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Abstract As a major component of the cell wall, lignin
plays an important role in plant development and defense
response to pathogens, but negatively impacts biomass
processability for biofuels. Silencing the target lignin genes
for greater biomass processability should not significantly
affect plant development and biomass yield but also must
not compromise disease resistance. Here, we report experi-
ments to identify a set of lignin genes that may be silenced
without compromising disease resistance. We profiled the
expression of 32 lignin biosynthetic candidate genes by
qRT-PCR in 17 wheat tissues collected at three develop-
mental stages. Twenty-one genes were expressed at a much
higher level in stems compared to sheaths and leaf blades.
Expression of seven these genes significantly correlated
with lignin content. The co-expression patterns indicated
that these 21 genes are under strong developmental
regulation and may play a role in lignin biosynthesis.
Profiling gene expression of same tissues challenged by
two fungal pathogens, Fusarium graminearum and Puccina
triticina indicated that expression of 17 genes was induced
by F. graminearum. Only PAL1, a non-developmental-
regulated gene, was induced by P. triticina. Thus, lignin

biosynthetic pathway overlaps defense response to F.
graminearum. Based on these criteria, 17 genes, F5H1,
F5H2, 4CL2, CCR2, COMT1, and COMT2 in particular
that do not overlap with disease resistance pathway, may be
the targets for downregulation.
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Abbreviations
4CL 4-coumarate CoA ligase
ABSL Acetyl bromide soluble lignin
C3H p-coumaroyl shikimate/quinate 3′-hydroxylase
C4H cinnamate 4-hydroxlase
CCoAOMT caffeoyl CoA O-methyltransferase
CCR cinnamoyl CoA reductase
CAD cinnamyl alcohol dehydrogenase
COMT caffeic acid/5-hydroxyferulic acid

O-methyltransferase
EST expressed sequence tag
F5H ferulate 5-hydroxylase
HCT hydroxycinnamoyl CoA:shikimate/quinate

hydroxycinnamoyltransferase
PAL phenylalanine ammonia lyase
qRT-PCR quantitative real-time PCR
TaGI Triticum aestivum gene index database
TC tentative consensus

Introduction

Lignin, a complex phenylpropanoid-derived polymer, is
mainly present in the secondary thickened cell walls of
plants and plays an important role in development, growth,
and resistance to biotic and abiotic stress. However, when it
comes to industrial uses of plant cell wall materials, lignin
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is negatively associated with biomass quality for forage,
paper, and biofuels.

Based on the methoxylation level, three major mono-
lignols (lignin precursors) have been recognized: non-
methoxylated p-hydroxylphenyl (H), mono-methoxylated
guaiacyl (G), and di-methoxylated syringyl (S) units.
These monolignols are synthesized via phenylpropanoid
pathway. The monolignol pathway has been well docu-
mented in the model plant Arabidopsis thaliana by
induction and characterization of the knockout mutants
(for review, see Humphreys and Chapple, 2002; Raes et
al., 2003) and in dicot crops such as alfalfa, tobacco, and
aspen by gene silencing (for review, see Li et al., 2008).
Enzymes upstream of this pathway, including phenylala-
nine ammonia lyase (PAL), cinnamate 4-hydroxlase (C4H),
and 4-coumarate CoA ligase (4CL), are also involved in the
biosynthesis of other phenylpropanoids such as flavonoids,
coumarins, and stilbenes. Most enzymes of this pathway exist
as multiple forms of isoenzymes encoded by gene families
with diversified members (Costa et al., 2003; Raes et al.,
2003; Tuskan et al., 2006, Sibout et al., 2005) and metabolite
fluxes among different branches are channeled (for review,
see Winkel, 2004). In addition to a feed-back loop at the
entry point of the general phenylpropanoid pathway (Blount
et al., 2000), expression of many genes for monolignol
synthesis is tightly and coordinately regulated at the
transcriptional level (for review, see Rogers and Campbell,
2004). An important feature of this orchestral regulation is
the presence of the AC elements (or H-boxes) that are rich in
A and C in the promoter regions of lignin biosynthetic genes.
These cis elements are thought to enhance expression of the
genes in xylem and to prevent their expression in the
adjacent phloem and cortical cells.

In Arabidopsis, one or more AC elements were found
in the promoters of PAL, 4CL, C4H, p-coumaroyl
shikimate/quinate 3′-hydroxylase (C3H), caffeoyl CoA
O-methyltransferase (CCoAOMT), cinnamoyl CoA reduc-
tase (CCR), and cinnamyl alcohol dehydrogenase (CAD)
(Mizutani et al., 1997; Raes et al., 2003). Upstream in the
cascade of transcriptional factors, several secondary cell
wall NAC domain proteins, including NST1, NST2,
SND1, VNP6, and VNP7 play important roles in second-
ary cell wall thickening and lignification (for review, see
Zhong and Ye, 2007). These secondary wall-associated
NACs regulate secondary wall biosynthesis by targeting
other transcription factors such as MYB46, MYB103,
SND3, and KNT7 (Zhong et al., 2008). NST1 and NST2
are in turn regulated by MYB26 (Yang et al., 2007). All
these studies indicate that lignin deposition and mono-
lignol biosynthesis is tightly regulated during secondary
wall development. This in turn suggests a possibility to
identify lignin biosynthetic genes based on co-expression
patterns of the candidate genes at different developmental

stages and/or in tissues differing significantly in lignin
content at the same developmental stage.

In contrast to the type-I cell walls of dicots and non-
commelinoid monocots, the type-II cell walls of the comme-
linoid monocots including grasses have lower levels of pectin
and higher content of phenylpropanoids (Carpita, 1996). The
understanding of the monolignol pathway in grasses is still
limited despite the long history of research. Early inves-
tigations of lignin in grasses dealt with the induction of the
brown midrib (bm) mutants in maize (Jorgensen, 1931; Kuc
and Nelson, 1964) and (bmr) sorghum (Porter et al., 1978)
and gold hull (gh) and internode mutants in rice (Nagao and
Takahashi, 1963; Iwata and Omura, 1971; 1977). Recently,
molecular characterization of these mutants demonstrated that
bm1 of maize (Halpin et al., 1998), gh2 of rice (Zhang et al.,
2006) and bmr6 of sorghum (Sattler et al., 2009; Saballos et
al., 2009) were caused by mutations in CAD. The bm3 of
maize was caused by a mutation in caffeic acid/5-hydrox-
yferulic acid O-methyltransferase (COMT) gene (Vignols et
al., 1995). The completion of the rice genome sequence and
large collections of expressed sequence tags (ESTs) in other
grasses have facilitated the documentation of the genes in the
lignin biosynthetic pathway and their role in type-II cell wall
development. The structural genes of the lignin biosynthetic
pathway identified in Arabidopsis are also present in the
genomes of rice (Yokoyama and Nishitani, 2004), maize
(Guillaumie et al., 2007) and wheat (the present research).

