhouse.

Histochemical staining

For histochemical staining, transformed plants were cut

into pieces, fixed in 5% (w/v) agar dissolved in water, and

sectioned with a microtome (Microslicer DTK-1000) at a

thickness of 80–100 lm.

For phloroglucinol staining, sections were incubated for

5 min in phloroglucinol solution [2% in ethanol:water

(95:5)], the phloroglucinol was removed, and the sections

were treated with 18% HCl for 5 min before being

observed with a microscope (Olympus BX51). For Mäule

staining, sections were treated with 1% KMnO4 for 5 min,

rinsed with water, treated with 25% HCl for 20 s, rinsed

with water again, mounted in 28% NH3�H2O, and exam-

ined immediately under a microscope (Olympus BX51).

For GUS staining, sections were stained for GUS

according to the method reported by Murakami and Ohashi

(1992), destained with an ethanol series, and observed

under a microscope (Olympus BX51).

RNA isolation and quantitative RT-PCR analysis

Total RNA was prepared from the uppermost internode of

O. sativa cv. Nipponbare at the heading stage and isolated

using TRIzol reagent (Invitrogen) according to the manu-

facturer’s instructions. The first strand of cDNA was syn-

thesized from total RNA using an Omniscript Reverse

Transcription Kit (Qiagen). Quantitative Real-time RT-

PCR (qRT-PCR) was performed with the LightCycler

System (Roche) and the SYBR Green PCR Kit (Qiagen).

The results were confirmed using three independent bio-

logical replicates. The ubiquitin gene from rice was used as

an internal standard for normalizing cDNA concentration

variations. OsCAD genes cloned into pCR4 Blunt-TOPO

products were used as standards for determining the tran-

script copy numbers of each gene.

Co-expression network analysis

Network analysis was performed using OsCAD genes as

guide genes. Affymetrix Rice Genome Array datasets
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(GSE6893, GSE7951, GSE19024) were extracted from the

GEO (Gene Expression Omnibus) database, which is

maintained by NCBI (http://www.ncbi.nlm.nih.gov/geo/).

For microarray data normalization, we used the RMA?

method (Harbron et al. 2007), using the Bioconduc-

tor RefPlus package (http://www.bioconductor.org/index.

html). Mutual rank less than 30 was calculated based on

Pearson Correlation Coefficient as co-expression measures

and the networks were created. For the visualization of the

OsCAD2 network, Cytoscape software (http://www.cyto

scape.org/) was used. To assess whether OsCAD genes are

co-expressed with lignin-related genes, P values were

calculated based on hypergeometric distribution. The

accession numbers of lignin-related genes are listed in

Supplemental Table 1.

Accession numbers

RAP-DB accession numbers, GenBank/EMBL accession

numbers and Arabidopsis Genome Initiative locus identifiers

for the genes mentioned in this article are as follows:

OsCAD1 (AAN09864), OsCAD2 (DQ234272), OsCAD3

(AAP53892), OsCAD4 (BK003970), OsCAD5 (BK003

971), OsCAD6 (CAD39907), OsCAD7 (CAE05207),

OsCAD8A (NP_001063109), OsCAD8B (Q6ERW9),

OsCAD8C (Q6ERW7.2), OsCAD8D (NP_001063114.1),

OsCAD9 (AAN05338), OsCOMT (Os08g0157500), OsCO

MTL1 (Os12g09770), OsCOMTL2 (Os04g01470), OsCOM

TL3 (Os12g13800), OsCOMTL4 (Os02g57760), OsCOM

TL5 (Os04g09604), OsCOMTL6 (Os04g09654), sorghum

CAD (Bmr6; BAF42789), SoCAD (CAA13177), ZmCAD2

(bm1; CAA06687), AsCAD (AF217957), EgCAD2 (CAA4

6585), AsSAD (AF273256), LpCOMT (AAC18623.1),

LpOMT1 (AAD10253), LpOMT3 (AAD10255), SbCOMT

(AAO43609), ZmOMT (AAB03364.1), AtCAD1 (AT1G72

680), AtCAD2 (AT2G21730), AtCAD3 (AT2G21890),

AtCAD-C (AT3G19450), AtCAD-D (AT4G34230), AtCA

D6 (AT4G37970), AtCAD7 (AT4G37980), AtCAD8 (AT4

G37990), AtCAD9 (AT4G39330), AtCOMT (AT5G54

160), AtCOMT-like1 (AT1G21100), AtCOMT-like2

(AT1G21110), AtCOMT-like3 (AT1G21120), AtCOMT-

like4 (AT1G21130), AtCOMT-like5 (AT1G33030), At-

COMT-like6 (AT1G51990), AtCOMT-like7 (AT1G631

40), AtCOMT-like8 (AT1G76790), AtCOMT-like9 (AT1G

77520), AtCOMT-like10 (AT1G77530), AtCOMT-like11

(AT3G53140), AtCOMT-like12 (AT5G37170), AtCOMT-

like13 (AT5G53810).
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