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ABSTRACT

The content and composition of the plant cell wall polymer lignin affect plant fitness, carbon seques-
tration potential, and agro-industrial processing. These characteristics, are heavily influenced by the supply
of hydroxycinnamyl alcohol precursors synthesized by the enzyme cinnamyl alcohol dehydrogenase (CAD).
In angiosperms, CAD is encoded by a multigene family consisting of members thought to have distinct roles
in different stages of plant development. Due to the high sequence similarity among CAD genes, it has been
challenging to identify and study the role of the individual genes without a genome sequence. Analysis of the
recently released sorghum genome revealed the existence of 14 CAD-like genes at seven genomic locations.
Comparisons with maize and rice revealed subtle differences in gene number, arrangement, and expression
patterns. Sorghum CAD2 is the predominant CAD involved in lignification based on the phylogenetic
relationship with CADs from other species and genetic evidence showing that a set of three allelic brown
midrib (bmr) lignin mutants contained mutations in this gene. The impact of the mutations on the structure
of the protein was assessed using molecular modeling based on X-ray crystallography data of the closely
related Arabidopsis CAD5. The modeling revealed unique changes in structure consistent with the observed

phenotypes of the mutants.

HE biogenesis of the lignified plant cell wall is a
complex metabolic process in which the formation

and modification of several cell wall polymers need to be
coordinated. Lignin is synthesized via the oxidative coup-
ling of several phenolic monomers. The traditional view
holds that lignin is derived from the monolignols p-
coumaryl, coniferyl, and sinapyl alcohol, which give rise
to p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
residues, respectively. Small amounts of other phenolic
molecules can be incorporated as well, as a function of
the species, genetic make-up, and tissue (reviewed by
RALPH et al. 2004). The last step in monolignol biosyn-
thesis is the reduction of cinnamyl aldehyde precursors
(reviewed by HuMPHREYS and CHAPPLE 2002), catalyzed
by the enzyme cinnamyl alcohol dehydrogenase (CAD;
EC 1.1.1.95; MANSELL e/ al. 1974). Two enzymes with
cinnamyl alcohol dehydrogenase activity were identified
in Eucalyptus gunnii, and named EgCAD1 and EgCAD2
(GOFFNER et al. 1992). The enzymes are structurally
unrelated and share no sequence similarity. EgCAD1 is
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more similar to cinnamoyl-CoA reductase (EC 1.2.1.44),
its active form is a monomer, and it is active toward a
range of substrates, including coniferaldehyde and ben-
zaldehyde derivatives, but not sinapaldehyde (GOFFNER
etal. 1992,1998; HAWKINS and BoupET 1994) . EgCAD2is
active asahomo-orheterodimer (HAwkINS and BOUDET
1994; BOUDET et al. 2004) and can synthesize all three
monolignols. EgCAD2 was considered the predominant
CAD involved in lignification (GOFFNER ¢t al. 1992), and
was the basis for studies on the role of CAD in lignif-
ication in other species. Recently, however, downregu-
lation of the tobacco ortholog of EgCADI was shown to
have a subtle effect on the synthesis of coniferyl alcohol
(DaMIANT et al. 2005). Unless stated differently, further
mention of CAD refers to EgCAD2-type enzymes.

In gymnosperms, which contain lignin composed
primarily of G residues, the CAD activity is strongly coni-
feraldehyde specific. Several CAD isoforms have been
identified in gymnosperm species, although it is still
unclear whether those isoforms represent alleles of a
single locus or paralogs (GALLIANO et al. 1993; MACKAY
et al. 1997; SCHUBERT e/ al. 1998). In angiosperm species
CAD is encoded by a multigene family (D1XoN et al. 2001;
L1 et al. 2001; LYNCH et al. 2002; SiBouUT et al. 2003;
Tosiasand CHow 2005). The Arabidopsis and rice CAD
gene families consist of 9 and 12 members, respectively
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(TAVARES el al. 2000; SiBoUT el al. 2003; ToBias and
Caow 2005). Angiosperm CAD proteins are multifunc-
tional enzymes capable of catalyzing the reduction of
p-coumaryl, coniferyl, and sinapyl aldehydes to their
corresponding alcohols (HAwWKINS and BOUDET 1994;
Kim et al. 2004). The greater variation in lignin compo-
sition in angiosperms related to maturity and tissue type,
together with the presence of multiple CAD genes, has
led to the hypothesis that specialized CAD proteins with
differential affinities for their aldehyde substrates play a
role in regulating lignin composition during develop-
ment (L1 et al. 2001). The identification of a sinapyl
alcohol dehydrogenase (SAD) in aspen (Populus trem-
uloides), which has greater affinity for sinapaldehyde
than coniferaldehyde (L1 et al. 2001), provides support
for this hypothesis. However, no specific requirement
for SAD activity for the synthesis of S units has been
identified in Arabidopsis (KiM et al. 2004; S1BOUT et al.
2005).

Phylogenetic analyses of the Arabidopsis and rice CAD
gene families reveal several subgroups (TAVARES el al.
2000; RAESs et al. 2003; SiBouUT et al. 2003; ToBIias and
Cnow 2005), one of which displays strong similarity to
the gymnosperm CADgenes. This group contains the genes
that have been implicated in lignification of the vascular
tissue by biochemical, expression, and mutant studies,
including AtCAD4 and AtCADS (S1BouUT et al. 2003; Kim
et al. 2004; SiBouT et al. 2005), ZmCAD2 (HALPIN et al.
1998; GUILLAUMIE ef al. 2007a), and OsCAD2 (ToBias
and Caow 2005; ZHANG et al. 2006). The enzymes
encoded by the genes belonging to other groups have
lower sequence similarity to these bona fide CADs and
present wider substrate preferences and varying degrees
of enzymatic activity and expression (for review see RAES
et al. 2003; KiMm et al. 2004; GUILLAUMIE ¢f al. 2007a). It is
likely that some of the genes are involved in defense
response (KIEDROWSKI et al. 1992; BRILL et al. 1999) or
metabolic processes not related to the lignification of
the vascular tissue.

Although modifications in lignin content and com-
position have been observed in the vascular tissue of mu-
tants and transgenics with reduced CAD activity (HALPIN
et al. 1994, 1998; BAUCHER e¢f al. 1996, 1999; CHABANNES
etal. 2001; S1BOUT et al. 2005), it has been difficult to assign
unique functions to individual CADgenes, underscoring
the complementation capacity of the CAD multienzyme
network. Without clear differences in substrate specific-
ity, the spatiotemporal control of lignin biosynthesis in
Arabidopsis and maize may therefore be the result of the
regulated expression of tissue-specific CAD genes (RAES
et al. 2003; GUILLAUMIE et al. 20072).