Grasses, including important forage and cereal crops
predominate the earth and are the most abundant resource
of potential feedstocks for conversion into biofuels. Lignin
is a major recalcitrant factor for biomass processing by
limiting the accessibility of hydrolytic enzymes to cellulose.
The downregulation of lignin genes can significantly
improve the biomass processability (Chen and Dixon,
2007). However, as demonstrated in Arabidopsis, most
gene families are composed of multiple members with
diverse functions. As a result, not all the members in a
family are involved in lignin synthesis. At the same time,
target genes for RNA silencing or mutagenesis must be
carefully selected because some genes in lignin biosynthetic
pathway also play an important role in defense response
and their silencing must not compromise disease resistance.
Similarly, silencing of the target genes should not signifi-
cantly affect plant development and growth (biomass
yield). As part of the effort to dissect the lignin biosynthetic
pathway in grasses, we identified the candidate genes in
wheat (Triticum aestivum L.) by database mining. Here, we
report studies on expression profiling of candidate genes at
different developmental stages and in different tissues at the
same developmental stage in wheat using quantitative real-
time polymerase chain reaction (qRT-PCR).

Expression patterns of the lignin biosynthetic pathway
candidate genes were also investigated in tissues challenged
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by fungal pathogens Fusarium graminearum Schwabe (the
wheat head blight pathogen) and Puccinia triticina Eriks
(the wheat leaf rust pathogen) to evaluate the role of these
genes in plant defense response. These results provide a
base for further investigation on lignin biosynthesis and
selection of targets for lignin modification in wheat and,
possibly, other grasses as well.

Materials and Methods

Database Mining for Lignin Candidate Genes

Over one million wheat ESTs are deposited in NCBI (http://
www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html) and
assembled into 216,452 unigenes (91,464 tentative consen-
suses (TCs), 124,732 singleton ESTs, and 256 singleton
mature transcripts) in the wheat gene index database TaGI
(release 11.0, http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/
gimain.pl?gudb=wheat). TaGI releases 10.0 and 11.0 were
searched by key words for the monolignol gene families
except for those of C3H and hydroxycinnamoyl CoA:
shikimate/quinate hydroxycinnamoyltransferase (HCT) that
were searched by tBLAST using sequences of Arabidopsis
protein CYP98A3 (Franke et al., 2002, GenPept accession:
NP_850337) and tobacco HCT (Hoffmann et al., 2003,
GenPept accession: CAD47830) as queries. The retrieved
unigene sequences were grouped based on UniRef100
cluster (Suzek et al., 2007) accession numbers and represen-
tative TCs of major clusters with high coding region
coverage (over 70% for most gene families) were used to
design qRT-PCR primers.

Plant Material and Treatments

Wheat inbred line HR58, derived from a cross between
wheat varieties Sumai3 and Stoa (Pumphrey et al., 2007),
was used for this research. HR58 is a fast-growing
genotype with a date-to-heading of 40 days. All the plants
were grown in the greenhouse at 20-25°C and day-length
period of minimum 16 h. Wheat plants at Feekes’ stages 2,
6, 10, and 11 were analyzed (Fig. 1; Large, 1954). Seven
tissues were sampled at three developmental stages, i.e.,
whole shoot at Feekes’ stage 2 (2); leaf blade (6b) and leaf
sheath (6sh) at Feekes’ stage 6; and flag leaf blade (10b),
flag leaf sheath (10sh), inflorescence (10in), and stem (10st)
at Feekes’ stage 10. At Feekes’ stage 10, the first (F-1st),
second (F-2st), and third (F-3st) internode of the main stem
under the flag leaf along with their leaf blades (F-1b, F-2b
and F-3b) and leaf sheaths (F-1sh, F-2sh and F-3sh) were
also collected to investigate tissue specificity of the
expression profile of the lignin pathway genes (Fig. 2). At

Feekes’ stage 10, the first internode (F-1st) of the main
stem under the flag leaf was divided into lower half (F-1st-
low) and upper half (F-1st-up) because the texture of the
former was significantly tender as compared to the latter.

Three independent biological replicates were performed
for scab and leaf rust experiments. For scab infection, F.
graminearum isolate GZ3639 was used. Inoculation of
HR58 with isolate GZ3639 was performed according to Li
et al. (2001). For each treatment, three spikes were
inoculated. The inoculated spikes were wrapped with a
moist plastic bag to maintain high humidity and placed in
the greenhouse with temperature set at 22-26°C. The mock-
inoculated spikes were used as controls. Spikelets of treated
and control plants were collected 24 and 48 h post
inoculation (HPI).

For leaf rust infection, P. triticina isolate PRTUS6 was
used. For each treatment, HR58 wheat plants grown in 4-in
pots filled with potting soil (16 plants per pot) at the
Feekes’ stage 2 were inoculated with urediospore suspen-
sion in light mineral oil. The control plants were sprayed
with mineral oil only. The inoculated plants were incubated
overnight in a mist chamber (100% relative humidity) and
then transferred to the greenhouse. Leaf tissues were
sampled at 24 and 48 HPI.

cDNA Synthesis and qRT-PCR

Gene-specific primers with Tm ranging from 50°C to 60°C
and amplifying PCR products ranging from 75 to 200 bp in
length were designed using Beacon Designer software
(PREMIER Biosoft International, Palo Alto, CA, USA).
All the designed primers were tested for full efficiency
before use for expression profiling of target genes.

