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Abstract

A major goal currently in Arabidopsis research is determination of the (biochemical) function of each of its �27,000 genes. To date,
however, 612% of its genes actually have known biochemical roles. In this study, we considered it instructive to identify the gene expres-
sion patterns of nine (so-called AtCAD1–9) of 17 genes originally annotated by The Arabidopsis Information Resource (TAIR) as cinn-
amyl alcohol dehydrogenase (CAD, EC 1.1.1.195) homologues [see Costa, M.A., Collins, R.E., Anterola, A.M., Cochrane, F.C., Davin,
L.B., Lewis N.G., 2003. An in silico assessment of gene function and organization of the phenylpropanoid pathway metabolic networks
in Arabidopsis thaliana and limitations thereof. Phytochemistry 64, 1097–1112.]. In agreement with our biochemical studies in vitro [Kim,
S.-J., Kim, M.-R., Bedgar, D.L., Moinuddin, S.G.A., Cardenas, C.L., Davin, L.B., Kang, C.-H., Lewis, N.G., 2004. Functional reclas-
sification of the putative cinnamyl alcohol dehydrogenase multigene family in Arabidopsis. Proc. Natl. Acad. Sci. USA 101, 1455–1460.],
and analysis of a double mutant [Sibout, R., Eudes, A., Mouille, G., Pollet, B., Lapierre, C., Jouanin, L., Séguin A., 2005. Cinnamyl

Alcohol Dehydrogenase-C and -D are the primary genes involved in lignin biosynthesis in the floral stem of Arabidopsis. Plant Cell
17, 2059–2076.], both AtCAD5 (At4g34230) and AtCAD4 (At3g19450) were found to have expression patterns consistent with develop-
ment/formation of different forms of the lignified vascular apparatus, e.g. lignifying stem tissues, bases of trichomes, hydathodes, abscis-
sion zones of siliques, etc. Expression was also observed in various non-lignifying zones (e.g. root caps) indicative of, perhaps, a role in
plant defense. In addition, expression patterns of the four CAD-like homologues were investigated, i.e. AtCAD2 (At2g21730), AtCAD3
(At2g21890), AtCAD7 (At4g37980) and AtCAD8 (At4g37990), each of which previously had been demonstrated to have low CAD enzy-
matic activity in vitro (relative to AtCAD4/5) [Kim, S.-J., Kim, M.-R., Bedgar, D.L., Moinuddin, S.G.A., Cardenas, C.L., Davin, L.B.,
Kang, C.-H., Lewis, N.G., 2004. Functional reclassification of the putative cinnamyl alcohol dehydrogenase multigene family in Arabid-

opsis. Proc. Natl. Acad. Sci. USA 101, 1455–1460.]. Neither AtCAD2 nor AtCAD3, however, were expressed in lignifying tissues, with
the latter being found mainly in the meristematic region and non-lignifying root tips, i.e. indicative of involvement in biochemical pro-
cesses unrelated to lignin formation. By contrast, AtCAD7 and AtCAD8 [surprisingly now currently TAIR-annotated as probable man-
nitol dehydrogenases, but for which there is still no biochemical or other evidence for same] displayed gene expression patterns largely
resembling those of AtCAD4/5, i.e. indicative perhaps of a quite minor role in monolignol/lignin formation. Lastly, AtCAD1
(At1g72680), AtCAD6 (At4g37970) and AtCAD9 (At4g39330), which lacked detectable CAD catalytic activities in vitro, were also
expressed predominantly in vascular (lignin-forming) tissues. While their actual biochemical roles remain unknown, definition of their
expression patterns, nevertheless, now begins to provide useful insights into potential biochemical/physiological functions, as well as
the cell types in which they are expressed.
0031-9422/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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These data thus indicate that the CAD metabolic network is composed primarily of AtCAD4/5 and may provisionally, to a lesser
extent, involve AtCAD7/8 based on in vitro catalytic properties and (promoter regions selected to obtain) representative gene expression
patterns. This analysis has, therefore, enabled us to systematically map out bona fide CAD gene involvement in both the assembly and
differential emergence of the various component parts of the lignified vascular apparatus in Arabidopsis, as well as those having other
(e.g. putative plant defense) functions. The data obtained also further underscore the ongoing difficulties and challenges as regards cur-
rent limitations in gene annotations versus actual determination of gene function. This is exemplified by the annotation of AtCAD2, 3
and 6–9 as purported mannitol dehydrogenases, when, for example, no in vitro studies have been carried out to establish such a function
biochemically. Such annotations should thus be discontinued in the absence of reliable biochemical and/or other physiological confir-
mation. In particular, AtCAD2, 3, 6 and 9 should be designated as dehydrogenases of unknown function. Just as importantly, the dif-
ferent patterns of gene expression noted during distinct phases of growth and development in specific cells/tissues gives insight into the
study of the roles that these promoters have.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The TAIR-annotated cinnamyl alcohol dehydrogenase
(CAD, EC 1.1.1.195) gene family in Arabidopsis putatively
encoded a seventeen-member class of NADPH-dependent
enzymes (Costa et al., 2003; Kim et al., 2004). This 17-mem-
ber annotation was originally made based on an initial data-
base analysis of the A. thaliana genome, even though eight of
the genes had essentially no homology (�0.9–1.6% similar-
ity, Kim et al., 2004) to previously established bona fide Nico-

tiana tabacum (Knight et al., 1992) and Pinus taeda (Anterola
et al., 2002) CAD’s. Indeed, these eight genes in question
encode proteins whose physiological functions are still
uncertain at present, in contrast to at least one report of a
related tobacco homologue which was described as a CAD
involved in lignification (Damiani et al., 2005). However,
definitive proof for such a role in lignification is lacking.

In this study, we have comprehensively examined gene
expression patterns of the remaining nine-membered
TAIR-annotated bona fide CAD and CAD homologue
family in Arabidopsis. This was in order to systematically
begin to establish further the actual gene networks involved
in forming the various component parts of the (lignified)
vascular apparatus, as well as in helping identify those
potentially having other functions, such as defense.

The nine putative CAD’s displayed various levels of
homology to the tobacco CAD (Knight et al., 1992)
(�57–83% similarity and �46–77% identity). At the begin-
ning of our study, these could be conveniently classified
into three groups, based on both homology and biochemi-
cal properties in vitro, i.e. AtCAD4 (At3g19450) and 5
(At4g34230) (74 to �83% similarity), AtCAD2
(At2g21730), AtCAD3 (At2g21890), AtCAD7
(At4g37980) and AtCAD8 (At4g37990) (61–65% similar-
ity), as well as AtCAD1 (At1g72680), AtCAD6
(At4g37970) and AtCAD9 (At4g39330) (57–66% similar-
ity) (Costa et al., 2003; Kim et al., 2004).

More importantly, a detailed determination of the
kinetic parameters of the recombinant proteins
(AtCAD1–9) in vitro established that AtCAD4 and 5 were
the catalytically most active, being able to convert the var-
ious phenylpropenyl aldehyde derivatives 1–5 into the cor-
responding monolignols 6–10 (Fig. 1). AtCAD5 and
AtCAD4 differ substantially, however, in their relative abil-
ities to utilize sinapyl aldehyde (5) as substrate, with the
former �270-fold more efficient than AtCAD4 (Kim
et al., 2004). Additionally, we have since recently demon-
strated through X-ray crystal structure analysis that
AtCAD4 and AtCAD5 exist in dimeric form, with both
proteins containing structural Zn2+ and catalytic Zn2+ ions
per subunit. Both AtCAD4 and AtCAD5 belong to the
medium chain dehydrogenase/reductase (MDR) superfam-
ily (Youn et al., 2006), and appear to have a fairly tight
substrate binding pocket for the substrates 1–5. By con-
trast, in terms of catalytic activity, AtCAD2, 3, 7 and 8
had much lower levels of CAD activity, with AtCAD1, 6
and 9 being inactive in our hands (Kim et al., 2004). These
kinetic data, together with that of various knockout analy-
ses, thus suggested that the Arabidopsis CAD metabolic
network was potentially composed primarily of two genes
(AtCAD4 and AtCAD5), with four others (AtCAD2, 3,
7, and 8) encoding proteins of more moderate CAD-like
activity. Based on the experimentally determined kinetic
data obtained for AtCAD2, 3, 7 and 8 (i.e. higher Km’s
and lower kcat values relative to AtCAD4/5), however,
alternative and/or bifunctional metabolic roles could not
be excluded.