The maize brown midribl (bml) mutant, which has
reduced CAD activity (HALPIN et al. 1998), reportedly
has lower expression of several CAD genes (GUILLAUMIE
et al. 2007b) and several other monolignol biosynthetic
genes. This led to the hypothesis that the BmI gene may
encode a transcription factor. Regulatory genes impli-

cated in the regulation of lignification were shown to be
reduced in expression (GUILLAUMIE e/ al. 2007b). In
contrast, a phenotypically similar mutant in rice, the
golden hull and internode2 (gh2) mutant, is caused by a
mutation in the OsCAD2 gene, the ortholog of the maize
ZmCAD2 gene identified by HALPIN et al (1998).
Genetic complementation experiments demonstrated
that expression of the wild-type OsCAD2 gene was suffi-
cient to restore normal cell wall composition of gh2
plants (ZHANG et al. 2006). The brown midrib (bmr) mutants
of sorghum (PORTER et al. 1978) are similar to the bm
mutants of maize. The abbreviation bmrwas adopted to
distinguish it from bm, already in use for the sorghum
bloomless mutants (AYYANGAR and PonNNArva 1941).
There are atleast four independent bmrloci (BITTINGER
et al. 1981; SABALLOS et al. 2008). One of the mutants,
bmro, displays decreased CAD activity (BUCHOLTZ et al.
1980; PALMER et al. 2008) and contains cell walls with
higher levels of cinnamaldehydes (PILLONEL et al. 1991;
SaBALLOS et al. 2008). Aided by the release of the sor-
ghum genome sequence (www.phytozome.net/sorghum),
we report here the systematic analysis of the sorghum
CAD gene family, its relationship with the gene families
from other species, and the identification of the Bmr6
gene.

MATERIALS AND METHODS

Genome analysis: CAD-like genes were identified by per-
forming a BLAST homology search (ALtscHuL et al. 1990)
of the sorghum genome sequence database (http:/www.
phytozome.net/sorghum) using as queries the DNA or de-
duced amino acid sequences of the rice OsCAD2 (AK105011;
Tosias and CHow 2005), Arabidopsis A{CAD4 and AtCAD5
(At3g19450 and At4g34230, respectively; SiBouT et al. 2003),
and maize ZmCAD2 (AJ005702.1; HALPIN ¢t al. 1998; GUILLAUMIE
et al. 2007b). The deduced amino acid sequences were used to
query the translation of the sorghum genome in all six frames.
The deduced amino acid sequence of the best DNA sequence
match was used as a new query in both the sorghum and
Arabidopsis (www.arabidopsis.org) genomes. This process was
repeated until no additional CAD-like sequences were identi-
fied. Gene structure was predicted using Fgenesh+ (SaLamov
and Sorovyev 2000), and predicted intron/exon structures
were compared with available EST sequences of rice and other
grass species. Phylogenetic analysis included all rice and
Arabidopsis CAD protein family members (Kim et al. 2004;
Tosias and CHOw 2005). Two sorghum CAD genes (genomic
accession mnos. Sb02g024200.1 and Sb10g006310.1) were
excluded from the analysis, because their sequences did not
appear to encode functional proteins. Multiple sequence
alignments were generated using CLUSTAL W version 3.2
(THOMPSON et al. 1994) with default parameters (http:/
workbench.sdsc.edu). A Bayesian phylogenetic analysis was
performed using MrBayes software (http:/mrbayes.csit.
fsu.edu/index.php; HUELSENBECK and RoNqQuisT 2001) with
the amino acid model set to pr = mixed, parameters Iset rates =
gamma, number of generations = 256,000 with sampling every
100 generations (RoNQuisT ef al. 2005). The output file was
visualized for analysis using TreeView (PAGE 1996).

Plant materials and nucleic acid extraction: The brown
midrib mutants bmr6-ref, bmr6-3, and bmr6-27, belonging to the
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TABLE 1

Primer sequences used for SbCAD gene expression experiments

Genomic position Sequence
Gene Upper Lower Upper Lower
SbCAD2 2931 3923 AAGATCTGGTCCTACAACGA GGACGACGAGCTGATCAC
SbCAD4-2 1257 2104 CACCTCTTCTGTGTGCTGGGATAAC GAAATGGATCAAACGGATGGTC
SbCAD4-3 984 3039 GTTGTCTGGACACGGAATATGCACC GCCGCACAGAAGTTAACCAT
SbCADS 51 2574 CCCAGCGCTCCTCCGATCCTT GTCACCACTCCGGCGATCTC
SbCAD6 11 517 CACCAAACCACACGCAGAC TCACCTTGTCGCAGTAGTTCT
SbCAD7 148 2693 CGGCGCAACGATTATGG GTGGCATATCCCGCAGTACAG
SbCADS-1 255 1019 CGGCGTTCGGSTGGG ACGCCGGTCACCACG
Ubiquitin 221 351 GGTTCGGGAGGTGGCATAGGT AGCATGTACATTCCCAGCGGTAG

All primers are listed in 5'-3’ direction.

bmr6 group (SABALLOS et al. 2008) and their normal isolines,
were planted in 2004 and 2008 at the Purdue Agronomy Center
for Research and Education (ACRE, West Lafayette, IN). DNA
was extracted from leaf tissue by a modified CTAB protocol
(BERNATZKY and TANKSLEY 1986). Three bmr6-refnear-isogenic
lines (NILs) in the inbred lines BTx623, RTx430, and Kansas
Collier (PEDERSEN et al. 2006a,b) were planted in the green-
house at the University of Florida (Gainesville, FL). Young leaf
tissue was harvested and extracted using MoBio Power Plant
DNA isolation kit (Carlsbad, CA).

A population of recombinant inbred lines (RILs) were
created by crossing Brown County, a non-bmr sweet sorghum
cultivar, with the bmr6-refline. The F, generation was selfed to
produce an Fy population of 218 plants. Individual selfed Fy
plants were advanced to the Fs generation using the single
seed descent method. The phenotype (bmr vs. wild type) was
recorded, and DNA of the individual Fg RILs was extracted
from leaf tissue using a modified CTAB method (BERNATZKY
and TANKSLEY 1986).

For expression assays, BTx623 and BTx623-bmr6-ref lines
were planted in the greenhouse at the University of Florida.
Tissue was collected at developmental stage 2 (VANDERLIP
1993). At this stage, the stalk is small and covered by the leaf
sheaths; therefore, leaves and stacked internodes were har-
vested together to represent the shoot. In addition, the
complete root ball was harvested. Tissue was also collected at
stage 4 (growing point differentiation) from the apex of
developing roots, the first internode (counting from the top of
the stem), and the whorl. For both stages, each line was
harvested in triplicate and assayed separately. The tissue was
frozen in liquid nitrogen and stored at —80° until RNA
extraction with the RNeasy Plant RNA extraction kit with in-
column DNase digestion (QIAGEN, Carlsbad, CA). First-
strand cDNA was synthesized with the iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA). Tissue from the bmr6-3 mutant
and the normal isoline N3, planted in the greenhouse (West
Lafayette, IN), was harvested at stage 2 and processed as
described above.

PCR and cloning: A homolog to the maize ZmCAD2 gene
was identified in the sorghum genome (accession no. Sb04-
2005950.1) and used to design primers for cloning and gene
expression experiments. The identified genomic sequence
corresponded to the cDNA sequence identified by TsuruTa
et al. (2007) (GenBank accession no. AB288109). The ShCAD2
gene was cloned from bmr6 lines and their respective wild-type
isolines. Primer pair U168 (5" CGG CTC CGT CGT CGT GTT
C 3') and L3923 (Table 1) was used to amplify a 710-bp
fragment from the 5’ end of the gene using cDNA as template,
with an annealing temperature of 62°. cDNA was used as
template due to the technical difficulties of amplifying and

sequencing through the first intron of the gene. A 2516-bp 3’
fragment (with partial overlap to the 5 fragment) was
amplified from genomic DNA using primers U2237 (5" TTT
CAG CAC CTT TGG GAT CGA GT 3’) and 14753 (5" GCA
ACA TTT GGG CAT ACG TCT 3') as above, except that the
annealing temperature used was 61°.