For all tissues tested, at least two biological replicates
were pooled for RNA isolation. Total RNA was isolated
using Trizol™ Reagent (Invitrogen, Carlsbad, CA, USA)
and purified using RNeasy Mini Kit (Qiagen, Valencia, CA,
USA). The concentration and quality of isolated RNA was
determined by NanoDrop 1000 Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) and 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). The first strand cDNA was synthesized using the
Superscript® III Reverse Transcriptase (Invitrogen) follow-
ing the manufacturer’s instructions and used as a template
for qRT-PCR. The qRT-PCR assays were performed on the
iCycler iQ Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) by using the SyberGreen MasterMix
(Applied Biosystems, Foster City, CA, USA). The wheat
housekeeping gene Actin (GenBank accession CV778724)
was used as a reference to normalize the cDNA concentra-
tion among all samples and to compare data from different
PCR runs. The constitutive expression of reference gene
(Actin) in different wheat tissues was validated as described
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in Czechowski et al. (2005). A pBluescript plasmid
LjNEST3f1 containing the Lotus japonicus LjLb2 full-
length cDNA sequence (GenBank accession: BI416412)
was obtained from Dr. Michael Udvardi (The Samuel R.
Noble Foundation, Ardmore, OK, USA) and in vitro
transcribed using the T7 MegaScript Kit (Ambion, Austin,
TX, USA). Five microgram of total RNA was mixed with
30 pg of LjLb2 mRNA before use in a reverse transcription
experiment. The resultant cDNAwas subjected to qRT-PCR
analysis of Actin against LjLb2.

Acetyl Bromide Soluble Lignin Measurements

Acetyl bromide soluble lignin (ABSL) was determined
using the method of Fukushima and Hatfield (2001) except
30 mg of cell wall material was used. An extinction
coefficient of 17.2 was used for calculating ABSL. For the
first experiment, three replicate samples were analyzed for
each tissue; for the second experiment, more than three
biological replicates were pooled for analysis.

Data Normalization and Statistical Analyses

All the genes were analyzed by qRT-PCR in triplicate and
the mean values were used in subsequent calculations.

Relative transcription levels among the tissues were
determined by 2−−ΔΔCt method as described by Livak and
Schmittgen (2001). Correlation coefficients (r) between the
lignin content and expression levels and their significance
probabilities were estimated using a web-based test service
(http://www.stattucino.com/calculate/correlations.html). For
significance test, t value was calculated for each r according
to the formula t=r/sqrt[(1−r2)/(N−2)], where N is sample
size. For cluster analysis, dendrogram was created by
DendroUPGMA (http://www.tinet.org/∼debb/UPGMA)
that uses Pearson coefficients and the UPGMA algorithm
and displayed by TreeViewX (Page, 1996; http://darwin.
zoology.gla.ac.uk/∼rpage/treeviewx/).

Results

Lignin Content among Tissues at Different Developmental
and Growth Stages

The wheat tissues collected for lignin content and gene
expression studies are illustrated in Fig. 2. ABSL lignin
content (Table 1) was measured for the tissues collected at
Feekes’ stages 2, 6, 10.0, and 11.4 (Fig. 1). Because the
tissues collected at different developmental stages were

Fig. 1 Developmental stages of
wheat at which lignin biosyn-
thetic expression was profiled
and lignin content was
measured. a Feekes’ stage 2.0
(tillering initiated); b Feekes’
stage 6.0 (the first node visible);
c Feekes’ stage 10.0 (heads
emerging through flag leaf
sheaths) and D) Feekes’ stage
11.4 (matured). Figure
according to Large (1954)
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exposed to different environments, comparison should be
made between different tissues at the same developmental
stage rather than between the same tissue types at different
developmental stages. Among the different tissues at the
same development stage, lignin content was highest in
stem, next highest in the sheath and lowest in leaf blade
(Table 1, Fig. 3). This pattern is consistent in Feekes’ stage
6.0, 10.0, and 11.4. At Feekes’ stage 11.4, wheat plant is
fully mature and has golden hue following senescence
(Fig. 1). At this stage, lignin content was the highest in
stem at 24.7%, followed by inflorescence (peduncle+
rachis) at 22.8%, sheath at 16.8%, and leaf blade at 14.9%
(Table 1).

Among the stem tissues of different age at the same
growth stage, lignin content variation was also observed. At
Feekes stage 10, stem internode 3 represents the oldest
tissue and has lignin content of 20.7% as compared to 16%
in the tender F-1st-low (Fig. 3 bottom). However, unlike
stem internodes, lignin content in leaf and sheath was the
highest in younger tissues at the top than the older tissues at
the basal position (Fig. 3 top and middle). Lignin content
increased by one third in the flag leaf (topmost and also the
youngest in age) as compared to the oldest leaf number 3 at
Feekes’ stage 10 (Fig. 3 top).

Selection of Candidate Genes by Mining Wheat EST
Database

Searches of TaGI retrieved 651 unigene sequences for the
ten lignin gene families, which were organized into 116
UniRef100 clusters. Except for ferulate 5-hydroxylase
(F5H), 71 TCs of 31 UniRef100 clusters had over 70%
coverage of the coding regions. After merging the highly
homologous unigenes with over 96% of identity, the unique
sequences were used for designing qRT-PCR primers.
Primers were also designed for two unigenes for F5H with
low coverage of the coding regions. A total of 82 pairs of
qRT-PCR primers were designed and 32 pairs showed high
PCR efficiency. The primer sequences, corresponding TCs/
ESTs and Tm are listed in Table 2.