In this context, it is quite noteworthy that the putative
biochemical/physiological functions of the previously
annotated cinnamyl alcohol dehydrogenase homologues
(AtCAD2, 3, 6–9) have also recently been re-designated
as probable/putative mannitol dehydrogenases in the
TIGR database annotations (as of October 26, 2006). Such
annotations are curious given that, to our knowledge, none
of these specific enzymes have been demonstrated to cata-
lyze these conversions via biochemical assays in vitro.
Thus, some additional clarification and discussion are
needed on this matter.



Fig. 1. Possible CAD substrates (1–5) and products (6–10).

Fig. 2. Typical lignin derived monomeric fragments released from
cleavage of presumed 8-O-4 0 linked substructures in the lignin macromol-
ecule by thioacidolysis. H (11), G (12) and S (13) type lignin unit (or
monomer).
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In 1992, two inducible defense genes from A. thaliana,
ELI3-1 (AtCAD7) and ELI3-2 (AtCAD8), as well as another
(ELI3) from parsley (Petroselinum crispum) were described
(Kiedrowski et al., 1992), but with no biochemical functions
identified at that time. At about the same time, a celery
(Apium graveolens var. rapaceum) homologue to ELI3
(�80/70% similarity/identity) was isolated and reported as
a mannitol dehydrogenase, even though Km values for man-
nitol were extraordinarily high (72 mM) (Stoop and Pharr,
1992; Stoop et al., 1995; Williamson et al., 1995). More
recent contributions by Somssich et al. (1996) and Loge-
mann et al. (1997) later described the A. thaliana ELI3-2
(AtCAD8) and the parsley ELI3 as presumed aromatic
alcohol oxidoreductases/cinnamyl alcohol dehydrogenases,
based on kinetic parameters obtained in vivo with Km’s in
the micromolar range. To date, the current annotation of
AtCAD2, 3, 6–9 as probable mannitol dehydrogenases lack
any form of biochemical/physiological verification, in con-
trast to the study in celery. Thus, such annotations should
be discontinued in the absence of reliable biochemical or
other confirmation.

Similar confusion about putative gene function holds as
regards physiological/biochemical functions of the recently
annotated 12-membered putative rice (Oryza sativa) CAD
gene family (Tobias and Chow, 2005); in that study, how-
ever, none of these had any unambiguously established phys-
iological/biochemical functions. Indeed, nor were any
attempts made to correlate known biochemical data (Kim
et al., 2004) to level of gene homology in the rice ‘‘CAD’’
family. Since then, a rice CAD (so-called gold hull and inter-
node 2 GH2 gene) has been identified as partially involved in
lignin deposition (Zhang et al., 2006); this enzyme has�84%
similarity and �72% identity to AtCAD4 and AtCAD5.
Upon inspection, this rice CAD mutant results from a single
Gly185Asp mutation, a region within the Rossman fold, and
which is thus three amino acid residues away from the well-
known NADPH-binding domain (Youn et al., 2006).

Further indication that AtCAD4 and AtCAD5 were sub-
stantially involved in monolignol and (lignified) vascular
apparatus formation was recently reported using an Arabid-

opsis CAD (AtCAD4/5) double mutant (Sibout et al., 2005).
At maturity, this mutant afforded stem sections which gave
estimated ‘‘Klason lignin’’ contents apparently reduced by
circa 40% relative to wild type (WT). Significantly, the
amounts of thioacidolysis releasable monomers 11–13

(Fig. 2) from the lignin macromolecule (i.e. of p-coumaryl
(6)/coniferyl (8)/sinapyl (10) alcohol origin), presumably
formed through cleavage of the predominant 8-O-4 0 linkages
in lignin, were extensively reduced (�94%). Thus, whether
these plant lines actually contained lignin to any extent is
debatable (Jourdes et al. 2007, accompanying manuscript).

From these studies, Sibout et al. (2005) also concluded
that there was no compelling evidence for a substrate-specific

sinapyl aldehyde (5)/sinapyl alcohol (10) dehydrogenase
(SAD) for syringyl (sinapyl alcohol (10)-derived) lignin for-
mation as claimed earlier (Li et al., 2001). This was, there-
fore, in agreement with previous deductions (Anterola and
Lewis, 2002; Kim et al., 2004); all known CAD’s (as well
as the putative SAD) display fairly broad and not specific
substrate versatilities. Nor was there any evidence obtained
for a specific SAD in rice (Zhang et al., 2006).

In the double knockout mutant of AtCAD5 and
AtCAD4, the amounts of coniferyl (3) and sinapyl (5) alde-
hydes reportedly increased some 55 and 27 fold, respectively,
relative to WT (Sibout et al., 2005). However, taken together
their levels only accounted for circa 0.12% of the overall
extractive-free cell-wall residue (CWR). Such amounts are
of interest given the various reports (Chabannes et al.,
2001; Jones et al., 2001; Morreel et al., 2004; Ralph et al.,
2001) that lignins can efficiently incorporate either abnormal
or non-monolignol entities into core (primary) lignin struc-
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tures should monolignol 6, 8 and 10 supply be reduced in
some manner, i.e. via a so-called ‘‘combinatorial’’ biochem-
istry (Ralph et al., 2004). This particular viewpoint continues
to be either reinterpreted upon further analysis (Anterola
and Lewis, 2002; Davin and Lewis, 2005), and/or disproven
(Anterola and Lewis, 2002; Laskar et al., 2006; Patten et al.,
2005), when various plant systems were comprehensively
examined. Perhaps, more importantly, the corresponding
mature plants of the AtCAD4/5 double mutant have much
weakened vasculature/mechanical integrity in accordance
with the reduction in lignin deposition proper (Jourdes
et al. 2007, accompanying manuscript). This again under-
scores the critical requirement for a monolignol-derived
lignin, and that lignin primary structure proper is a pre-req-
uisite for vascular tissue robustness/integrity.

Additionally, the formation of very small amounts of
monolignol derived cleavable guaiacyl (G)/syringyl (S)
monomers in the AtCAD4/5 double mutant potentially
implied either an incomplete knockout of original
AtCAD4/5 activities, or a more minor involvement of other
components of the putative CAD metabolic network, e.g.
such as AtCAD2, 3, 7 and 8. In this context, it was shown
previously that p-coumaryl aldehyde (1) served as the best
substrate of the phenolic substrates 1–5 tested in vitro with
these isoforms. Its product, p-coumaryl alcohol (6), is also
generally considered to be involved in early stages of lignifi-
cation/cell wall formation, whereas the G/S components are
laid down at later developmental stages (Fukushima and
Terashima, 1991; Terashima and Fukushima, 1988; Tera-
shima et al., 1986; Whiting and Goring, 1982). Thus, using
the various promoters obtained for this investigation, this
gene expression study enabled us to examine the presumed
localization of each CAD isoform, and each CAD homo-
logue, i.e. in terms of determination of their possible
involvement in formation of the different components of
the vascular apparatus during growth and development.
Accounts of this work were initially presented at the Fall
Symposium, Donald Danforth Center (Saint Louis, Mis-
souri, November 2003) and at the Phytochemical Society
of North American Annual Meeting (Ottawa, Canada,
August 2004), as well as in a final report to the National Sci-
ence Foundation (Lewis and Davin, 2006).

Furthermore, since this general approach is being taken
for various gene families, encompassing both monolignol
formation and monolignol conversion (e.g. into lignins),
as well as for their homologues, a full discussion of the
growth/development of Arabidopsis is also described in this
article.
2. Results and discussion

2.1. Design of AtCAD promoters::GUS constructs and

Arabidopsis transformations

Putative promoter regions associated with AtCAD1–9

were determined on the basis of a TAIR database analysis
of the Arabidopsis sequences, i.e. of those encompassing
upstream regions from each of the AtCAD1–9 genes to that
of the next neighbor. With AtCAD5, however, its neighbor-
ing gene, tentatively described as aldehyde dehydrogenase
3 (ALDH3) (Kirch et al., 2004), was in the reverse orienta-
tion relative to AtCAD5; ALDH3 is one of a putative
14-member gene family in Arabidopsis whose exact physio-
logical roles are again unknown, but may be stress-associ-
ated (Kirch et al., 2005). Nevertheless, its reverse
orientation raised the possibility that the corresponding
upstream ALDH3 gene sequence might also serve in a pro-
moter capacity for AtCAD5. Accordingly, two putative
promoter regions were selected, one with the region
upstream of AtCAD5 to ALDH3 [named AtCAD5s (s for
short)], and the other encompassing 0.8 kb of ALDH3

(named AtCAD5). Thus ten promoter constructs (two for
AtCAD5) were selected to individually transform Arabid-

opsis in order to visualize the corresponding patterns of
gene expression.