PCR was performed with Jump Start RedAccuTaq (Sigma,
St. Louis) according to the manufacturer’s instructions, using
a three-step program. The products were analyzed by gel
electrophoresis, purified from the gel using the MinElute gel
purification kit (QIAGEN), cloned in vector pT7-Blue3 (EMD-
Biosciences, Gibbstown, NJ), and introduced in Escherichia coli
NovaBlue cells (EMDBiosciences). Plasmids with inserts were
sequenced in both directions at the University of Florida’s
Interdisciplinary Center for Biotechnology Research on an
Applied Biosystems 3700 capillary electrophoresis sequencer.
The sequence from a minimum of three plasmids for each
insertwas compared to eliminate discrepancies in the sequences
due to PCR and sequencing errors. Sequence analysis was
performed using Biology Workbench 3.2 software.

CAPS analysis: CAPS markers (KoN1EczNy and AUSUBEL
1993) were based on amplification of the SbCAD2 gene with
primers U2931 and L3923 (Table 1), and JumpStart AccuTaq
ReadyMix PCR reaction mixes (Sigma), using a three-step PCR
program with annealing temperature of 59°. The PCR products
were purified using AccuPrep PCR purification kit (Bioneer,
Seoul, South Korea) and digested with restriction endonu-
cleases according to manufacturer’s directions. The enzymes
Taill and Taul (Fermentas, Glen Burnie, MD) were used for the
identification of the bmr6-ref and bmr6-3 alleles, respectively.
The digested DNA was separated on a 2% agarose gel.

Structural modeling of SbCAD2 and its mutant versions:
The crystal structure of the AtCAD5 (PDB ID: 2CF6, YouN et al.
2006) was used to build a model for SbhCAD2 and the bmr6-3
and bmr6-27 mutantversions. The substitutions, insertions, and
deletions were superimposed on the coordinates of AtCADS5,
followed by a quick energy minimization by CNSv1.1 (BRUNGER
et al. 1998) using potential function parameters of CHARMM19
as described previously (Kim et al. 2004). Substrate position was
generated through the solid docking module on QUANTA
(BioSYM/Micron Separations), which is based on conformational
space, followed by a quick energy minimization by CNS v1.1.

Expression studies of the CAD-like family of genes in nor-
mal, bmr6-ref and bmr6-3 mutants of sorghum: Gene-specific
primer pairs flanking introns were designed to differentiate
amplification resulting from cDNA and residual genomic DNA
(Table 1). cDNA from shoots and roots of three plants each
of BTx623/BTx623 bmr6-ref NILs at stages 2 and 4, and
from roots and shoots of N3/ bmr6-3 NILs at stage 2 was tested
for amplification of seven different sorghum CAD genes.
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F1GURE 1.—Organization
of the sorghum (A) and

SbCAD8-4 SbCADS-3 SbCAD8-2 ShCADS-1 S$h02g024230.1 vice (B) CADS gene clus-
ters. Block arrows represent

B the genes and their orienta-
0sCAD8A 0sCADEB OsCADSC OsCADSD 0s09g23570  tion. Arrows with the same

color represent genes more
similar to each other than

to the other members of the cluster. The yellow arrows represent a gene downstream of the CADS cluster present in both the
rice and sorghum genomes. The scale is approximate and based on the sorghum and rice physical map. The represented sorghum

and rice fragments span ~21.5 and 26 kb, respectively.

Amplification of the Ubiquitin cDNA was used to control for
cDNA loading. The Ubiquitin primers were based on the maize
cDNA sequence (GenBank accession no. BT016881). The re-
actions were carried out using RedTaq Readymix PCR reaction
mix (Sigma) in a three-step PCR program consisting of 28
cycles. This was empirically determined to be within the ex-
ponential phase of amplification. PCR products were visual-
ized in a 2% agarose gel.

RESULTS

The CAD family in sorghum: The availability of the
sorghum genome sequence has made itrelatively straight-
forward to identify the different members of the CAD
gene family. An iterative search of the published sor-
ghum genome sequence using as query the maize, rice,
and Arabidopsis bona fide CAD sequences resulted in the
identification of 14 CAD-like genes at seven different loci
in the sorghum genome. Two of the loci (SOCAD4 and
SbCADS) contain clusters of genes (SOCAD41 to -5, and
SbCADS-1 to -4). The DNA sequence of two members of
these groups, SOCAD4-1 and SbCADS-3, are interspersed
with retroelements, appear to not encode full-length
proteins, and are likely pseudogenes. Sorghum genes in
cluster SOCADS are very similar to the genes in the rice
cluster OsCADS, but they differ in the gene arrangement.

The comparison of the sorghum and rice CADS gene
clusters is presented in Figure 1. The chromosomal
location and EST information of the entire CAD family
is presented in Table 2.

Phylogenetic analysis: To understand the structure of
the CAD gene family and the possible functional diver-
gence of the individual members, a phylogenetic analysis
was performed using deduced amino acid sequences.
The nomenclature of sorghum CAD genes was based
on similarity with the corresponding rice orthologs
(Tos1as and CHOW 2005). In general, good correspon-
dence between the rice and sorghum family structure
was observed, with the exception of OsCADI, OsCAD3,
and OsCADY, for which no sorghum orthologs were
found, and SbCADI0, for which no unambiguous rice
ortholog was identified. The predicted length of the
proteins varied between 342 and 383 residues and had a
maximum and a minimum identity to maize CAD2 of
95% (SbCAD2) and 40% (SbCAD4-2), respectively.

All of the sorghum CADs contain the conserved
GHE (X) oG (X)5G(X) 9V motif involved in the binding
of the catalytic Zn**, the GD(X);,C(X):C(X)q(X);C
structural Zn*?" binding domain, and the conserved
glycine-rich repeat G(X) GGV (L) Ginvolved in NADP (H)
cofactor binding. On the basis of these motifs, these

TABLE 2

Genomic location of the sorghum CAD genes and expression data based on ESTs reported in the
sorghum genome database

Accession no. in

No. of reported

Gene genome ESTs Position in genome
SbCAD2 Sb04g005950.1 21 4:5781208..5776540
SbCAD4-1 Sb10g006310.1 0 10:5750788..5749847
SbCAD4-2 Sb10g006300.1 0 10:5745022..5747508
SbCAD4-3 Sb10g006290.1 5 10:5737327..5740568
SbCAD4-4 Sb10g006280.1 3 10:5730469..5733611
SbCAD4-5 Sb10g006270.1 1 10:5711950..5714251
SbCADS Sb07g006090.1 12 7:8643832..8640087
SbCAD6 Sb06g001430.1 2 6:2167025..2168295
SbCAD7 Sb06g028240.1 5 6:57074661..57079263
SbCADS-1 Sb02g024220.1 19 2:58410576..58408367
SbCADS-2 Sb02g024210.1 13 2:58404166..58406013
SbCADS-3 Sb02g024200.1 0 2:58401666..58401105
SbCADS-4 Sb02g024190.1 9 2:58396113..58394105
SbCAD10 Sb08g016410.1 0 8:43662072..43660817
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proteins appear to be zinc-dependent alcohol dehydro-
genases and members of the medium-chain dehydroge-
nase/reductase (MDR) superfamily (PERSSON et al.
1994; Riveros-Rosas et al. 2003). YOuN et al. (2006)
identified 12 amino acids that constitute the proposed
substrate binding site of the bona fide CADs in a number
of angiosperms and gymnosperms. Of the 14 identified
CAD-like proteins, SbCAD2 contains 10 of these 12 con-
served amino acids (Figure 2). All other family members
contained a varying number of amino acid substitutions
in these residues, as is the case for other CAD family
members in Arabidopsis, poplar, and rice (L1 et al. 2001;
RAES et al. 2003; BomaTi and NoktL 2005; Tosias and
Cuow 2005).