Expression Profile at the Different Developmental Stages
and in Different Tissues

Because lignin deposition is largely developmentally
regulated, it is expected that the genes involved in lignin
biosynthesis will also be developmentally regulated and
show the same or similar expression pattern. To investigate
the developmental regulation patterns of genes, 17 samples
collected at three Feekes’ stages (see Materials and
Methods) were investigated by qRT-PCR. As the first step
of qRT-PCR analysis, we conducted reference validation
using LjLb2 as internal control. In the first experiment, the
Actin expression level was similar in samples 2, 6b, 6sh,

SPK

F-b

PDCPDC

F-1b F-sh

F-2b

F-1sh
F-1st

F-3b

F-2sh
F 2stF-2st

F-3sh
F 3stF-3st

Fig. 2 A wheat plant illustrating the tissues collected for lignin and
gene expression studies. These include spike (SPK, rachis+glumes+awns),
peduncle (PDC), flag leaf blade(F-b), flag leaf sheath (F-sh), blade
(F-1b) and sheath (F-1sh) of the first leaf under flag, the first internode
under flag (F-1st), blade (F-2b) and sheath (F-2sh) of the second leaf
under flag, the second internode under flag (F-2st), blade (F-3b) and
sheath (F-3sh) of the third leaf under flag, and the third internode
under flag (F-3st)

Table 1 Lignin content (%) among different tissues of wheat plant at
different developmental stages

Tissues Feekes’
2.0

Feekes’
6.0

Feekes’
10.0

Feekes’
11.4

Shoot 8.6 - - -

Leaf - 7.4 9.8 14.9

Sheath - 12.1 16.1 16.8

Stem - - 18.9 24.7

Inflorescence - - 11.5 22.8
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10in, and 10st, but approximately 2.5-fold lower in 10b and
10sh. In the second experiment at Feekes’ stage 10, Actin
transcription level was very similar in most tissues except
for F-1st-low (the highest) and F-3st (the lowest). Actin
expression level in F-1st-low was 2.5-fold higher as
compared to F-3st. The Actin expression level was adjusted
accordingly to make it virtually constitutive. The adjusted
Actin expression was used to normalize lignin gene
expression. For Feekes’ stage 10.0, although we sampled
the tissues in different ways from two different batches of

plants in experiments 1 and 2, high correlation was
observed for gene expression in the stem (r=0.80199 to
0.93078, P<1.234e-07) and leaf samples (r =0.73478 to
0.89097, P<3.001e-06) between these experiments, indicat-
ing a high reproducibility for these tissues and effectiveness
of experimental error control.

Transcription profiling by qRT-PCR revealed over
twofold variation for many of the 32 genes among the
different tissue samples (Tables 3 and 4). Based on
expression patterns, these 32 genes can be divided into
three groups as illustrated in Fig. 4. The first group consists
of 9 genes, 4CL1, C4H, C3H1, CAD4, CCR2, F5H1,
F5H2, PAL6, and PAL8. The expression pattern of the
group 1 genes parallels the variation in the lignin content.
Their transcription levels increase in the same tissue type as
developmental stages proceed (Table 3). At the same
developmental stage (Feekes’ stage 10.0), they are
expressed at much higher levels in stems compared to the
inflorescence, sheath, and leaf blade (Table 3). The
inflorescence and sheath rank number two and three in
expression levels and leaf blades have the lowest expres-
sion. This pattern of expression modulates lignin content
variation. At Feekes’ stage 10.0, the expression of the nine
genes within this group is highly correlated among all
members (r>0.9101, P<0.000128, Supplementary Tables
s1). Statistically significant correlation was observed
between lignin content and expression levels for seven of
the nine genes (r>0.5652, P<0.0443105). The remaining
two, CAD4 and PAL8, showed positive correlation with
lignin content that was not statistically significant (r>
0.5285, P<0.058134).

The second group contains 12 genes as shown in
Tables 3 and 4 and Fig. 4. Their expression was also
highly correlated among their members (r>0.8512, P<
0.0008925, Supplementary Tables s1). Similar to group 1
genes, group 2 genes are expressed at higher levels in stem
as compared to leaf blade and leaf sheath. Unlike the group
1 genes, the group 2 genes are expressed highest in F-1st-
low (younger stem tissue half) and also significantly higher
than in F-1st-up (older stem half). This specific pattern was
also observed in four genes (CAD1, PAL3, PAL4, and PAL5)
of group 3 as shown in Fig. 4, where they are close to the
group 2. However, these four genes were placed in group 3
because they are expressed at lower levels in other parts of
the stem as compared to sheath and leaf blade. Within the
group 1, only CAD4 and PAL8 were expressed approxi-
mately twofold higher in F-1st-low than in F-1st-up.
Compared to F-1st-up, F-1st-low is soft and elongating at
Feekes’ stage 10.0. This may indicate that the group 2
genes play an important role in the early stages of the
secondary wall development, and the group 1 genes
function throughout the whole process of secondary wall
thickening.

25
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12.1

9.2 9.6
8.210

5

00

F-b F-1b F-2b F-3b

25

16 7
17.3

16 5

20

16.7 16.5

13 915 13.9

10

5

00

F-sh F-1sh F-2sh F-3sh

25

19 1 19.6
20.7

20

16.0

19.120

16.0

15

10

55

0

F-1st-low F-1st-up F-2st F-3st

Fig. 3 Charts showing lignin content (%) of same tissues of different
age at Feekes’ stage 10.0. Top lignin content of flag leaf blade (F-b),
and blade of the first (F-1b), second (F-2b) and third (F-3b) leaf under
flag; middle: sheath of flag leaf (F-sh), and sheath of the first (F-1sh),
second (F-2sh) and third (F-3sh) leaf under flag; bottom: lower half
(F-1st-low) and upper half (F-1st-up) of the first internode under the
flag, and the second (F-2st) and third (F-3st) internode under the flag
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The third group includes the remaining 11 genes (Tables 3
and 4). They either did not show any specific pattern related
to development and lignin content (CAD1, CAD2, CAD3,
CCR1, CCR4, PAL2, PAL3, PAL4, and PAL5) or were
expressed at much higher levels in leaf and sheath as
compared to those in stem (CCoAOMT2 and PAL1).