To achieve better GUS catalytic activity and stability at
sample fixation, the binary vector pCAMBIA 1305.2 vector
(http://www.cambia.org) harboring the GUSPlus� repor-
ter gene was also utilized (Fig. 3); this particular vector
has a glycine-rich protein (GRP) signal peptide for extra-
cellular secretion, thereby enabling rapid visualization of
in vivo GUS activities. These vectors, with the correspond-
ing promoter regions, were next used to individually trans-
form Agrobacterium tumefaciens (An et al., 1988), and
subsequently Arabidopsis using the floral dip method
(Clough and Bent, 1998) as described below.

Specifically, the deduced promoter regions for AtCAD4

(1804 bp) and AtCAD5 (1195 and 1976 bp, respectively)
were amplified using sense and antisense primers designed
with EcoRI/NcoI or PstI/NcoI restriction enzyme sites
(Table 1). The amplified full length AtCAD4, AtCAD5s

and AtCAD5 promoter regions were then individually
cloned into a pCR�II-TOPO vector, with the resulting
constructs subjected to DNA sequencing for sequence ver-
ification. Promoter specific internal primers (Table 2) were
used when needed to obtain complete sequence confirma-
tion. In a comparable manner, the promoter regions for
AtCAD1–3 and 6–9 were individually obtained (i.e. 397,
2051, 2032, 585, 600, 1721 and 1637 bp, respectively,
Table 1). For AtCAD2 and 3, only an �2 kb 5 0 upstream
region was used due to the very large untranslated regions
between the protein coding sequences, i.e. 3251 and
4918 bp, respectively.

2.2. GUS histochemical localization: general protocols

GUS staining of Arabidopsis tissue was carried out using
T2 plants at weekly intervals from 3 days after germination
to 9 weeks, i.e. until maturation/senescence. To confirm
that the various putatively transformed plant lines con-
tained the correct promoter construct, a rosette leaf from
each AtCAD::GUS transformed Arabidopsis line was
sampled 21 days after germination, with genomic DNA

http://www.cambia.org


Fig. 3. Schematic diagram of AtCAD promoter construction in pCAMBIA1305.2 binary vector. Gene expression of the glycine-rich protein (GRP) signal
peptide and the GUSPlus� reporter gene were regulated by each AtCAD promoter region in place of the LacZ alpha and CaMV 35S promoter in the
pCAMBIA vector. For selection, the pCAMBIA1305.2 vector contains the hygromycin resistance gene downstream of the strong (2·) CaMV 35S promoter.

Table 1

Gene specific primer sequences used for amplification of 5 0-flanking promoter region

Construct Locus Promoter size (bp) Restriction site Forward primer Reverse primer

AtCAD1::GUS At1g72680 397 EcoRI/NcoI 50-GAATTCCGCCATCGATG
GTTTTTGTC-30

5 0-CCATGGGCACTCGTTTT
CCACACTCTC-3 0

AtCAD2::GUS At2g21730 2051 EcoRI/NcoI 50-GAATTCCCCTTCTTCATA
ATCATATGG-30

5 0-CCATGGTTCGTCGTTG
GCCGCCCAACC-3 0

AtCAD3::GUS At2g21890 2032 EcoRI/NcoI 50-GAATTCCCCTTTTTTGGAA
GTACTAGC-3 0

5 0-CCATGGGTTGGCCGCCC
AACCAAATGC-3 0

AtCAD4::GUS At3g19450 1804 EcoRI/NcoI 50-GAATTCTCTAGAGTCGAA
ACTTGTGAC-30

5 0-CCATGGTAAAGCCTTCTTTT
CTCCTGC-3 0

AtCAD5s::GUS At4g34230 1195 EcoRI/NcoI 50-GAATTCGAAGCTTCGTCA
TGACTTGGG-30

5 0-CCATGGGCCTGTTGTTTTCC
TCTCTGC-30

AtCAD5::GUS At4g34230 1976 PstI/NcoI 50-CTGCAGTGAGAAATTCTCC
ACTCGTAGC-3 0

5 0-CCATGGGCAGCCCAGCCT
GTTGTTTTCC-3 0

AtCAD6::GUS At4g37970 585 EcoRI/NcoI 50-GAATTCGGAAGGTCCTTCC
GGAGTTTG-3 0

5 0-CCATGGTACGCTCTGCT
CTTTCTCTCC-3 0

AtCAD7::GUS At4g37980 600 EcoRI/NcoI 50-GAATTCTAATACATTGG
CTGCTACTCG-30

5 0-CCATGGCAATCCAAACGCC
TCCTTCTC-3 0

AtCAD8::GUS At4g37990 1721 EcoRI/NcoI 50-GAATTCCCAACTCCTTAA
CTAGAAAGC-30

5 0-CCATGGTAATCCGAACG
CCTCTTTCTG-30

AtCAD9::GUS At4g39330 1637 HindIII/NcoI 50-AAGCTTGAGGCGAAAACA
GAGTAGGTG-3 0

5 0-CCATGGAAAGACTTTGTTC
GGATGCTC-30

* Restriction enzyme recognition site on each primer is underlined.

Table 2
Promoter specific internal primer sequences used for promoter sequence analysis

Construct Internal forward primer Internal reverse primer

AtCAD2::GUS 5 0-GTCTGAAATGAGTAGTGGCTCGTC-3 0 5 0-ACATGCAGAAATCCTCATTGGTAG-3 0

AtCAD3::GUS Primer-1 5 0-CTCTTTTCCCACCTCCTCCTTTGG-3 0 5 0-CATGCAGAAATCCTCATTGG-30

Primer-2 5 0-GAAAACTGGGTTTTGAGTCCCACT-3 0

AtCAD4::GUS Primer-1 5 0-CAGTACCTAACCGAACAAAGACTG-30

Primer-2 5 0-TTCGTAATAGAGCAACTCTTTCGC-30

AtCAD5::GUS 5 0-CATTGGCCCCATTTACAGCCACAAGTC-30 5 0-GGACAAAGAGTGTGTGAATGGCTTCAC-3 0

AtCAD8::GUS Primer-1 5 0-GAATATGTTACGTGGACGGAACTG-30 5 0-GAACGTGGACCTTGTGCAACCAC-3 0

Primer-2 5 0-GTCACGGAACATGAGCAGTCGATC-3 0

AtCAD9::GUS Primer-1 5 0-GAGTAAGAACCGGGTCGGAAATAC-3 0

Primer-2 5 0-GTGATGTGTAACGAGGATGAAGAC-3 0
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individually isolated, PCR amplified and sequenced, using
vector-specific and promoter-specific internal primers (see
Experimental). For staining visualization of all tissues
and organs (except the stems), and in order to minimize
b-glucuronidase product diffusion using X-Gluc (1 mM)
as substrate, a solution of 5 mM K3Fe(CN)6/K4Fe(CN)6,
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was added to the staining solution. By contrast, in order to
obtain high quality stem cross-sections (�0.2-mm thick)
for staining, an additional fixation step [0.5% (v/v) formal-
dehyde for 1 min] was utilized before sectioning (Sibout
et al., 2003), followed by exposure of the resulting cross-
sections to an 0.5 mM X-Gluc staining solution for 20–
60 min. The results obtained for each developmental stage
are described below.

2.3. Aerial tissue gene expression during cotyledon and

hypocotyl emergence

By 3 days post-germination, two cotyledons and the
primary root (discussed separately later) of Arabidopsis
had emerged from the seed, with the hypocotyl gradually
elongating along the primary axis (Figs. 4.1–4.10). At the
same time, the primary root hairs and lateral roots had
begun to form as well. At this stage, the aerial vascular
apparatus (i.e. tracheary elements involved in water
conduction) had developed in both the radicle and the
cotyledons, with the xylem of the hypocotyl and cotyle-
don vein tissues apparently lignified (Dharmawardhana
et al., 1992).

In terms of gene expression, both AtCAD4::GUS and
AtCAD5::GUS (1956 bp) displayed very similar patterns
of GUS expression (Figs. 4.1 and 4.2). [By contrast, no
significant level of expression was observed using the
shorter AtCAD5s::GUS promoter (Fig. 4.3) and indeed
essentially no expression was noted with this (short) pro-
moter at all stages of growth/development.] That is, both
AtCAD4/5 were strongly expressed in different parts of the
developing vascular apparatus, i.e. in the primary and sec-
ondary veins of cotyledons in harmony with a role in lig-
nin formation.