An unrooted phylogenetic tree (Figure 3) con-
structed from the deduced amino acid sequences shows
the relationship between the sorghum CAD family mem-
bers and previously reported CADs from other species.
Sorghum sequence Sb07g025220.1, the closest sequence
outside the CAD family, was included in the analysis for
comparison. The CAD proteins included in this analysis
cluster in five groups.

Group I corresponds to class I of RaEs et al. (2003),
and contains the sequences identified as the bona fide
CAD enzymes involved in the reduction of coniferyl and
sinapyl aldehydes to their corresponding alcohols for
the formation of lignin in lycophytes, gymnosperms,
and monocot and dicot angiosperms. SbCAD2 belongs
to this group and it is closely related to the maize
ZmCAD2 and rice OsCAD2 proteins. Group II contains
AtCAD2, AtCAD3, AtCADY [following the nomencla-
ture of Kim et al. (2004) ], designated by RAES et al. (2003)
as class III. Group III encompasses enzymes of diverse
substrate specificity, including the proposed poplar SAD
(L1 et al. 2001) and Arabidopsis enzymes belonging to
class II of Raks et al. (2003), involved in pathogen
defense (SomssicH et al. 1996). Group IV contains the
SbCADG6 and OsCAD6 sequences (ToBias and CHOwW
2005). Both the rice and the sorghum sequences contain
the SKL peroxisome targeting sequence at their C
terminus. Group V contains monocot and dicot CADs.
Even though there appear to be groups specific to
monocots (group IV) and dicots (group II), sequence
resources are probably still too limited for definitive
conclusions.

The bmr6 mutation affects the SbCAD2 gene: The
increased levels of cinnamaldehyde endgroups in
the lignin of the bmr6-ref mutant are consistent with re-
duced CAD activity (BucHovLTZ et al. 1980; PILLONEL
et al. 1991; PALMER et al. 2008; SABALLOS et al. 2008). On
the basis of the clustering of SbCAD2 in group I with the
bona fide CADs, we hypothesized that the S)CAD2 gene is
the main CAD gene in sorghum and that a mutation in
this gene would affect lignification.

The SbCAD2 alleles of three different inbred lines in
which the bmr6-refallele had been introgressed revealed
a Gto-T transition at position 2800 of the SbCAD2

genomic sequence. This particular nucleotide change
creates a premature stop codon. The resulting predicted
protein contains only 131 amino acids and lacks the
nucleotide binding site and most of the residues that
form the substrate binding site. Such a truncated pro-
tein is likely to be nonfunctional even if produced. The
mutation creates a novel restriction site for endonucle-
ase Tal (ACGC — ACGT). Restriction digest of a
fragment of the gene (nucleotides 2931-3923 of the
genomic DNA) resulted in three fragments (585, 407,
and 24 bp) from the wild-type alleles, whereas the bmro-
ref allele produced four fragments (508, 363, 44, and
24 bp). This CAPS marker is therefore diagnostic for the
presence of the bmro-ref allele. The mutation was con-
firmed with the CAPS marker using independently
isolated DNA from N6 and bmr6-ref (Figure 4). Further-
more, this CAPS marker was used in a cosegregation
analysis of an Fg RIL population derived from a cross
between Brown County X bmr6, and indicated complete
linkage between the mutated SOCAD2 gene (bmro-ref
allele) and the bmr phenotype.

In the absence of a facile transformation protocol for
sorghum, proving beyond reasonable doubt that the
SbCAD2gene is the Bmr6gene requires the identification
of additional independent mutations in this gene in
mutants that are allelic to bmr6-ref. Indeed, sequencing
of the bmr6-3 allele revealed a G-to-A transition at posi-
tion 3875 of the genomic sequence. This mutation results
in an amino acid substitution from Gly (G) to Ser (S) at
position 191 of the protein sequence. The glycine-rich
motif "*G(X)GGV(L)G'" is highly conserved among
studied MDR proteins. The motifis located at the first -
a-B-unit of the cofactor binding site and is presumed to
participate in the binding of the pyrophosphate group
of the NADP "-cofactor (YOUN et al. 2006). Although the
mutated allele would encode a full-length protein, its
catalytic activity may be compromised. A rice mutant
with a single mutation in this same region, 185 G — D,
results in complete loss of enzymatic activity, and is the
causal mutation of the gh2 phenotype (ZHANG el al.
2006).

The base substitution in the bmr6-3 allele eliminates a
restriction site for the enzyme Taul. A restriction digest
of the amplified gene fragment 2931-3923 with Taul
resulted in four fragments in the bmr6-3allele (796, 138,
54, and 5 bp) with a diagnostic fragment of 138 bp. This
product was cleaved into two fragments (92 and 46 bp)
in the wild-type allele. The mutation was confirmed with
this marker using independently isolated DNA from N3
and bmr6-3 (Figure 4).

The bmr6-27 mutation is a nucleotide insertion after
position 4288 (+G), which causes a frameshift that re-
sults in the formation of a protein with nonconservative
substitutions in the 31 C-terminal residues. The muta-
tion also created a premature stop codon that renders
the protein four residues shorter than the wild-type
protein. In addition to the mutation responsible for the