In hexaploid wheat, each enzyme in the monolignol
pathway is encoded by three or more members but only one
or two genes always predominate in a specific tissue or a
developmental stage. Generally, the expression levels of
group 1 genes were higher than group 2, and group 2 genes
were higher than that of the group 3 genes (Supplementary

Table 2s). One exception to this is CAD2, which is a group
2 gene but showed highest expression level in all the tissues
as compared to other CAD members. The variation in
expression levels was also observed among members
within the same group. For example, in the PAL family in
the stem, the abundance of PAL8 transcript was about
threefold to sevenfold higher than PAL6 across the tissues
(Supplementary Table 2s). In the CCoAOMT family, all
tissues at Feekes’ stage 10 showed the same order of
relative expression, i.e., CCoAOMT1>CCoAOMT4>
CCoAOMT5>CCoAOMT3. Similarly, 4CL1, F5H2, and
HCT1 were always expressed more than 4CL2, F5H1, and

Table 2 TaGI and GenBank accession numbers, qRT-PCR primer sequences and Tm for the lignin biosynthetic candidate genes, wheat house-
keeping gene Actin and Lotus japonicus LjLb2 cDNA clone for reference validation

Genes Unigenes ESTs Sequences Sequences Tm (°C)

4CL1 TC284202 CJ962785 CACTCAGCCAGCCAGCAG ACATTACACAAGCAGGAAGAACC 52.5

4CL2 TC364928 BE403254 ACACACGCCGAAATCAAAGATG GAGCCTTCAATCCGCACAATG 52.8

C4H1 TC289323 CK157495 CAGCCTCCACATCCTCAAG CTTAGGACGAGCGAACAATC 53

C3H1 TC281520 CD895891 GGCTGTGTCCACTTAATG TGTCATCACTAAGGTCATAC 54.6

C3H2 TC277165 AJ585990 GAACAGTATGACCTCAGTGATG TGTCCAACTCCTCTTGTAGC 54.1

CAD1 TC352797 CJ710661 AGATACCGCTTCGTCATCG GAATCGCACGCACCAACC 55.8

CAD2 TC281983 BJ226457 CTGATGTAGTAGTTGACGAGAC GGACCGATGACCATTGTTG 51.6

CAD3 TC282633 CJ723808 CCGGGCATGATTTTCACCTAC GCATGGCGTCAGGGAACC 53.1

CAD4 TC288006 CV773618 AAGTGTTAGTCCTCCCAAATC CTGCCCATTCTCTTGCTG 54.1

CCoAOMT1 TC283029 CD939543 CCTTACCAGCCGCTTATC GAAACCATCAGATGCTTCAC 50

CCoAOMT2 TC279280 CJ928722 ACCAAGACCCTCCTCAAG GAACCCGAAGATGTGCTC 54.3

CCoAOMT3 TC278300 CJ966710 TACGACAACACCCTCTGGAAC GTAGTAGCGGATGTACTTGCG 54.4

CCoAOMT4 TC311207 CA694892 CCTTACCAGCCGCTTATCCTAATC ACAGTAAGTACAGCCACTCCTCTC 53.1

CCoAOMT5 CA729876 CGCTCCGCCGTAGATGCC TTTGATCATTTGTCTGGAGAAATC 50.6

CCR1 TC309513 CV066123 TCCACCGAGGATCAATGC CGAACAGCGTGATATGGG 54.6

CCR2 TC286958 DR739700 ACGGAAGCAGCCTTACAAG GAGAGTCGTTGACAGGAGTG 52.5

CCR3 TC282596 CJ837177 CTGTCGGCTAGTTAATTCTATG ATATGATCGCCAACCAACC 52.6

CCR 4 TC286156 CJ803490 AGAAGTATTGGCTCCTGCTG CAACTCTCGTCTTTAAGTCTGTC 52.8

COMT1 TC277616 DQ223971 GGTTCGCCGCCATGAAGAC GCATCAGAGAGGTAGACTCGTTG 54.2

COMT2 TC277402 AY226581 CAGGGAGAGGTACGAGAG GTAGATGTAAGTGGTCTTGATG 53.1

F5H1 TC318673 CA684885 CACATCAACCTAAAACCCACAC CCACCATTGACGGATACTCG 50.8

F5H2 TC291574 CJ962608 AATAAGTGGATCTCCATGCTACC CCCAACAAGTCTCAAACAATACG 50.9

HCT1 TC304697 CK193498 CGGAGCGATAGTAGGATGAAG CAGCCCAAAGTGGAAAGAGG 50.9

HCT 2 TC367542 CK199765 CTGACCTCTGCCGTGGAG TCAATATGTGGGTAAGATGGAGTC 54.5

PAL1 TC292427 CJ956144 ACCGCCACACAGCAGAAC AACACCTTGTCCACCTCTTCC 57.1

PAL2 TC365619 CD871964 CGGCTTCGGTGCTACTTC CGGCGTTAAGAAATCTGATGAG 54.8

PAL3 TC330950 CK208603 GCGGTGGAGGCATTTAAG GACCTCACAGAAGACAGC 55.7

PAL4 TC321707 CJ873958 CCACTGATGAAGCCAAAG GACGGAATTGATCTCACG 53.7

PAL5 TC293456 CJ963731 GTACCCACTCTACCGATTC GAACACCTTGTCCACCTC 54

PAL6 TC314125 CJ954700 CTTGTCTGCCGTGTTCTG CTTTGCCTGCTTCATGTATG 55.1

PAL7 TC313159 CJ964755 CAGTGTTGCCAAAGGAGGTC CGGTAGAGCGGGTACGAC 56.7

PAL8 TC293783 CJ728010 ATGGCTTCCTACTGCTCTG GTCCTGGTTGTGCTGCTC 53.8

Actin TC295670 CJ703848 ATGGAAGCTGCTGGAATCCAT CCTTGCTCATACGGTCAGCAATAC 50-57

LjLb2 BI416412 TTCGCGGTGGTTAAAGAAGC TCCATTTGTCCCCAACTGCT 55
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HCT2 (Supplementary Table 2s). Most probably, 4CL1,
CCoAOMT1 and CCoAOMT4, F5H2, HCT1, and PAL8
play a greater role in lignin biosynthesis than their other
homologues.

Induced Expression of Lignin Biosynthetic Genes
by Fungal Pathogens

Reinforcement of the cell wall by lignin formation is an
important component of the plant defense response to
pathogen invasion. Many of the lignin biosynthetic genes are
induced by fungal pathogens. We comparatively investigated
the expression of 32 candidate genes in wheat leaves infected
by P. triticina and spikelets infected by F. graminearum and
mock-inoculated controls. Of the 32 genes studied, only
PAL1 expression was induced by more than threefold by P.
triticina infection 24 HPI and 3.8-fold 48 HPI; no significant

change was observed for the remaining 31 genes (Table 5).
Because PAL1 is a group 3 gene and may not be involved
lignin biosynthesis, therefore, lignin deposition may not be
required for defense against P. triticina.