For the isoforms displaying much weaker CAD activity
in vitro (Kim et al., 2004), no GUS expression was
observed for AtCAD2::GUS (Fig. 4.4), whereas AtCAD3::-
GUS was only detected in the apical meristematic regions
(Fig. 4.5). While the true biological function/physiological
significance of AtCAD3 is unknown, these data appar-
ently do provide an identification of the individual tissues
where its gene expression occurs. This is, therefore, a
future target at the cellular level in order to probe func-
tion, e.g. using either WT and/or various knockout lines,
and/or metabolomic analysis of individual cell types as
needed.

With AtCAD7::GUS and AtCAD8::GUS, however,
strong expression was also observed in the vascular appa-
ratus in a manner similar to that of AtCAD4/5, i.e. in the
cotyledon veins and hypocotyl (Figs. 4.6 and 4.7). More-
over, although AtCAD1, 6 and 9 had no detectable
CAD activities in vitro, their expression, nevertheless,
was also observed in the vasculature, i.e. all were mainly
localized to the cotyledon veins (Figs. 4.8–4.10), whereas
with AtCAD9 it was expressed throughout the hypocotyl.
Interestingly, GUS staining was additionally observed at
the base of the hypocotyl for AtCAD1::GUS and
AtCAD6::GUS, respectively, the significance of which is
unknown.

2.4. Aerial tissue gene expression during rosette and cauline

leaf emergence/maturation

2.4.1. First and second rosette leaf development

By �7 days post-germination, the lignified cotyledons
are more mature, the hypocotyl contains well-developed
lignified vascular tissues, and the primary roots are contin-
uously elongating (Dharmawardhana et al., 1992). A pair
of rosette leaves had now emerged from the apical meri-
stem, as well as lateral roots and root hairs on the primary
roots. Unlike the cotyledons, which had only primary and
secondary veins, the rosette leaf vascular apparatus had
differentiated up to quaternary venation. This section,
however, again addresses only the aerial tissues, as the root
tissues are described separately later.

By �14 days, the cotyledons and first rosette leaves had
matured further. At this stage, while the second rosette leaves
had developed and fully expanded, a set of third rosette
leaves had just emerged from the apical meristem. The sec-
ond and third set of rosette leaves now had more complex
(lignified) venation patterns than the first leaves, with the
numbers and distribution of trichomes and hydathodes hav-
ing notably increased (Dharmawardhana et al., 1992).

Additionally, differentiation of the primary veins in the
rosette leaves had initiated from the procambium consisting
of protoxylem and metaxylem towards the leaf apex. After
maturation, the secondary veins had differentiated from
the apex of the primary vein and had developed basipetally,
after which tertiary vein formation began to occur basipe-
tally from the secondary veins (see Fig. 5.1), and subse-
quently the quaternary veins (Turner and Sieburth, 2003).

At 7–14 days, the expression patterns of both AtCAD4::-
GUS and AtCAD5::GUS were very similar; for example,
GUS expression was observed in the veins of the cotyledons,
hypocotyl, apical meristematic region, and in the vascular
apparatus of the first rosette leaves, including the hydath-
odes and trichomes (see Figs. 4.11 and 4.12 at 7 days). Hyd-
athodes, formed at the edge of the rosette leaves, are in close
proximity to the ends of the vascular (vein) system (see
Fig. 5.1). They are exit points of xylem vessels consisting
of a cluster of tracheary elements involved in water conduc-
tion (Candela et al., 1999), as well as guttation, i.e. where sap
containing metabolites, proteins, and ions is secreted into
the atmosphere connected with epithem (stomata) (Pilot
et al., 2004). While lignification has been previously
reported associated with hydathodes in response to bacterial
pathogen attack (Gay and Tuzun, 2000), these data are also
suggestive of constitutive expression/lignin deposition.

Additionally, in Arabidopsis, the trichomes are unicellu-
lar structures that are either branched singularly, or have
three to five branches (see Fig. 5.1) with a three-dimen-
sional architecture. These tubular cells are derived from
the epidermis, and can extend/branch during cell division
(Larkin et al., 1996; Mathur and Chua, 2000; Schwab



Fig. 4. Histochemical localization of GUS expression of AtCAD1–9 genes at early stages of Arabidopsis development: 3 day old seedlings (1–10) and 7 day
old seedlings (11–40). Arrows in 28 and 30 indicate lateral root initiation sites.
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Fig. 5. Anatomy of a rosette leaf (from the second pair) and floral tissues.
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et al., 2000). Trichomes have several proposed physiologi-
cal functions. These include: prevention of water evapora-
tion through formation of a boundary layer on the leaf
surface; formation of highly reflective hairs covered with
cuticle/waxy material to protect against excessive sunlight
(Esau, 1967); suspected detoxification functions for heavy
metals, as well as an ability to respond to several other
environmental stress conditions, such as salt stress and
encroachment by pathogens, e.g. fungi, pests or insects
(Gutiérrez-Alcalá et al., 2000).

The major components of mature trichomes are their
thick cell walls, which have been described as mainly con-
sisting of cellulose and lignin. In particular, the base of tric-
homes has been reported as having lignified cells to support
the overall structure (Esau, 1967). The expression data for
AtCAD4/5 are thus consistent with either a presumed role
in lignification or in plant defense. [As noted for the earlier
stages of development, however, AtCAD5s::GUS has
apparently only a faint level of GUS expression in the veins
of the cotyledons and the hypocotyl (Fig. 4.13). Thus, it is
again interesting to note that the upstream ALDH3 gene
sequence serves in a promoter capacity for AtCAD5. Since
at later stages of development no staining was observed in
the plants transformed with AtCAD5s::GUS, only data
obtained with the longer AtCAD5 promoter is shown].

With AtCAD2::GUS, there was again no detectable
GUS expression in any aerial tissues (i.e. the cotyledons,
hypocotyl, and first rosette leaves) (Fig. 4.14), whereas
for AtCAD3::GUS, expression was again specifically
restricted to the apical meristematic region (Fig. 4.15).

By contrast, the AtCAD7 and AtCAD8 genes were
apparently strongly expressed in the vascular apparatus,
i.e. of the mature cotyledons, the hypocotyl and the first
rosette leaves (Figs. 4.16 and 4.17), in a manner somewhat
similar to that of AtCAD4/5.

By days 7–14, the GUS expression patterns of AtCAD1::-
GUS and AtCAD9::GUS were also evident throughout the
entire vascular apparatus of the cotyledons and first
rosette leaves (Figs. 4.18 and 4.20) in a similar pattern to
that of AtCAD4::GUS, AtCAD5::GUS, AtCAD7::GUS

and AtCAD8::GUS. By contrast, while AtCAD6::GUS also
had detectable GUS expression in the cotyledon veins and
apical meristematic region, there was no detectable expres-
sion in the vascular tissues of the first rosette leaves, except
for the hydathodes (Fig. 4.19).

2.4.2. Rosette and cauline leaf emergence to maturation

At the 3 week developmental stage, most rosette leaves
had developed and were fully expanded. The bolting stem
had also emerged where it continues to elongate over the
next few weeks. By 4 weeks growth, cauline leaves had
developed on the ‘‘bolting’’ stem from the axillary meri-
stem of the branches with formation of a complex venation
pattern (data not shown).

The expression patterns of both AtCAD4::GUS and
AtCAD5::GUS were again very similar in the rosette and
cauline leaf tissues. That is, expression in both cases was
observed during growth/development from 2 to 7 weeks
in the veins, hydathodes, and at the base of trichomes of
the vascular apparatus (see Figs. 6.1, 6.2, 6.6 and 6.7 for
examples) as before.