788

A. Saballos et al.

10 20 30 40 50 60 80
ShCAD8-2 1 S BvLRDGRET IRVEEIE Ve 11 E
ShCAD8-4 1 JTQGD AP T TEqviRE(etE © 1| HERAK N[
ShCAD8-1 1 v PR DDPMT T)QviRTete T TLII D
ShCAD4-4 1 A vQsSpRfa LIAT TNEWe V(oY APV KT RIYM
SbCAD4-3 1 : P VQS SR A LI TINEee V(8 ARV VT RIYM
SbCAD4-5 1 194 vQsS SR A LIAT Ipgete viey ARV G T RIYM
SbCAD4-2 1 SENSNCHNALTYEIP SEvIETERIS FNRNKAVQS NPYJA LT TREeTe v(elY Ay AW T RIYV
ShCAD10 1 MLMLSEHHKTSTVIR.
ShCAD6 1 .BENGVDRRT T@V EFEEy MERI TRIL| FIQD
SbCAD7 1 LD TGD DR A T Q TR 1o (SPILEIT TERYE
ShCAD5 1 BrERehhD v ISIKE L C GIACHE D RHEENIK N
ShCAD2 1 G BREEXea D vAANK L Y CGRIC Hy DBH[MIK N
ZmCAD2 1 G NrEEelgan vERIKY L Y CGC HDRRH{ K N
AtCAD5 1 S JWETGPERRYN TR 1T Clefd 1 o3I T G YD
* % 20 130 150 160
ShCAD8-2 55 @ A LGV v vV T OEgA G STGHﬁrYn PLVLTS GAREGGVTTTTT
ShCAD8-4 56 v,'NAMVVV TKFKAEINT|Aeddel Y FD S| $TGHﬂIYP DL\,’LT? GNJDHH
SbCADS8-1 57 N Mg vIgdediea T VIEVNIT CILEG G T RF K Al T dedige Y FIYG S GKG‘IﬂI YoA . \’»QTS GDYP
ShCAD4-4 59  QHDSKhERTAAZedt T AN T OLdE A DY G F K TR H ILeRLE T Y N STe D[ HISLﬂIHP VYTFIYG TD A
ShCAD4-3 59  HHDSKhERFVIZZeRita T ALV NI T QLde A DK G F K \RedslH ehigel T Y [ ST D{8F M@l S S LI HigP . G\!YTF#GTDT
SbCAD4-5 29 LNDSKigR AL T AlevNT Qe A DY A F K fedn H el ide DI®E NN S SLIAT HEP . FR\'FTF#GTDT
ShCAD4-2 59  LNDSKhgR\Zedit= T A[EVNIT QlLE A DK G F K \edRlH 1LeRige T Y N ST DIME Nfen S S LI HieP L f8A VY TFRIG TDTH
SbCAD10 15 ... .. YRV PG HERY G R vila v GEIa ViSHZNv G DRIV G VG IRMVER] HSFTEIHP 1M VY TFIYG TD AR
SbCAD6 SIS G R Y P VP G HERSG Y] VIV GBI 5 RRSEREY[ED .1V TLT YGEF Pl
SbCAD7 61 RN Y P\ VP G HEREAC| 3V G F e el C M T T(™0 SeE FFGHéIHS 14T TF A VIS HDRY
SbCAD5 80 GRS Y PRIVP G HEREAGK] ViRa v G ViRAaME G DIV G VG [ VB AEGF rTGGGTIFTY“%DR
ShCAD2 58  L{ASKhgMladedta v v S VRS G DNV G VG| 5 KANVIAQ Y@ (IhSV#DVT
ZmCAD2 58  L{gaskhgmiadediia v vIEEN] Y ElgEP £ A K Y G T v (dekige EfS P{eK AN VIO Y8 . Knsmnn
AtCADS5 SIS G B v PId v P ¢ HERAY G 13 VAR v GER VERENNV G DIV G VG el v [ole ERDLIZQY[§P . K TS YRDWY Y IN
i70 LSO LOO ‘00 2‘
SbCAD8-2 134 qEErsovviEjoaH YiRIR VE . ASLPPhCYYIRRIYE  IABEIE  V E Y .
SbCAD8-4 132 klfersnvL AISAD I PRSI A AP L L CAGHT V YS PREYRE L IR
SbCAD8-1 133 KleFSDV INAYNEH YNAYR Vg . DL A LD RTISIBHI Vel vydiag a1 R HEMM N E .
SbCAD4-4 133  kleYSTHIWAYHERYCF Qg . DY P LA K[US BRI Ve TyRAY TIg MM RHNMY G .
SbCAD4-3 33 kYSTHIJAIHERYCF QE#a . DY P LA KLY VIRNeI V! T 1kia MMRHNMNG .
SbCAD4-5 103 K&y STHINAYHERYCF kil . DEY P LA KEVYIBN Ve 1’4 MMQH“IMT‘Q.
ShCAD4-2 33 MEYSTHINKIHARYCFQEEZ . DY P LA KLV NI Ne)Ve! T aia
ShCAD10 84 MEWEDIPVTYSSP CMDDYNAKI
SbCAD6 133 v[ef8YSKMLEAHK RVId
SbCAD7 135  viefeyspMVAINE TRFId
SbCAD5S 155 ququr HER g P
ShCAD2 132 DAK (1P|
ZmCAD2 132 DQK] TP
AtCADS 132 HOK <hld
270 4 310 4 320
ShCAD8-2 211 KQAAAGT APSTEIMELPAYAT
SbCAD84 209 I’AAAT APSTIRMELPAYAT
SbCAD81 210 GPSKI@AELPAYAT
SbCAD4-4 210 FSLKN FPS. . ... ...
SbCAD4-3 210 ESLRN FPS..oovvvnn.
SbCAD45 180 ESLKN FPS..........
SbCAD4-2 210 ESLKN] SPS. ... o
ShCAD10 162 EQLKS FPSE. INVHPGSI
SbCAD6 211 QMA
SbCAD7 212 LPEKIFIQ ISAFSL
ShCADS 233 LPTKAMEIPPFDL
ShCAD2 209 AAAD EREayP v HERAL FIg R L Dk v L Ly TG e FvsPMy
ZmCAD2 209 GPAAD VERRNRY P v HI L ENON /18K LDEKL VL LMY IGEIMSFVSPMY
AtCADS 209 N KEGIEINAL QDIReFPRD YV TGS AKSELAD vy NP v HIE A L EINORIRYK LDEKL T LMEY INNISAGFLTPLL
3} 3{30 3§O 3(:;0 3?0 !§0 390 490
SbCAD8-2 291 GRRRVA@LGVESIADCQAMMOEAGQHE L T ADINEL v RMDEREY ] E VBlVAGELGAAA
SbCAD8-4 289 17 G RVABNGVESVADCQAMMDIIAGEHYY T ADEAV V QM DNARYT) IRV AGEIKHEETVA
ShCAD8-1 290 [EGEIG VA SVESVGDCQAMMEIIAGKHYT G AE VI3V TR DAY TBVAGELGSAA
SbCAD4-4 280 CARTLSEFLVEGTRD TQEMY NFEAENKT Y P ERST TR DR T 118 T E MBI F KK
SbCAD4-3 280 CARTLSEHSVTEGTKD TQEMV NI®A ANK TS PEMAT TIAT DN T T TENEFK
SbCAD4-5 250 CARALSEHYVVEGTKD IQEMY NiFEAENK T Y PEMIAT TE(T DY ThEN I A IBTENEFKGSSGCIGSYFVPD
SbCAD4-2 280 ...ARTLSHSLVEGTKDIQEMY NI®AANKIYPK VIRIDIAVI\ TTENBFEVL
SbCAD10 241 TFEARTLSEIGGEGTKGYQERMEANEEASNKTY PE VY TMDY T TBTESELE
ShCAD6 291  IFEKRTVSEYMTEHGMKETQEMED LEGQHEI TCOWALVSTDG IDERAQIEAA S 1| IBTAGGDSSHSKL
ShCAD7 292 vTgd] TLACMSIHDTQMI\H AAKHELVAD VAL TGTEERYEMDPIIAA K GELAREIRU TR VGNTLSAASLASSPYPAL
SbCADS5 313 TMENETLAMSCTEGMRD TQEMMD VAAKHEYTAD@AL VDA DAY TTIGNTLKEADQ
ShCAD2 289 ML[ER AITFI‘?I[JETAVQ CHIYG IR T ENAY KIS Y VNEA L ER LY ViRV AGENVEEDAADAPSH
ZmCAD2 289 ML[ER AIanIm:TAVQvnKLTeQ \AUK[eY YNEALERL[BEBY VIBVAGEINYEAEAAAADAASN
AtCADS 289  MLERIUY I TERF I[§SMKETERMMEIRSKE KL S S T3V vigM D RRBY TEIE [IB4E K 1 VIJVEGENLDA

FIGURE 2.—Sequence comparison of the translated sequences of Sorghum bicolor CAD family members, maize ZmCAD2 ( Zea mays
sequence AJ005702.1), and Arabidopsis AtCAD5 (Arabidopsis thaliana sequence At4g34230). The conserved amino acids identified
by Youn et al. (2006) as part of the substrate binding pocket are indicated by asterisks above the sequences. The conserved glycine-
rich motif G(X)GGV(L)G is indicated by a dotted line below the sequences. Italicized letters indicate completely conserved res-
idues across all 14 sequences.
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F1GUure 3.—Phylogenic relationship
between the sorghum CAD family and
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dehydrogenase