Unlike the response to P. triticina, the expression of 17
genes (4CL1, C3H1, C4H1, CAD1, CAD4, CCoAOMT1,
CCoAOMT3, CCoAOMT5,CCR3, HCT1, HCT2, PAL1,
PAL2, PAL3, PAL4, PAL5, and PAL7) was induced by
threefold or more by F. graminearum infection (Table 5).
Different members within a gene family responded differen-
tially. In the PAL family, all the members except PAL6 and
PAL8 were induced more than tenfold by F. graminearum
infection. In the CCR family, only CCR3 was induced. Of
the two 4CLs, 4CL1 was induced by F. graminearum
infection, but 4CL2 was not. Of the five CCoAOMT genes,
four were induced by F. graminearum infection, whereas
CCoAOMT2 was expressed constitutively. Upon F. grami-

Groups Genes 2 6b 6sh 10b 10sh 10in 10st

1 4CL1 8.69 10.06 19.29 1.00 8.00 13.83 48.50

1 C4H1 19.16 23.59 58.48 1.00 17.63 38.59 77.17

1 C3H1 1.85 5.82 14.72 1.00 3.76 16.00 59.71

1 CAD4 1.31 5.82 15.35 1.00 6.23 14.83 62.25

1 CCR2 3.63 4.89 21.56 1.00 8.82 6.06 32.67

1 F5H1 1.95 10.27 25.99 1.00 8.63 33.59 165.42

1 F5H2 16.34 9.58 22.16 1.00 12.21 30.48 122.79

1 PAL6 8.17 16.00 77.17 1.00 20.53 153.28 101.83

1 PAL8 25.63 8.28 227.54 1.00 121.94 596.34 2033.85

2 4CL2 7.62 1.17 11.88 1.00 11.08 31.12 41.36

2 C3H2 9.38 5.06 62.67 1.00 8.45 16.68 215.23

2 CCoAOMT1 32.45 6.36 28.05 1.00 10.34 66.72 233.94

2 CCoAOMT3 1.00 9.00 12.73 1.13 5.43 13.93 18.38

2 CCoAOMT4 42.81 15.56 31.12 1.00 17.51 132.51 421.68

2 CCoAOMT5 4.17 7.62 6.19 1.00 4.29 9.58 19.56

2 CCR3 27.86 32.90 82.71 1.00 2.41 26.54 43.11

2 COMT1 286.03 1.59 77.17 1.00 48.50 1097.53 1045.55

2 COMT2 17.88 12.64 23.10 1.00 10.56 60.55 128.00

2 HCT1 8.34 3.92 8.57 1.00 6.68 21.71 35.26

2 HCT 2 1.00 1.97 3.68 1.27 4.23 5.94 15.03

2 PAL7 6.32 14.62 33.59 1.00 6.19 3.16 18.77

3 CAD1 430.55 215.27 142.03 1.00 31.56 135.30 265.03

3 CAD2 1.09 1.69 1.53 1.00 1.71 1.85 1.55

3 CAD3 1.00 5.28 2.77 4.11 3.03 2.57 4.69

3 CCoAOMT2 2.95 6.36 1.83 5.39 3.92 11.24 1.00

3 CCR1 1.00 1.67 1.39 3.58 2.58 2.00 1.87

3 CCR 4 5.54 0.36 1.03 0.63 0.47 3.58 1.00

3 PAL1 7.46 33.59 7.01 1.00 2.31 5.82 10.85

3 PAL2 1.28 3.87 3.89 1.00 1.26 2.28 2.33

3 PAL3 3.46 23.10 11.55 1.00 3.63 1.69 6.50

3 PAL4 3.29 22.01 33.59 1.00 5.39 3.63 12.73

3 PAL5 4.17 13.27 16.80 1.00 2.19 1.09 6.63

Table 3 Relative expression
levels of lignin biosynthetic
candidate genes at Feekes’
stages 2, 6, and 10.0
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nearum infection, CAD1 and CAD4 were induced, whereas
no significant change was observed in CAD2 and CAD3
transcript levels. Of the induced genes, C4H, C3H1,
CCoAOMT3, CCoAOMT5, PAL1, PAL2, PAL3, and PAL5
reached their peak at 24 HPI but the induced expression of
others had yet to peak at 48 HPI. No significant induction
was observed in the S-lignin pathway-specific genes COMTs
and F5Hs, indicating that the S-lignin pathway is not
mobilized for the defense-response to this specific pathogen.

Discussion

Because lignification mainly occurs in the secondary
walls of the xylem, lignin biosynthetic genes are

abundant in the publicly available genomics databases.
The lignin biosynthetic enzymes are encoded by multiple
gene families but not every member of a gene family is
involved in or contributes equally to lignin biosynthesis
as seen in Arabidopsis (Raes et al., 2003). Therefore,
identification of the most appropriate targets for further
characterization is the first step towards the dissection of
the lignin biosynthetic pathway. Lignin deposition is
largely developmentally regulated and varies at different
developmental stages and in different tissues. Therefore,
investigating expression patterns of the candidates in
various tissues and at different developmental stages has
been an efficient approach to identify the bona fide lignin
biosynthetic genes (Raes et al., 2003; Guillaumie et al.,
2007; Koutaniemi et al., 2007).