For the AtCAD2::GUS, AtCAD3::GUS, AtCAD7::GUS

and AtCAD8::GUS transformants, the patterns of GUS
gene expression in the rosette and cauline leaf tissues were
also quite instructive. For AtCAD2::GUS, no expression
was again observed in any of the developing leaf tissues
from 2 to 5 weeks (Figs. 6.10 and 6.11), with only faint
expression being noted sporadically in lesions of senescing
(withering) leaf tissues (7–9 weeks) perhaps indicative of a
defense and/or senescence-related role (data not shown).
Additionally, only very weak GUS expression for
AtCAD3::GUS was noted at the base of the trichomes
and in the veins of rosette leaves from 7 to 8 weeks (Figs.
6.14 and 6.15), as well as in the tips of senescing leaf tissue
where withering was occurring, i.e. again perhaps indica-
tive of a defense and/or senescence function (data not



Fig. 6. Histochemical localization of GUS expression of AtCAD2–5 and 7–8 genes in 3–8 week old Arabidopsis leaf tissues and floral organs.
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shown). Most importantly, these data tend to indicate that
neither AtCAD2 nor 3 had any significant roles in the early
stages of lignin deposition.
By contrast, AtCAD7::GUS was very strongly expressed
in the vein and hydathode vasculature, and more weakly in
the trichomes from weeks 2 to 7 (Figs. 6.18 and 6.19). By 9
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weeks maturation, however, expression was now essen-
tially absent except in regions surrounding the hydathodes
of senescing tissues (data not shown). The GUS expres-
sion pattern of AtCAD8::GUS was also quite distinct,
being mainly noted in the hydathodes and trichomes of
rosette and cauline leaves from 2 to 7 weeks (Figs. 6.23
and 6.24).

Additionally, the AtCAD1::GUS, AtCAD6::GUS and
AtCAD9::GUS Arabidopsis transformants showed very
diverse patterns of gene expression. For AtCAD1::GUS,
the major region of expression from weeks 2 to 8 was in
the hydathodes and at the base of the trichomes
(Fig. 7.2). Expression in the veins was also observed where
the leaf tissue was damaged (Fig. 7.1). Strong expression
levels were noted for AtCAD6::GUS in the vein vasculature
and the hydathodes (Figs. 7.6 and 7.7), this gradually
reducing in intensity by 7 weeks (data not shown). By con-
trast, while AtCAD9::GUS was essentially specifically
expressed throughout the vasculature apparatus up to 2
weeks, it was only faintly detected in the hydathodes and
trichomes of the rosette and cauline leaves at the later
stages (Figs. 7.11 and 7.12). Thus, once again, these
sites of gene expression reveal the cellular targets where
Fig. 7. Histochemical localization of GUS expression of AtCAD1, 6 an
other technologies, such as knockouts/single cell dissec-
tion and metabolite analysis, etc., need to be carried out
to attempt to rigorously identify/establish biochemical
function(s).

2.5. Gene expression during primary and lateral root
elongation and maturation

The Arabidopsis root tissue can conveniently be classi-
fied into the three regions of differentiation, elongation,
and meristem. Of these, lignification apparently occurs
only in the differentiation/elongation regions containing
the vascular cylinder consisting of xylem and phloem tis-
sues (Esau, 1967; Scheres et al., 2002). On the other hand,
there is no known lignification occurring in either the root
cap or the root tip meristem. The root cap, composed of
living parenchyma cells containing starch, is derived from
root epidermal cells, and protects the root apical meri-
stem, as well as in aiding root penetration of the soil in
conjunction with perception of gravity (Matsuyama
et al., 1999). It is also mechanically strong and is rapidly
regenerated when removed through damage. In addition,
the root cap has a group of secretory vesicles for secretion
d 9 genes in 3–8 week old Arabidopsis leaf tissues and floral organs.
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of various metabolites, i.e. proteins, into the mucilage
layer that covers the root apex and assists in sloughing
of root cap cells (Esau, 1967; Matsuyama et al., 1999).
The root meristem, by contrast, is primarily involved in
the constant progression of cell division (de Obeso et al.,
2003).

In terms of GUS expression, by 3–14 days growth post-
germination, both AtCAD4::GUS and AtCAD5::GUS were
strongly expressed in the primary/lateral root (vascular)
tissues (Figs. 4.1, 4.21, 4.31, 4.2, 4.22 and 4.32). Strong
GUS expression for both was also noted in the initiation
sites for lateral roots developed from the primary root.
Interestingly, GUS expression was noted as well for
AtCAD4 and AtCAD5 in the root caps (Figs. 4.31 and
4.32). Since lignification has never been demonstrated to
occur in root caps (Sasaki et al., 1996), this may indicate
an alternate role in, for example, plant defense. Addition-
ally, in the elongating primary and lateral roots, there
was no GUS expression in the root tips as expected, i.e.
where the non-lignifying meristematic region is located.
By contrast, in the AtCAD5s::GUS, no GUS expression
in the primary/lateral root tissues including root tips and
caps was again observed (Figs. 4.3, 4.23 and 4.33).

For AtCAD2::GUS, there was no detectable GUS
expression in any of the root tissues throughout the entire
life span of the organism (Figs. 4.24 and 4.34), whereas for
AtCAD3::GUS, a strong pattern of expression was
restricted to the root tips containing the unlignified meri-
stematic region (Figs. 4.5, 4.25 and 4.35). This highlights
the need to target the meristem in order to attempt to
determine the biochemical function of this gene, and
whether it has any role or not in any form of phenylprop-
anoid metabolism, excluding lignification. For AtCAD7::-
GUS and AtCAD8::GUS, expression followed a similar
pattern to that of AtCAD4::GUS and AtCAD5::GUS, i.e.
in the differentiation and elongation zones of both primary
and lateral roots (Figs. 4.6, 4.26, 4.36, 4.7, 4.27 and 4.37).
Interestingly, in this case, there was no detectable expres-
sion in the root caps in contrast to AtCAD4::GUS and
AtCAD5::GUS. At 7–8 weeks, faint GUS activity was also
observed in mature roots even in the lateral root initiation
sites (data not shown).

For AtCAD1::GUS, initially there was no GUS expres-
sion in the primary root at 3 days (Fig. 4.8), while strong
expression was observed in the primary root vasculature
after 7 days growth (Fig. 4.28). Gene expression was also
not evident in the lateral root initiation sites of the primary
root or elongating lateral roots (Fig. 4.28, shown by an
arrow). As maturation of lateral root development pro-
gressed, however, GUS expression became restricted to
the vascular apparatus in the elongating regions, but not
in the root tips (Figs. 4.28 and 4.38). For AtCAD9::GUS,
there was also no GUS activity noted in the primary root
tissues at 3 days (Fig. 4.10); however, as for AtCAD1, there
was strong expression noted in the primary root as well as
in the lateral root initiation sites by 7 days (Fig. 4.30,
shown by arrows), but not in the meristematic root tips
or root caps (Figs. 4.30 and 4.40). As lateral root matura-
tion progressed, the GUS expression pattern was initiated
from the primary roots along the extending direction of
the lateral roots (Figs. 4.30 and 4.40). GUS expression pat-
terns for AtCAD6::GUS were also similar to AtCAD4::-
GUS and AtCAD5::GUS, i.e. in the primary and lateral
roots, as well as in the unlignified root caps (Figs. 4.9,
4.29 and 4.39).

2.6. Gene expression during stem bolting and maturation

The vascular bundles in the ‘‘bolting stem’’ consist of
xylem and phloem tissues and are involved in water con-
duction and transport of organic assimilates, respectively
(Dharmawardhana et al., 1992). These tissues consist of
protoxylem and metaxylem and are differentiated from
the procambium located between metaxylem and meta-
phloem (Esau, 1967; Parker et al., 2003; Patten et al.,
2005).

In the Arabidopsis stem, the vascular bundles are formed
in a ring and are separated by differentiation of interfascic-
ular regions through maturation (Esau, 1967; Patten et al.,
2005; Zhong et al., 1997). The latter are comprised of inter-
fascicular cambium involved in development of additional
vascular tissues and interfascicular fibers (if) which have a
mechanical support function for the acropetal growth of
the hypocotyl and inflorescence stem (Ehlting et al., 2005;
Little et al., 2002; Patten et al., 2005; Zhong et al., 1997).
The Arabidopsis vascular bundles are arranged as the col-
lateral type, where the xylem develops inside of the phloem.
In addition, the vascular bundles contain vascular cam-
bium derived from procambium between xylem and
phloem for possible future growth, i.e. for development
of secondary vascular tissues (Little et al., 2002; Patten
et al., 2005; Zhong et al., 1997).

In the inflorescence stems of Arabidopsis, lignification
mainly occurs in the xylem (xy) tissues consisting of trache-
ary elements that contain thickened secondary cell walls
and interfascicular fibers (if) throughout stem development
(see Fig. 8) (Patten et al., 2005; Zhong et al., 2000). Gener-
ally, the xylem (xy) tissues predominantly consist of guaia-
cyl (G) lignin only, whereas the interfascicular fibers (if)
contain both G and syringyl (S) lignins during stem growth
and development (Dharmawardhana et al., 1992; Patten
et al., 2005; Zhong et al., 2000).