SbCAD6

Group IV
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phenotype, the bmr6-27 allele also contains a deletion of
base 3077 (—=T), but this is a silent mutation because
of its location in the third intron of the gene. This
mutation does not cause splicing abnormalities, as

A

M 1 2 3 4 M 1 2 3 4

F1GURE 4.—Molecular markers can distinguish between the
wild-type and mutant SbCAD2 alleles. (A) CAPS marker spe-
cific for the bmré6-refallele. Lanes 1 and 2 show the undigested
992-bp PCR product from N6 and bmr6-ref DNA, respectively.
Lanes 3 and 4 show the respective PCR products after diges-
tion with the restriction enzyme 7wil. The 363-bp diagnostic
fragment is indicated with a solid triangle. (B) CAPS marker
specific for the bmr6-3 allele. Lanes 1 and 2 show the undi-
gested PCR product from N3 and bmr6-3 DNA, respectively.
Lanes 3 and 4 show the respective PCR products after diges-
tion with the restriction enzyme Taul. The 138-bp diagnostic
fragment is indicated with a solid triangle. The size marker is
Sigma PCR Marker [catalog (cat.) no. P9577].

SbCAD7 OSCAD7

CAD proteins from other species. The
branch lengths indicate the relative dis-
tance between sequences, with the ex-
ception of the putative sorghum sorbitol
dehydrogenase, which is distantly re-
lated to the CAD family (accession no.
Sb07g025220.1). The sequences used
to build the tree were: Selaginella moellen-
ACADY dorffii SmCAD1-1 (protein ID 450958 of
Mo the JGI Selanginella genome database);
Picea abies PtCAD (082035); Zea mays
ZmCAD2  (CAA06687);  Arabidopsis
PISAD thaliana AtCAD1 (Atlg72680), AtCAD2
(At2g21730), AtCAD3 (At2g21890),
acae  AtCAD4 (At3g19450), AtCAD5H
(At4g34230), AtCAD6 (At4g37970),
AtCADS AtCAD7 (At4g37980), AtCADS (Atdg
37990), and AtCAD9 (At4g39330);
AtCAD7 Populus tremuloides PtSAD (AAK58693),
PtCAD  (AAF43140); Oryza sativa
OsCAD1 (NP_001064283.1), OsCAD2
(NP_001046132.1), OsCAD3 (AAP53892),
and OsCAD4 (NP_001068303.1). OsCAD5
(BK003971), OsCAD6 (CAD39907),
OsCADS8 A-C (BK003972), and OsCAD9
(AANO05338). Sorghum sequences are
those described in Table 2. The rice
CAD gene nomenclature follows ToB1as
and CHOw (2005).

0OsCAD2

LpCAD3

Group Il

OsCAD3
OsCADS

Group

Lpcanp2 |||

SbCADS

sequencing of the CAD2 cDNA from wild type and
bmr6-27 showed no sequence variation in this region.

Structural comparison of SbCAD2 and its mutant
versions with AtCAD5: The amino acid sequence com-
parison between SbCAD2 and AtCAD5 (Figure 2) revealed
93 residue changes in total. Among those, 48 are con-
servative changes and 45 are nonconservative changes. A
close inspection of the 3D structure of AtCAD5 (PDB ID:
2CF6) revealed that 52 of these changes are surface
residues, whereas 39 occur in the secondary structure. In
general, the 3D model of SbCAD2 remains very similar
to that of AtCAD5, with many of the changes not having a
significantimpact on the overall structure (Figure 5). All
the secondary structural elements observed in AtCADb
are maintained in SbCAD2. The functional unit of
AtCAD5S is a dimer tightly associated through two two-
fold-related B-strands. SbCAD2 very likely maintains the
dimer character on the basis of the intact nature of gD,
BE, and BF. There is a minor perturbation caused by
L271H in BE, which is due to a delocalization of the
imidazole ring of residue 271 by the neighboring D250
and H256 residues, but the magnitude of the impact is
not enough to disrupt the dimer formation at the BF
contact points.

Two of the amino acid changes between AtCAD5 and
SbCAD2 are in positions that may alter the enzymatic
activity (Figure 6). The first of those is residue 60 M — A.
This residue resides near the surface of SbCAD2 and
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F1GUure 5.—Ribbon diagram representation for the struc-
ture of SbCAD2. The significant arginine mutations found
in SbCAD2_27b are indicated in blue. The dimer contact po-
sitions for BD-F are highlighted in yellow. The three second-
ary structural elements, 311, 12, and a6 are not maintained
in the CAD model of bmr6-27 mutant due to the degenerative
hydrophobic interactions caused by the arginine residues
highlighted in blue.

may possibly affect the entry of substrate. The methio-
nine residue can actas a hydrophobic gating mechanism
in concert with surrounding side chains. Thus, by
replacing it with alanine, the specificity of this potential
gate becomes less stringent. The second change, residue
95 C — V, occurs in close proximity of the substrate-
binding pocket. The amino acid change generates a
more hydrophobic character to this pocket, which is

F1GURE 6.—Graphical comparison of active site residues in-
teracting with the NADP* cofactor of (A) AtCAD5 and (B)
SbCAD2. Residue M60 and C95 change to A and V, respec-
tively, whereas the other residues are conserved. This will po-
tentially affect substrate binding and specificity.

NADP*

Ficure 7.—Effect of the bmr6-3 mutation on the structure
of SbCAD2. (A) G(X)GGV(L)G motif and its interaction with
the phosphate backbone of NADP™. (B) SbCAD2 bmr6-3 var-
iant at residue 191. The G191S mutation will affect the inter-
action between this flexible motif and phosphate groups.

filled with water molecules in the apo-form AtCAD5.
Consequently, there might be fewer water molecules in
the substrate-binding pocket of SbCAD2, resulting in a
significant reduction of the entropic contribution to the
free energy associated with substrate binding. There-
fore, it is very likely that SbCAD2 has not only reduced
efficiency of substrate binding, but also altered substrate
specificity compared to AtCAD5.

SbCAD?2 in the bmr6-3 and bmr6-27 mutants: The only
amino acid change observed in the bmr6-3 mutant is
191 G — S, which is part of the highly conserved
GXGGV (L) G'"? motif. A serine residue at this site is a
very rare alteration. Among the Zn-dependent medium-
chain dehydrogenases in the database, this site is highly
conserved with only hydrophobic residues. The unique
serine substitution at position 191 in the bmr6-3 mutant
will change the characteristics of this motif and conse-
quently affect the binding affinity for the NADP*
cofactor (Figure 7).

In the bmr6-27mutant, there is a total of 27 amino acid
changes, all within the C terminus, spanning residues
331-361. Since the mutation affects arelatively small por-
tion of the total sequence, and does not directly affect
the active site of the enzyme or its dimerization domain,
it is important to determine whether the changes pro-
duced structural alterations that would affect its activity.
Among those 27 mutations, only 24 can be modeled in
because the remaining C-terminal three residues are
disordered in the AtCAD5 structure. Those remaining
mutations are distributed through the secondary struc-
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tures 12 (346-349) and o6 (330-338). In AtCADDb,
those secondary structural elements, together with 311
(323-326) in the C terminus, maintain their interface
through hydrophobic interactions. Those interfaces
among B11 and B12 and a6 appear to be significantly
affected by several arginine substitutions, which include
333 A — R, 348V — R,and 350 V — R. Specifically, 333
A — R disrupts the hydrophobic area that maintains
B11,348V — Rdisrupts the hydrophobicintegrity of a6,
while 350 V. — R perturbs a hydrophobic pocket
generated by V40, P67, G134, and F135. In addition,
the 346 F — P substitution disrupts the pocket, which in
turn affects the integrity of B12.