Table 4 Relative expression levels of lignin biosynthetic genes in internodes, sheaths and leaf blades at Feekes’ Stage10.0

Groups Genes F-1st-up F-1st-low F-2st F-3st F-1sh F-2sh F-3sh F-1b F-2b F-3b

1 4CL1 61.72 71.23 84.45 40.44 1.85 1.00 2.35 1.52 1.52 2.68

1 C4H1 29.05 35.44 41.44 15.25 1.64 1.00 1.32 2.01 1.29 0.88

1 C3H1 18.39 33.07 29.30 13.65 1.36 1.00 1.82 2.05 1.70 1.76

1 CAD4 26.43 54.61 42.71 20.03 1.05 1.57 28.25 1.73 2.30 1.00

1 CCR2 208.74 247.68 364.00 147.60 10.00 3.11 2.25 2.85 1.83 1.17

1 F5H1 35.80 54.90 76.87 39.45 3.14 2.52 2.82 1.00 1.52 1.34

1 F5H2 25.85 26.70 36.62 22.04 2.53 2.40 3.38 1.00 1.32 1.67

1 PAL6 36.77 45.80 52.09 13.27 2.49 1.00 1.79 1.03 0.94 1.39

1 PAL8 502.23 1331.62 1230.02 396.78 22.46 8.76 6.67 1.53 1.00 1.80

2 4CL2 18.77 35.44 13.30 3.73 1.25 1.00 1.54 2.10 1.74 1.03

2 C3H2 9.07 31.30 20.73 2.32 1.00 1.18 4.43 1.31 2.38 1.83

2 CCoAOMT1 17.90 51.23 18.31 9.40 1.24 1.71 3.01 1.21 1.00 1.33

2 CCoAOMT3 7.79 42.44 10.80 2.62 1.30 1.00 3.00 2.00 2.89 2.78

2 CCoAOMT4 17.90 87.36 27.75 17.53 1.65 1.74 3.81 1.62 1.00 1.16

2 CCoAOMT5 7.18 34.06 4.16 2.55 1.35 1.37 3.60 1.89 0.79 1.00

2 CCR3 56.25 321.94 25.57 15.07 1.00 2.80 10.41 8.53 5.36 14.23

2 COMT1 1140.80 9043.04 625.16 251.75 22.20 7.29 33.40 3.47 1.99 1.00

2 COMT2 101.28 371.93 45.39 27.90 4.14 2.89 6.63 1.00 1.82 1.97

2 HCT1 21.44 54.91 22.08 7.48 1.34 1.35 1.66 2.69 1.00 1.65

2 HCT2 7.38 30.70 9.96 5.48 1.00 1.23 3.14 3.63 3.53 2.89

2 PAL7 28.91 82.71 21.94 10.22 1.00 1.41 3.14 3.98 1.91 4.20

3 CAD1 1.78 14.52 2.74 2.27 1.39 1.33 4.53 1.93 1.14 1.00

3 CAD2 1.76 1.00 2.56 1.30 2.25 1.57 1.43 1.89 2.28 1.67

3 CAD3 1.99 2.43 9.15 3.46 1.36 2.18 5.38 1.32 1.07 1.00

3 CCoAOMT2 1.00 146.48 47.84 69.44 82.40 14.19 307.33 840.82 528.46 231.44

3 CCR1 1.58 0.84 2.42 1.00 2.61 1.66 1.52 5.20 2.71 1.80

3 CCR4 1.92 1.73 5.33 4.97 1.00 2.79 9.91 1.19 1.37 1.15

3 PAL1 1.68 9.49 1.00 1.00 0.77 3.48 15.30 7.30 4.31 15.74

3 PAL2 1.10 3.28 1.00 1.00 1.48 1.70 4.07 1.79 1.84 2.37

3 PAL3 5.94 14.39 2.77 1.00 1.31 2.97 3.50 3.83 4.22 5.72

3 PAL4 26.79 29.66 13.99 5.44 1.00 1.61 6.68 11.17 3.76 19.57

3 PAL5 4.45 16.80 2.61 1.77 1.00 1.68 2.25 3.98 1.65 4.17
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In the present research, we profiled 32 candidate genes
in 17 samples collected from three Feekes’ stages and
identified 21 genes under strong developmental regulation.
These genes were expressed at much higher levels in the
stems as compared to the leaf sheaths and leaf blades. This
suggests that these genes may play a role in lignin
biosynthesis in wheat. These 21 genes were located in
two groups, i.e., the group 1 and group 2. Expression of the
genes within each group is highly correlated. Group 1
genes are expressed at higher levels compared to their
group 2 homologues. Their expression levels correlated
with lignin content. The group 2 genes are expressed at the
highest level in younger stem tissues than older tissues (F-
1st-low vs. F-1st-up). This suggests that they may play an
important role in the early development of secondary cell
walls. The co-expression patterns in the two groups
strongly suggested that they are under coordinated regula-
tion by different transcription factors due to different cis
elements in their promoters. In dicots, promoters of most
lignin biosynthetic genes harbor one or more AC elements.
In pine (Patzlaff et al., 2003) and Eucalyptus (Goicoechea
et al., 2005), xylem-associated MYB transcription factors
can bind to the AC elements and activate the transcription
of the lignin biosynthetic genes. The search of the
annotated rice genome sequences (http://rice.plantbiology.
msu.edu) revealed ACII motif in the promoters of PAL,
4CL, C4H, C3H, CCoAOMT, CCR, and CAD and an ACIII
motif in the promoter of an HCT gene. These rice genes
showed the highest homology to wheat genes PAL6, PAL8,
4CL1, C4H, HCT1, C3H1, CCoAOMT1, CCoAOMT3,
CCR2, and CAD4. Currently, no one has characterized the
coordinated regulation network in grasses, including AC

elements of lignin biosynthetic genes. However, several
lignin biosynthetic genes have been functionally character-
ized in grasses, i.e., bm1 of maize (Halpin et al., 1998), gh2
of rice (Zhang et al., 2006), bmr6 of sorghum (Sattler et al.,
2009; Saballos et al., 2009) which encode CAD and
showed high homology to wheat CAD4. The maize bm3
codes for COMT (Vignols et al., 1995) and is homologous
to wheat COMT1 and COMT2. These data support our
findings that expression profiling of organs differing in
lignin content is an efficient approach to identify candidate
genes for lignin pathway.

Metabolite flux continuously passes the pathway from
upstream to downstream. If regulation at the protein level is
not involved, the transcription level of the upstream genes
should be higher than those downstream. In our research,
expression levels of PALs and 4CLs were the highest, and
CAD4 was the lowest among the group 1 genes. However,
the expression level of CCoAMOT1 was higher than those
of its upstream genes C4H and C3Hs. The F5H1 and F5H2,
S-lignin pathway-specific genes, showed higher expression
than upstream genes CCoAOMTs and CCR2 (Supplemen-
tary Table 2s). The regulation at the protein level may be
required for catalytic activity of CCoAOMT and F5H.
Alternately, more candidates for C4H, C3H, CCoAOMT,
and CCR remain to be identified in wheat.