At an early stage of stem development, the differentia-
tion of the vascular bundles with lignified xylem tracheary
elements occurs prior to the development of interfascicular
fibers (if) (Patten et al., 2005). At this stage, the G lignin is
deposited preferentially in the xylem (xy) cell walls. Later,
the S lignin contents in mature stems gradually increase
due to formation of interfascicular fibers (if) (Ehlting
et al., 2005; Patten et al., 2005).

With stem growth and development, intense GUS
expression was noted for AtCAD4::GUS and AtCAD5::-
GUS from 4 to 8 weeks in the lignifying tissues in agree-
ment with preliminary studies by Sibout et al. (2003), i.e.



Fig. 8. Histochemical localization of GUS expression of AtCAD1–9 genes
in Arabidopsis stem cross-sections. Abbreviations: xy, xylem; vc, vascular
cambium; ifc, interfascicular cambium; if, interfascicular fibers; co, cortex;
pi, pith. Note. Localization was examined at base, middle and top of
stems. Due to consistency of data, only basal sections are shown.
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in the cells associated with the vascular cambium, interfas-
cicular cambium, and the developing xylem (Figs. 8.1–8.4).
However, there was no expression detected in non-lignify-
ing tissues, such as the cortex, the epidermis and the pith.
For both genes, there was no indication of expression fur-
ther into the now lignified interfascicular fibers (if) where G
and S lignins were deposited. These data are thus consistent
with our previous enzyme characterization data (Kim
et al., 2004), as well as that of the AtCAD4/5 double
mutant (Sibout et al., 2005), i.e. indicating that both
AtCAD4 and 5 have dominant roles in monolignol 6–10

and lignin formation.
A proteomics analysis of five-week old basal Arabidopsis

lignifying and non-lignifying stem tissues, however, also
indicated that AtCAD5 was potentially present in both tis-
sues at this stage, whereas AtCAD4 was detected only in
the lignifying tissues (Cho et al., manuscript in
finalization).

With AtCAD2::GUS and AtCAD3::GUS, however,
there was no detectable level of expression in the stem tis-
sue at any of the 4–8 week growth/development stages
examined, again in keeping with both lacking any direct
role in macromolecular lignin formation in the stems
(Figs. 8.5–8.8). On the other hand, AtCAD7::GUS expres-
sion was readily observable, albeit only in the vascular
cambium region from 4 to 8 weeks growth, but not in
the interfascicular cambium and fiber regions under the
conditions employed (Figs. 8.9 and 8.10). Nor was GUS
expression observed in the developing xylem lignifying tis-
sue, the cortex, the epidermis or the pith. GUS-staining of
AtCAD8::GUS was also noted from 4 to 8 weeks, this
occurring in the same regions as for AtCAD4::GUS and
AtCAD5::GUS, i.e. in the vascular cambium and develop-
ing xylem tissues (Figs. 8.11 and 8.12). Taken together
with the other expression data, this may provisionally sug-
gest a possible (more minor) role for AtCAD7/8 in stem
tissue lignification.

Strong levels of GUS expression were also noted for
AtCAD1::GUS, AtCAD6::GUS and AtCAD9::GUS from
4 to 8 weeks in the vascular cambium, interfascicular cam-
bium and developing xylem of the stem vascular apparatus
(Figs. 8.13–8.18), i.e. as already observed for AtCAD4::-
GUS, AtCAD5::GUS and AtCAD8::GUS. In addition,
GUS activity for AtCAD1::GUS was also apparently
observed in the non-lignifying tissues, such as the cortex
region (Figs. 8.13 and 8.14).

2.7. Gene expression during floral apparatus development/

maturation

Angiosperms flowers are composed of several reproduc-
tive organs (see Fig. 5.2) for development of fruits and
seeds through fertilization of the ovules. As a member of
the Brassicaceae, Arabidopsis produces seed-bearing sili-
ques as its fruits develop from the flowers. The Arabidopsis

flowers consist of gynoecium, stamen, sepals, and petals,
being initially differentiated from the floral meristems,
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located in the meristem of the inflorescence stem. After
emergence of the flower bud, it is separated from the shoot
apex, and four sepals are involved in protection of the
flower before opening occurs. At the next stage, the devel-
opment of petals and stamens begins, and consequently,
the flower buds are covered with sepals with the gynoecium
primordium differentiation. The latter then develops into
an open cylinder form, elongated via differentiation of
medial vascular bundles. At this stage, the stamen and pet-
als elongate from the center of the flower bud, followed by
development of the placentae, in the gynoecium.

At the next stage, in the gynoecium, the ovule primor-
dium develops from the placentae and differentiation of
the lateral vascular bundles is initiated. Differentiation of
the carpel walls has thus then begun into the exocarp con-
taining faintly thickened cell walls, as well as in the meso-
carp comprised of parenchyma cells and the endocarp with
thin cell walls. After formation of the septum in the gynoe-
cium, the stigma and papillary cells develop at the top of
the gynoecium, and the short style region is separated from
the ovary with growth of the stamen and petals. At this
time, the endocarp in the carpel walls differentiates into
two layers; the rigid lignified enb cell and the unlignified
ena cell layers. The obvious branching of the medial vascu-
lar bundles has occurred at the top of the gynoecium and
the ovule development inside the ovary has also been initi-
ated at this stage. The development of the pollen tube, the
flower opening, and general pollination occurs then only
after the development of stigma and papillary cells has
completed with the differentiation of the transmitting tract
(Alvarez and Smyth, 2002; Dinneny and Yanofsky, 2005;
Ferrándiz et al., 1999; Kuusk et al., 2002; Sessions and
Zambryski, 1995).

Lignification of tracheary elements in xylem tissues
appears in the late stages of gynoecium development. Fol-
lowing development of procambium, lignification preferen-
tially occurs in the medial vascular bundles. The medial
xylem tissues then gradually lignify in both directions, from
the base of the gynoecium acropetally and from the devel-
oping xylem in the style basipetally, with the two lignified
xylem elements ultimately joining around the center of
the replum. On the other hand, the lateral xylem tissues
are lignified only acropetally from the base of the gynoe-
cium following lignification of the medial bundles. In the
style, differentiation of the additional xylem tissues contin-
uously occurs, and the lignified lateral xylem bundles grow
upward to the tip of the valves (Alvarez and Smyth, 2002).

For the male reproductive organ system, the Arabidopsis

stamen is comprised of an anther bearing pollen grains and
a filament containing a single vascular strand which is sep-
arated from the vascular system of the sporogenous tissue
(Esau, 1967). The cell wall of the Arabidopsis (and most
other flowering plants) anthers is comprised of four layers:
epidermis, endothecium, middle layer and tapetum.
Among these layers, the endothecial wall plays an impor-
tant role in anther dehiscence with secondary cell wall
thickenings associated with lignification. On the other
hand, the cell walls of the stomium and circular cells
derived from the epidermis of the anther are not thickened.
Lignification has not occurred in these unthickened cell
walls, therefore, the stomium and circular cell walls are
weaker than lignified endothecial cell walls. Following
development of pollen, the anther dehiscence is carried
out by shrinkage of different cell wall types, lignified and
unlignified walls. Through bursting of the anthers, pollen
grains are released from the anthers, and finally, pollina-
tion takes place (Dawson et al., 1999).

At the point of anthesis, pollination has occurred and
the pollen tubes develop via the transmitting tract growing
into the ovules for fertilization. In addition, at this stage,
the boundaries of the valves and the replum are also clearly
separated. After fertilization, the development of the Ara-

bidopsis fruits called ‘‘siliques’’ and seeds begins. In the
valve walls, the anticlinal division and longitudinal expan-
sion takes place in the exocarp and mesocarp wall layers,
but not in the mesocarp layer located at the edges of the
valves adjacent to the replum. Additionally, in the endo-
carp, the enb cells expand longitudinally, while the ena cells
divide in all directions thus appearing large, round, and
swollen. Due to lignin deposition specifically in the enb

cells, the endocarp wall layers are rigid during silique devel-
opment and maturation. After xylem lignification, in the
medial vascular bundles of the gynoecium, most of the pet-
als and sepals wither; yet, the siliques are continuously
extending. Following maturation of siliques, differentiation
of the dehiscence region located in the valves and replum
margin has occurred (Dinneny and Yanofsky, 2005;
Ferrándiz et al., 1999).