The secondary structural prediction algorithms show
that both a6 (330-338) and (12 (346-349) are no
longer maintained. However, the amino acid changes
are unlikely to affect the ability to dimerize due to their
distal locations from D, BE, and BF (Figure 5). Another
significant substitution is 342 V — R, which approaches
up to 5 A toward the Svy-atom of 47C, and could thus
alter the coordination of the catalytic Zn**. The various
amino acid substitutions present in bmr6-27 could result
in either serious disruption of the catalytic domain or
expansion of the intersecondary distances among 311,
B12, and a6 (Figure 8). Even though we performed
modeling for the bmr6-27variant of SbCAD2, the number
of amino acid substitutions and the consequent poten-
tial disruption due to the change in chemical properties
is beyond the capabilities of the energy minimization-
modeling algorithm. Additional experiments, such as
circular dichroism spectroscopy or X-ray crystallogra-
phy, are required to validate the correct model for this
mutant.

Semiquantitative RT-PCR analysis of SbCAD family
members in normal and bmr plants: Comparison of the
transcript levels of ShCADZ2 in the near-isogenic pair
BTx623/BTx623-bmr6-ref showed that in the latter the
transcript levels of SbCAD2were downregulated (Figure
9B). Such downregulation of transcripts with premature
stop codons is known to occur as a result of nonsense-
mediated RNA decay (BouT and VERMERRIS 2003; CONTI
and IZAURRALTE 2005). It is likely that the bmro6-refallele
is a null mutation. In contrast, missense mutations are
unlikely to trigger mRNA degradation. Indeed, expres-
sion analysis showed that the transcript levels of SbOCAD2
were not severely reduced in the bmr6-3 mutant com-
pared to its wild-type isoline N3 (Figure 9A).

The expression of the CAD family genes varied accor-
ding to tissue type and stage of development of the plant.
Table 3 summarizes the expression differences among
the growth stages and tissues tested. The presence of the
bmr6-ref or bmr6-3 allele of the SbCAD2 gene in homozy-
gous form did not alter the pattern of expression of the
other CAD family members, with the exception of
SbCADS. This gene was upregulated in the shoot of all
the bmr6-refplants, and two of the bmr6-3 plants at stage 2.
However, one of the wild-type plants also showed

A

Ficure 8.—Representation of the configurations of the sec-
ondary structural elements 311, a6, and 12 in (A) wild-type
SbCAD2 and (B and C) the bmr6-27 variant of SbCAD2. B and
C represent two possible configurations of the corresponding
secondary structure. In B, significant repositioning of the a6-
helix occurred. In C, a significant reduction of the secondary
structure in all three structural elements occurred.

upregulation of this gene. Additional expression experi-
ments with field-grown N6 and bmr6-ref plants con-
firmed strong plant-to-plant variation in the level of
expression of the SbCADS gene (data not shown), butin
general, this gene was more frequently upregulated in
bmr6-ref plants than in wild-type plants.

DISCUSSION

As previously shown in other plants species, CAD is
encoded by a small gene family in sorghum. Several
genes with high similarity to the bona fide CAD genes are
present in the sorghum genome. Of the 14 CAD genes
identified with homology searches, there is evidence
that at least 10 genes are expressed, on the basis of the
presence of corresponding ESTs and expression analysis.
Two lociin the genome contain closely related groups of
CAD genes. The SbCADS 1-4 cluster is orthologous with
the rice OsCADS cluster described by ToBias and CHOw
(2005). Although the rice and sorghum genes within
this cluster are highly similar, the gene arrangement
differs between the species, raising the question whether
the duplication event occurred prior to the divergence
of the species or whether the clusters are the result of
independent duplication events. The cluster is divided
in two main branches, each of which contains sorghum
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FIGURE 9.—The bmr6-ref;, but
not the bmr6-3 mutation, causes
downregulation of SbCAD2 ex-
pression in 2-week-old plants.
(Top lane) Products from RT-
PCR with primers specific for a
fragment of the cDNA encoding
SbCAD2. (A) 1-4, N3 cDNA;
5-8, bmr6-3 cDNA. (B) 1-6,
BTx623 cDNA; 7-12, BTx623

SbCAD2

Ubiquitin
10 11 12

bmr6-ref cDNA. Odd numbers correspond to cDNA obtained from shoots; even numbers cDNA obtained from roots. (Bottom
lane) Products from RT-PCR with primers for Ubiquitin gene as a cDNA loading control. The size marker is Bioline Hyperladder

II (cat. no. 33054).

and rice sequences. This suggests two duplication events,
one before and one after speciation. This may explain
the different orientation of the rice and sorghum genes.
A homologysearch of the recently published maize draft
genome sequence (http:/maizesequence.org) with the
sorghum SbCADS genomic sequences revealed a single
ortholog (AC197840.3_FGO008). This maize gene is lo-
cated on chromosome 7, which is syntenic with sor-
ghum chromosome 2 (WILSON et al. 1999) on which the
SbCADS cluster resides. The presence of a single gene in
maize, a species more closely related to sorghum than
rice, is not consistent with the hypothesis that a dupli-
cation event occurred prior to the divergence of these
species unless additional paralogs of AC197840.3_FG008
or remnants thereof are identified as the maize genome
sequence reaches completion. The second gene cluster
in sorghum (SbCAD4 1-5) has no reported orthologs in
other species for which the genome sequence is avail-
able at this time. The closest rice sequence to the mem-
bers of this group is a single gene, OsCAD4.

On the basis of the phylogenetic analysis, the sorghum
CAD genes cluster into four groups. SbCADZ2 groups
together with the bona fide CADs from other species. The
high sequence similarity and conservation of important
substrate binding pocket residues within this group
point to a conservation of the gene function. Indeed,
mutations or downregulation of the expression of genes
belonging to this group have significant impactin lignin
content and composition in tobacco, loblolly pine,
poplar, and Arabidopsis (HALPIN et al. 1994; MacKay

et al. 1997; RALPH et al. 1997; BAUCHER et al. 1999;
LAPIERRE et al. 1999; PILATE et al. 2002; S1BOUT el al.
2003). Modeling SbCAD2 over the crystal structure of
AtCADbS revealed that even though SbCAD2 contains a
large number of residue changes, it remains similar in
overall structure, with secondary structure preserved
throughout. The close relationship of SbCAD2 with the
other members of this group supports the idea that it is
the main sorghum CAD involved in lignification. Con-
sistent with this hypothesis, we observed that SbCAD?2 is
the predominantly expressed CAD gene in sorghum. In
addition, a mutation in this gene is linked to the bmr
phenotype in three independently introgressed isolines
and it cosegregates with the bmr phenotype in a RIL
population. Furthermore, sequencing of three indepen-
dent bmr6alleles all revealed nonconservative mutations
in the SbCADZ2 gene. Therefore, the evidence strongly
suggests that mutations in this gene are responsible for
the phenotype of the bmr6 mutants.