The phenylpropanoid pathway has long been recognized
to be involved in biotic and abiotic stress response (for
review, see Dixon et al., 2002). A more recent study in
Arabidopsis showed that accumulation of intermediate
metabolite due to silencing of COMT affected its interac-
tion with an array of pathogens (Quentin et al., 2009). Our
previous research found that several genes of this pathway

4CL1
CCR2
F5H2
F5H1

Group 1C4H
PAPAL6
C3H1
PAL8
CAD4
4CL2
CCoAOMT1
HCT1
PAPAL7
CCoAOMT3
HCT2
CCAOMT4o

Group 2

CCoAOMT5
CCR3
COMT1
COMT2
C3H2
CAD1
PAL3
PAPAL5
PAL4
PAL1
PA

Group 3
PAL2
CAD3
CCR4
CAD2
CCoAOMT2
CCCCR1

Fig. 4 A dendrogram showing
the co-expression patterns of the
candidate genes for monolignol
biosynthesis. The 32 genes were
divided in three groups. Expres-
sion of the group 1 and group
2 genes is under strong devel-
opmental regulation, much
higher in the stem compared to
in the leaf sheath and blade
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were induced by F. graminearum (Hill-Ambroz et al.,
2006). In this study, 17 genes, four group 1, seven group 2,
and six group 3 genes were induced by F. graminearum. In
contrast to the expression pattern induced by F. graminea-
rum, only the PAL1 gene was significantly induced by P.
triticina. P. triticina is an obligate fungus that requires
living plant cells to survive and the young leaves were
inoculated at Feekes’ stage 2. F. graminearum is a
facultative fungus that can survive on dead plant tissue
and was inoculated to the florets at Feekes’ stage 10.0.
These distinctive induction patterns suggest that infection
of different types of fungal pathogens trigger different sets
of plant genes or/and plants mobilize different set genes for
defense at different developmental stages and in different
tissues. PAL1 was induced by both pathogens and most

probably is a part of general defense response of wheat
plant to pathogen challenge.

The remaining five genes in group 3, CAD2, CAD3,
CCoAOMT2 , CCR1 , and CCR4 did not show
developmental-regulated expression pattern and were not
induced by pathogen infections either. Of these five genes,
CAD2 was nearly constitutively expressed in all the
samples but was at the highest level among the CAD
members. CAD2 is homologous to a CAD-like protein of
Arabidopsis (UniRef100_Q8L9G4 Cluster). Most probably,
CAD2 does not belong to CAD family. In addition, CCR1
and CCR4 were selected from TaGI release 10.0 and
showed weak homology to the annotated rice CCR genes.

Of the 21 group 1 and group 2 genes, PAL7 was induced
by more than tenfold and 4CL1, C4H and CCoAMOT3

Group Genes Fusarium graminearum Puccinia triticina

24HPI 48HPI 24HPI 48HPI

1 4CL1 4.92 5.81 1.07 0.92

1 C4H 6.63 5.17 1.05 1.09

1 C3H1 3.32 2.09 1.24 1.20

1 CAD4 3.03 4.58 0.92 0.98

1 CCR2 0.59 0.35 0.71 0.96

1 F5H1 0.68 0.50 1.59 0.69

1 F5H2 1.32 1.56 1.35 1.29

1 PAL6 2.36 2.51 0.74 0.88

1 PAL8 1.87 2.00 0.80 0.47

2 4CL2 1.26 0.65 0.66 1.02

2 C3H2 0.93 1.75 1.15 1.34

2 CCOAOMT1 4.00 4.28 1.00 0.79

2 CCOAOMT3 5.03 3.46 1.08 1.02

2 CCOAOMT4 2.91 2.94 1.05 1.32

2 CCOAOMT5 4.82 2.89 1.00 0.85

2 CCR3 5.28 9.85 1.95 1.91

2 COMT1 0.70 0.41 0.50 1.13

2 COMT2 1.38 2.13 1.17 1.00

2 HCT1 2.30 4.72 0.76 0.93

2 HCT2 2.99 3.30 0.97 1.33

2 PAL7 10.34 13.50 0.60 1.00

3 CAD1 4.50 7.70 1.86 1.05

3 CAD2 1.23 1.24 1.14 1.18

3 CAD3 0.63 0.44 0.69 0.39

3 CCOAOMT2 0.80 0.45 0.69 0.66

3 CCR1 1.27 0.46 1.47 1.13

3 CCR4 1.15 0.68 0.70 0.74

3 PAL1 10.13 7.68 3.09 3.81

3 PAL2 16.11 12.63 1.12 1.75

3 PAL3 17.27 16.83 0.75 0.97

3 PAL4 13.64 15.66 0.80 1.15

3 PAL5 15.35 14.60 0.72 1.00

Table 5 Induced expression of
lignin candidate genes upon
infection of fungal pathogens
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were induced approximately by fivefold by F. graminea-
rum. On the contrary, CCR2, F5H1, and F5H2 of the first
group, and 4CL2, COMT1, and COMT2 of the second
group were not induced. The remaining 11 gene were
induced by more than threefold. Based solely on the
pathogen-induced expression, 4CL1, C4H, CCoAOMT3,
and PAL7 are not recommended as targets for gene
silencing. The remaining 17 genes, especially F5H1 and
F5H2 of group 1 and 4CL2, CCR2, COMT1, and COMT2
of group 2 may be the targets of choice for gene silencing.
Because the damaging effect of down regulating the lignin
pathway genes also modulated by genetic background, the
lignin-reducing genes (transgenes for RNA silencing or
point mutations) should be incorporated in multiple genetic
backgrounds to minimize the risk as suggested by Pedersen
et al. (2005).

In summary, we profiled the transcription of 32
putative lignin candidate genes by qRT-PCR in 17
samples collected from tissues at different developmental
stages and found 21 genes under strong developmental
regulation. These genes are expressed at much higher
level in stem compared to in the leaf sheath and blades
and are most probably involved in lignin biosynthesis.
They are potential targets for downregulating lignin in
wheat, and possibly in other grasses, for biofuel
production. Profiling the pathogen-challenged tissues
shed light on the role of the monolignol pathway in the
defense response and provided an additional dimension
for the target selection.
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