The dehiscence region is very important for fruit dehis-
cence and seed dispersion. As the growing of the valve and
septum cells occurs, the outer walls of the exocarp are cov-
ered with a thickened cuticle layer, and the enb cells
develop into schlerenchyma cells, followed by the cells lig-
nifying. With yellowing and drying of the siliques, lignin
deposition in the enb cells continuously progresses, and
degradation of the ena cells begins. The pod shattering
and seed scattering that then occur subsequently, are per-
formed by a spring-like physical tension mechanism with
the lignified enb cells. Finally, the siliques are dried-out
and opened; thereafter, the seeds are released from the sil-
iques (Dinneny and Yanofsky, 2005; Ferrándiz et al., 1999;
Liljegren et al., 2000; Rajani and Sundaresan, 2001).

In terms of development of the floral organs, strong lev-
els of GUS expression were noted for AtCAD4::GUS and
AtCAD5::GUS from 4 to 8 weeks development. Specifi-
cally, in young flowers, this was observed for AtCAD4::-
GUS in the anthers where pollen development take place
and the sepal veins, but not in the stigmatic region, style,
and the petals (Fig. 6.3). In older flowers, however, strong
GUS expression was additionally noted in the stigma with
the papillary cells (Fig. 6.4). AtCAD5::GUS displayed a
similar pattern of expression, except for the absence of gene
expression in the apical stigma which contains the papillary
cells (Fig. 6.8). Additionally, the vascular strands in the
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petals and sepals were strongly stained as for AtCAD4::-
GUS, as well as in the style, the anthers, and the stamen fil-
aments. In the maturing siliques (prior to seed release) of
both AtCAD4::GUS and AtCAD5::GUS transformants, a
strong level of expression was noted, i.e. initially in the stig-
matic regions and then in both the abscission and style
regions, but not in the seeds themselves (Figs. 6.5 and
6.9). In the internode of the gynoecium (abscission zone),
which is known as initiation site of fruit dehiscence, the lig-
nin is longitudinally deposited in the enb cells to produce a
spring-like physical tension for seed release.

The expression patterns of both AtCAD2::GUS and
AtCAD3::GUS again differed markedly from that of
AtCAD4::GUS and AtCAD5::GUS. That is, no GUS
expression for AtCAD2::GUS was observed either in the
flowers or in the siliques (Figs. 6.12 and 6.13). With
AtCAD3::GUS, expression occurred only in the abscission
zones of newly formed siliques (Figs. 6.16 and 6.17) but not
in the mature silique (data not shown). The physiological/
biochemical significance of this staining is, however,
unknown.

The expression patterns of AtCAD7::GUS and
AtCAD8::GUS were also quite distinctive. In young flow-
ers, a faint level of GUS expression of both genes was
noted in the style and anthers, as well as in the stigmatic
regions (Figs. 6.20 and 6.25). As the flowers mature,
GUS expression was much more intense and widespread
in the style, the anthers containing pollen grains, the sta-
men filaments, and the vascular tissues of the sepals for
AtCAD7::GUS (Fig. 6.21), as well as in the maturing floral
organs of AtCAD8::GUS, but not in the sepals (Fig. 6.26).
Additionally, there were strong levels of expression in the
abscission and style regions of the maturing siliques for
both, as well as in the stigmatic zone for AtCAD7::GUS

(Figs. 6.22 and 6.27).
Although lacking detectable CAD activities in vivo, the

encoding genes of AtCAD1, 6 and 9 were also strongly
expressed in the floral organs. Thus, for AtCAD1::GUS,
expression was observed in the style, the vascular strands
of the sepals of young flowers (Fig. 7.3), as well as in the
anthers with pollen grains in older flowers (Fig. 7.4).
GUS activity was also noted in the abscission and stigmatic
regions of the developing siliques (Fig. 7.4), in the maturing
silique and finally only in the abscission zone of the mature
siliques (Fig. 7.5). Expression of AtCAD6::GUS was also
quite pronounced in the entire floral organs from 4 to 6
weeks, although not in either the stigma or petals (Figs.
7.8 and 7.9). Its overall expression patterns in the floral
organs were similar to that of AtCAD5::GUS except for
expression in the petal veins. In the siliques, AtCAD6::GUS

was also strongly expressed in the abscission and style
regions, as well as in the medial xylem strands
(Fig. 7.10). Furthermore, AtCAD9::GUS was strongly
expressed in the stigmatic region containing the papillary
cells, style, anthers include pollen, stamen filaments, and
sepals of the floral organs (Fig. 7.13). However, at a later
stage, GUS expression for AtCAD9::GUS was evident
throughout the entire floral organs (Fig. 7.14) and was
quite distinct from that of AtCAD1::GUS, AtCAD4::GUS

and AtCAD6::GUS. On the other hand, AtCAD9::GUS

was strongly expressed in the abscission and style regions
the siliques including stigmatic regions (Fig. 7.15).

Additionally, laccases (EC 1.10.3.2) are multi-copper
enzymes that have often been reported as involved in
monolignol polymerization leading to lignins, but for
which there is yet no compelling proof (see Lewis et al.,
1999). Recently, loss-of-function studies of one Arabidopsis

laccase isoform, AtLac14 (At5g48100), had indicated a
putative role for laccases in the oxidation of flavonoids in
the seed coat (Pourcel et al., 2005). Yet another study, by
contrast, also proposed a role in lignification in the seed
coat for this laccase isoform (Liang et al., 2006). In this
context, promoter–GUS fusions of AtLac14 (Turlapati
et al., manuscript in finalization) indicated that it is indeed
expressed in seed coat tissues, but also in other tissues as
well. However, by contrast, none of the bona fide and/or
putative CAD family, including both AtCAD4::GUS and
AtCAD5::GUS, gave any detectable form of expression in
the seed coat tissues under the conditions described. These
data suggest that the laccase(s) expressed in the seed coats
is (are) involved in physiological processes other than
lignification.

2.8. Comparison of GUS expression with microarray gene

expression databases

We have also explored the Arabidopsis gene expression
database at AtGenExpress (http://www.weigelworld.org/
resources/microarray/AtGenExpress/) that covers a wide
range of developmental stages as well as different organs
(Schmid et al., 2005). Expression levels were measured
using Affymetrix’s GeneChip microarray technology. In
brief, AtCAD5 transcripts were detected in roots, stems,
leaves, flowers and siliques, i.e. with the same patterns
described above for GUS staining. Interestingly, AtCAD4
transcript levels were higher in the roots as compared to
the other organs and overall lower to those observed for
AtCAD5. AtCAD3 transcripts were not observed in any
organs analyzed in agreement with GUS staining data.
AtCAD7 transcripts were mainly found in leaves and flow-
ers, whereas AtCAD8 was mainly only detected in the flow-
ers. AtCAD1 transcripts levels were highest in stage 8–10
seeds. In contrast to the results observed in this study,
AtCAD6 transcripts were mainly not detected. AtCAD9

expression levels were the highest overall particularly in
the flowers and siliques containing stage 3–5 seeds, the sig-
nificance of which is unknown.
3. Conclusions

Based on the report by Kim et al. (2004), the nine-mem-
bered CAD multigene family and CAD homologues in
Arabidopsis could be divided into three groups based on

http://www.weigelworld.org/resources/microarray/AtGenExpress/
http://www.weigelworld.org/resources/microarray/AtGenExpress/
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their relative CAD catalytic activities in vitro. To compre-
hensively delineate the patterns of gene expression of each
in vivo, GUS histochemical localization was performed for
each potential isoform. Taken together, the results
obtained herein (together with studies of Kim et al.
(2004) and Sibout et al. (2005)) indicate that AtCAD4
and 5 are mainly involved in the metabolic network for lig-
nin formation in the various forms of the vascular appara-
tus; provisionally, AtCAD7 and 8 may also be associated
with lignification in a more minor way. Interestingly, the
promoter region for AtCAD5 had to be extended into
the ALDH3 gene sequence in order for expression to be
observed. By contrast, AtCAD2 and 3 had no GUS expres-
sion patterns specific to the vascular system and thus must
be considered as involved in other biosynthetic pathways.
Additionally, while AtCAD1, 6 and 9 displayed similar
expression patterns to AtCAD4 and 5, their corresponding
enzymatic properties in vitro lacked CAD catalytic activity
proper in our hands, and thus their true biochemical roles
also need to be established.