Members of the other groups present much more
diverse substitutions in the substrate binding pocket.
These substitutions would allow for a wider variety of
substrate specificity by changing the size, conformation,
and hydrophobicity of the binding pocket. The role of
these enzymes in lignification has not yet been eluci-
dated. Only the Populus SAD has been implicated
directly in lignification, catalyzing the reduction of
sinapyl aldehyde to sinapyl alcohol (L1 et al. 2001;
BomaTtr and NokL 2005). Wound-inducible genes in
parsley (Petroselinum crispum) and Arabidopsis cluster

TABLE 3

Gene expression of the sorghum CAD-like family based on semi-quantitative RT-PCR experiments

Stage 2 Stage 4
Gene Shoot Root Leaves Stem Root
SbCAD2 Medium Strong Very strong Very strong Strong
SbCAD4-2 Very weak Weak Very weak Very weak Very weak
SbCAD4-3 Weak Medium Medium Medium Medium
SbCADS Variable Very weak Weak Weak ND
SbCAD6 Weak Weak ND ND Medium
SbCAD7 Medium ND Weak Weak ND
SbCADS-1 Strong Weak Medium Medium ND

ND, not detectable.
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together in group III (SCHMELZER et al. 1989; TREZZINI
et al. 1992; SoMSSICH et al. 1996), suggesting that the
genes in this group may be involved in the production of
defense-related compounds (HAwkiNs and BOUDET
2003). Kinetic analysis of the Arabidopsis genes in
groups II, III, and V have shown that the activity against
phenylpropanoid aldehydes is much lower than the
Arabidopsis CADs belonging to group I. AtCAD7 has
been shown to behave as an aromatic alcohol oxidore-
ductase of wide substrate affinity (SOMSSICH et al. 1996).
Consequently, these CAD-like genes are currently anno-
tated as putative mannitol or benzyl alcohol dehydro-
genases. However, it is evident that there is some
redundancy in the CAD metabolic network. Composi-
tional studies of Arabidopsis, rice, and sorghum mutants
in which the bona fide CAD genes are downregulated have
shown that their lignin still contains a certain amount of
the normal G and S residues (SiBouT el al. 2003, 2005;
ZHANG et al. 2006; SABALLOS et al. 2008). Reporter gene
studies of the Arabidopsis CAD family showed that
AtCAD7 and AtCADS are expressed in lignifying tissues
(Kim et al. 2007). In the Arabidopsis double mutant
Atcad5/Atcad4, which lacks activity of the two bona fide
CAD proteins, the AtCADI gene is highly upregulated
(StBOUT et al. 2005), suggesting it may act to compensate
for the lack of the CAD activity from AtCAD5 and AtCAD4.
Transgenic expression of the AtCAD9 gene under
control of the AtCAD5 promoter was able to partially
rescue the phenotype of the double mutant (EUDES ef al.
2006). In our study, we did not find consistent upregu-
lation of any of the SbCAD genes of groups 111, IV, or Vin
the bmr6 lines, suggesting that the steady-state level of
the genes in the CADfamily are sufficient to produce the
observed levels of G and S units in the mutant. The
SbCADS-1 gene is highly expressed in the aerial part of
the plant. In the seedling (stage 2) it is the most highly
expressed CADgene. GUILLAUMIE el al. (2007a) analyzed
the expression of the CAD genes in maize and its relation
with tissue-specific lignification patterns. The EST se-
quence 3071507.2.111 is the likely ortholog of SbCADS.
The spatiotemporal expression of this gene agrees with
our results, but it differs in that it is not the main CAD
expressed in the aerial portion of the plant at the seed-
ling stage. Of the identified CAD-like genes, the genes in
the SbCADS cluster are the most similar to SOCAD2 (52-48%
identity, except SOCADS-3). To our knowledge, the role
of the SHCADS genes in sorghum has not been in-
vestigated. On the basis of the high level of expression
of these genes, we hypothesize that the SbCAD8 enzymes
may be responsible for the production of S and G
residues observed in the bmr6 mutants. Studies of a
Sbead2/Sbead8 double mutant could help determine the
role of SbCADS in lignification.

At this moment, it is difficult to attribute specific
functions to the other sorghum CAD-like genes from
groups III and V on the basis of phylogenetic relation-
ships. We observed that the expression of the CAD-like

genes in sorghum varies with the stage of development
and tissue type, in agreement with what was observed in
maize (GUILLAUMIE ¢t al. 2007a). Given the evolutionary
relationship and the general agreement of gene expres-
sion patterns between maize and sorghum, it is likely
that their functions are conserved. One exception may
be ShCADS. The maize ortholog, EST 4424417.2.1111, is
the predominantly expressed CADin leaves and stems of
maize seedlings. In contrast, SSCAD5 showed variable
expression levels in the leaves and stems of individual
plants, both in seedlings and preflowering (stage 4)
plants. More bmr6-ref and bmr6-3 plants showed upregu-
lation of SOCADS5 than their wild-type isolines. It would
be tempting to speculate that the gene is upregulated to
compensate for the loss of SbCADZ2 activity, but the lack
of consistent upregulation in all bmr plants does not
support this conclusion. Another possible explanation is
that SbCAD>5 gene is upregulated as part of a pathogen-
or other stress-response mechanism, as it clusters in the
same group as the Arabidopsis pathogen-inducible de-
fense genes AtCAD7 and AtCADS. The bmr phenotype is
associated with decreased lignin content and results in
a fitness penalty in the plant (OLIVER el al. 2005a,b;
PEDERSEN et al. 2005), and it is possible that the bmr
plants are under increased stress compared to wild-type
plants. It is interesting that while in the aerial parts of
both maize and sorghum seedlings the bona fide CAD is
not the most highly expressed CAD gene, the predom-
inant CAD genes in those tissues represent nonortholo-
gous paralogs in the two species.

To our knowledge, no orthologs of S)CAD6and OsCAD6
(group IV) have been described in the literature.
SbCADGis mainly expressed in the roots of stage 4 plants,
although at low levels. Both SbCAD6 and OsCAD6
(Tosias and CHOw 2005) contain a predicted peroxi-
somal targeting signal at their C terminus. Dehydrogenase
activities in the peroxisome are involved in the metab-
olism of alcohol, branched amino acids, fatty acids, and
plant hormones (REUMANN et al. 2004). Detailed bio-
chemical and expression studies are needed to assign a
physiological function to this gene.

We have described three different mutant alleles of
SOCAD2: bmr6-ref, a likely null allele, bmr6-3, which
produces a full-length protein with a single disruption
in the cofactor binding site, and bmr6-27, encoding an
enzyme with a disrupted secondary structure outside the
active site. Although all three mutants produce the visual
brown muidrib phenotype, it is likely that the mutations
have different effects on enzyme activity. There is
evidence that the bmr6-3 allele has a stronger effect on
enzymatic saccharification of stover than the bmr6-ref
allele, wheras the latter allele results in higher conifer-
aldehyde levels in the midrib tissue than either the bmr6-
3 or bmr6-27 allele (SABALLOS et al. 2008). Now that the
molecular basis of the mutations is known, variation in
penetrance can be investigated. Tailoring of the effect of
the activity of the enzyme may be achieved on the basis of
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the choice of allele introgressed in a particular sorghum
line. The development of molecular markers specific for
each of those variants will greatly facilitate the use of the
alleles in genetic studies and breeding programs. There
are at least six additional known bmr6 alleles available
(SaBALLOS et al. 2008), which opens the possibility of
finding more useful variants.
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