Most importantly, the gene expression patterns now
offer the opportunity to target specific cell types in order
to identify true physiological functions of the CAD-like
and CAD homologues. This comprehensive analysis also
further demonstrates, however, the challenges and oppor-
tunities in annotating possible Arabidopsis gene functions.
This is particularly evident with the (unproven) reclassifica-
tion of some of these CAD homologues (e.g. AtCAD2,
6–9) as mannitol dehydrogenases, for which there is no
biochemical determination supporting such a function in
Arabidopsis. Determination of gene function is thus a par-
ticularly important challenge, as it is currently estimated
that only about 12% or so of the Arabidopsis genes in
2006, in fact, have a truly known biochemical function
(The Multinational Arabidopsis Steering Committee,
2006). Lastly, although not discussed herein, the differen-
tial patterns of gene expression under control of these dif-
ferent promoters provides an opportunity in the future to
establish what roles the promoter elements have in target-
ing localization/developmental stages, to specific cells and
tissues.
4. Experimental

4.1. Materials

pCR�II-TOPO vector and Taq DNA polymerase were
purchased from Invitrogen (Carlsbad, CA), whereas
pCAMBIA 1305.2 vector was from Cambia (Canberra,
Australia). PfuTurbo� DNA polymerase was purchased
from Stratagene (La Jolla, CA), and the restriction
enzymes, EcoRI, HindIII, PstI and NcoI, were from New
England Biolabs (Beverly, MA). REDExtract-N-AMP
Plant PCR Kit was obtained from Sigma (St. Louis, MO)
with 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Gluc)
from Gold Bio Technology, Inc. (St. Louis, MO).
DNeasy� Plant Mini Kit and QIAquick Gel Extraction
kits were from Qiagen (Valencia, CA), with the Rapid
DNA Ligation Kit purchased from Roche (Indianapolis,
IN). Custom oligonucleotide primers for PCR and
sequencing were synthesized by Invitrogen.

4.2. Plant material and growth conditions

Wild type Arabidopsis thaliana (ecotype Columbia)
plants were grown on soil as previously described (Patten
et al., 2005), whereas transgenic Arabidopsis plants for
GUS analysis were grown in growth chambers at 21 �C
with a 16 h day/8 h night cycle and a light intensity of
248.5 lmol m�2 s�1.

4.3. Isolation of 5 0-flanking region of AtCAD1–9 and

promoter::GUS vector construction

Rosette leaves of 5-week-old A. thaliana (WT) were fro-
zen in liq. N2, ground to a powder in a mortar, with geno-
mic DNA isolated and purified using a DNeasy� Plant
Mini Kit, following the manufacturer’s instructions. The
5 0-flanking region of each of the 10 AtCAD homologues
(two for AtCAD5) was next individually amplified by
PCR using an aliquot of the purified DNA with forward
and reverse gene-specific primers designed from the TAIR
database (Table 1). The forward primers contained EcoRI,
PstI or HindIII sites, whereas the reverse primers had a
NcoI site (Table 1). The PCR mixture consisted of
0.2 mM each dNTPs, 0.2 lM of forward and reverse prim-
ers, 50 ng genomic DNA, 1· Cloned Pfu DNA polymerase
reaction buffer, and 2.5 U PfuTurbo� DNA polymerase,
with amplification using the touch-down method described
in Kim et al. (2004). After reaction, the PCR products were
individually analyzed on an 0.5–1.2% (w/v) agarose gel
depending on promoter size, then further purified using
the QIAquick gel extraction kit following the manufac-
turer’s instructions, and subsequently cloned into a
pCR�II-TOPO vector for sequencing and further pCAM-
BIA vector construction. For complete sequence confirma-
tion, vector specific primers (M13 forward/reverse) and, if
needed, promoter specific internal primers (Table 2) were
used. After sequence verification, each promoter region
was individually excised from the pCR�II-TOPO vector
with the corresponding restriction enzymes as shown in
Table 1. In parallel, the pCAMBIA 1305.2 vector was also
cleaved with EcoRI/NcoI (for AtCAD1 to 8 and
AtCAD5s), PstI/NcoI (for AtCAD5) or HindIII/NcoI (for
AtCAD9) to remove the 35S CaMV promoter. Using the
Rapid DNA Ligation Kit, each AtCAD promoter region
excised from the pCR�II-TOPO vector was individually
ligated into the corresponding pCAMBIA 1305.2 vector
(Fig. 3). The sequence of each AtCAD promoter in the
pCAMBIA 1305.2 vector was further confirmed using
pCAMBIA vector specific primers (forward: 5 0-CCATCT-
TTGGGACCACTGTCG-3 0, reverse: 5 0-GCACGATAC-
GCTGATCCTTC-3 0) as well as with the corresponding



1972 S.-J. Kim et al. / Phytochemistry 68 (2007) 1957–1974
AtCAD promoter specific primers (Table 1) and, if needed,
the promoter specific internal primers (Table 2).

4.4. Arabidopsis transformation and selection

Each construct (AtCAD1::GUS through AtCAD9::GUS
and AtCAD5s::GUS) was individually introduced by elec-
troporation (An et al., 1988) into the Agrobacterium tum-

efaciens strain GV3101, with subsequent Arabidopsis

transformations using the floral dip method (Clough and
Bent, 1998). After transformation, plant lines were green-
house-grown until the siliques were mature and dry. The
resulting seeds (T0) were next harvested, with individual
transformant (T1 plant) lines selected for 2 weeks on MS
medium containing hygromycin B (20 mg/l, optimized con-
centration) as selection agent (Hadi et al., 2002) and car-
benicillin (100 mg/l). Transformants were next transferred
to soil and greenhouse-grown until seed (T1) maturation.

That the plant lines were transgenic was confirmed as
follows: a rosette leaf from each 3-week-old transgenic T2

Arabidopsis (AtCAD1::GUS through AtCAD9::GUS and
AtCAD5s::GUS) was harvested with the genomic DNA
isolated using the REDExtract-N-AMP Plant PCR Kit fol-
lowing the manufacturer’s instructions. PCR was next car-
ried out for each using the touch-down method described
in Kim et al. (2004) with an aliquot of the extracted geno-
mic DNA, the pCAMBIA vector specific primers and the
corresponding AtCAD promoter specific primers (Table
1) or promoter specific internal primers, as needed (Table
2). The individual amplified PCR products so obtained
were then directly sequenced.

4.5. Histochemical localization of GUS expression

Histochemical GUS analyses were carried out on T2

plants at 3 days after seeding, and then at weekly intervals
from one to nine weeks, i.e. until maturation/senescence.
Three to fourteen day old plants were grown on MS med-
ium, whereas plants analyzed at ages from 3 to 9 weeks
were grown on soil.

Histochemical staining was as described by Jefferson
et al. (1987) and modified by Kim et al. (2006, 2002).
Whole plants or detached organs were immediately
immersed in GUS staining solution consisting of X-Gluc
(1.0 mM), K3Fe(CN)6 (5 mM), K4Fe(CN)6 (5 mM), and
Triton X-100 (0.5%, v/v) in sodium phosphate buffer
(50 mM, pH 7.0). After staining for 3–12 h at 37 �C on
an orbital shaker at 30 rpm, plant tissues were bleached
several times by washing with aqueous EtOH (3:7, v/v).
Stained tissues were analyzed under a dissecting micro-
scope (Wild Photomakroskop M400, Switzerland) with
photographs taken by color reversal slide film (Kodak
Ektachrome 64T) and scanned.

For stem cross-sectional analyses, sections (�1 cm) were
immediately immersed in formaldehyde (0.5%, v/v) for
1 min at room temperature (Sibout et al., 2003). Thick sec-
tions (�0.2-mm) were then cut with a double-edge razor
blade in sodium phosphate buffer (50 mM, pH 7.0) con-
taining K3Fe(CN)6 (5 mM), K4Fe(CN)6 (5 mM), and Tri-
ton X-100 (0.5%, v/v). Sections were next transferred into
the GUS staining solution (see above) but containing
0.5 mM X-Gluc (instead of 1.0 mM). After 20–60 min incu-
bation at 37�C with shaking, the stained stem cross-sec-
tions were bleached with aqueous EtOH (3:7, v/v) and
analyzed as described above. Expression patterns were sim-
ilar between basal, middle and top section of the stem, and
only basal sections are shown (Fig. 8).

4.6. Microarray data comparison

Microarray data compiled in the AtGenExpress data-
base (http://www.weigelworld.org/resources/microarray/
AtGenExpress/) were analyzed for AtCAD1 and
AtCAD3–9, AtCAD2 could not be compared as it is not
on the Affimetrix array chip.
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