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The maize (Zea mays) brittle stalk2 (bk2) is a recessive mutant, the aerial parts of which are easily broken. The bk2 phenotype is
developmentally regulated and appears 4 weeks after planting, at about the fifth-leaf stage. Before this time, mutants are
indistinguishable from wild-type siblings. Afterward, all organs of the bk2 mutants turn brittle, even the preexisting ones, and
they remain brittle throughout the life of the plant. Leaf tension assays and bend tests of the internodes show that the brittle
phenotype does not result from loss of tensile strength but from loss in flexibility that causes the tissues to snap instead of
bend. The Bk2 gene was cloned by a combination of transposon tagging and a candidate gene approach and found to encode a
COBRA-like protein similar to rice (Oryza sativa) BC1 and Arabidopsis (Arabidopsis thaliana) COBRA-LIKE4. The outer
periphery of the stalk has fewer vascular bundles, and the sclerids underlying the epidermis possess thinner secondary walls.
Relative cellulose content is not strictly correlated with the brittle phenotype. Cellulose content in mature zones of bk2 mature
stems is lowered by 40% but is about the same as wild type in developing stems. Although relative cellulose content is lowered
in leaves after the onset of the brittle phenotype, total wall mass as a proportion of dry mass is either unchanged or slightly
increased, indicating a compensatory increase in noncellulosic carbohydrate mass. Fourier transform infrared spectra indicated
an increase in phenolic ester content in the walls of bk2 leaves and stems. Total content of lignin is unaffected in bk2 juvenile
leaves before or after appearance of the brittle phenotype, but bk2 mature and developing stems are markedly enriched in
lignin compared to wild-type stems. Despite increased lignin in bk2 stems, loss of staining with phloroglucinol and ultraviolet
autofluorescence is observed in vascular bundles and sclerid layers. Consistent with the infrared analyses, levels of
saponifiable hydroxycinnamates are elevated in bk2 leaves and stems. As Bk2 is highly expressed during early development,
well before the onset of the brittle phenotype, we propose that Bk2 functions in a patterning of lignin-cellulosic interactions that
maintain organ flexibility rather than having a direct role in cellulose biosynthesis.

In the type II cell walls of cereals and other comme-
linoid monocots, cellulose microfibrils are cross-linked
mostly with glucuronoarabinoxylans and mixed-linkage
B-glucans, and a strong phenylpropanoid network de-
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velops after cells stop growing (Carpita, 1996). These
walls are very different from the pectin-rich type I
walls of dicotyledonous species (McCann and Roberts,
1991; Carpita and Gibeaut, 1993).

Although mutants in cell wall-related genes are
valuable materials to address the functions of cell
wall polymers and their interactions, very few cell
wall mutants have been characterized for the grasses
(Yong et al., 2005). Some of the first mutations whose
phenotypes suggested a cell wall defect were the brittle
stalk (bk) mutants of maize (Zea mays), synonymous
with the brittle culm (bc) mutants of rice (Oryza sativa)
and barley (Hordeum vulgare; Langham, 1940; Kokubo
et al.,, 1989; Li et al., 2003). In maize, bk2 is characterized
by a brittleness of all aerial plant organs, where the
tissues easily snap when bent (Langham, 1940). Curi-
ously, the brittle phenotype only appears after about
4 weeks of growth, under field or greenhouse condi-
tions, about the time of appearance of the fifth leaf.
Before this stage, bk2 plants are indistinguishable from
their wild-type siblings, as the leaves are flexible and
can be bent easily without breaking (Langham, 1940).

To understand the molecular basis of the brittle
phenotype, we cloned the Bk2 gene and characterized
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cell structure and cell wall composition in the bk2 mu-
tant. The Bk2 gene is orthologous to the rice Bc1 gene, a
member of the COBRA gene family that encodes
glycosylphosphatidylinositol (GPI)-anchored proteins
of unknown function (Schindelman et al.,, 2001; Li
et al., 2003; Ching et al., 2006). A mutation in the
founding member of the COBRA family in Arabidop-
sis (Arabidopsis thaliana) results in severe inhibition of
root elongation and the progressive radial swelling of
the cortical cells away from the root tip (Hauser et al.,
1995). The cobra mutant is defective in cellulose syn-
thesis and microfibril orientation in roots (Schindelman
et al., 2001; Roudier et al., 2005). In contrast, rice Bc1 is
expressed primarily in vascular regions of the leaves
and culm, and the phenotype results in organ brittle-
ness rather than any obvious cell deformities. As with
the rice bcl mutants, mutations in Arabidopsis COBRA-
LIKE4 (COBL4), the most similar homolog of the rice
Bcl gene (Li et al., 2003), result in plants with normal
morphology but weaker stems (Brown et al., 2005). In
addition, cobl4 exhibits an irregular xylem phenotype,
similar to mutants compromised in secondary wall cellu-
lose synthesis or lignin deposition (Brown et al., 2005).

Because cobl mutants have decreased cellulose con-
tents, COBL proteins are thought to be involved in
cellulose synthesis or its regulation (Kokubo et al.,
1991; Schindelman et al., 2001; Li, et al., 2003; Roudier
et al., 2005). Also, the brittle phenotypes of bcl and bk2
were determined to be a loss of mechanical strength
associated with a reduction in cellulose content (Ching
et al., 2006). However, this conclusion is inconsistent
with the phenotype of other cellulose-deficient Arabi-
dopsis mutants of reduced tensile strengths but which
are not brittle (Turner et al., 2001). How the loss of
function of COBL4, BK2, and BC1 proteins results in a
brittle phenotype remains mysterious.

Consistent with the reports by Li et al. (2003) and
Ching et al. (2006), we show here that decreases in the
proportion of cellulose to total cell wall mass in leaves
and mature stems of bk2. However, this was not true of
the developing stem. Further, the bk2 mutant compen-
sates for the loss of cellulose with an increase in wall
mass, mostly xylans, per total dry mass. Additional
structural features, most likely related to phenolic
esters, are better correlated with the brittle phenotype.
We show here that the Bk2 gene is strongly expressed
during the first 2 weeks in development, but the
expression is substantially lower by the time of the
appearance of the brittle phenotype at the 4-week
stage. In addition, after expression of the phenotype,
Klason lignin content is enriched in bk2 stems but there
is a loss of phloroglucinol-positive material and UV
autofluorescence in the mature vascular bundles and
sclerids underlying the epidermis. In contrast to the
results of Ching et al. (2006), the mechanical or flexural
strengths of wild-type and bk2 internodes, as mea-
sured by simple one-point bend tests, were indistin-
guishable. However, the wild-type internodes continue
to bend under increasing stress, but the bk2 internodes
bent slightly under the stress and then snapped upon
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continued applied stress. Our observations suggest that
loss of cellulose synthesis is not tightly correlated with
the brittle phenotype and that lack of proper formation
of a lignocellulosic interaction during a change in lignin
architecture may result in the drastic loss of flexibility
exhibited in the mutant. Further, the high expression of
Bk2 during early development before the onset of the
brittle phenotype and its ability to establish the number
and size of peripheral vascular bundles in the basal
internodes indicate that Bk2 plays a broader fundamen-
tal role in developmental patterning.

RESULTS
Phenotypic Characteristics of bk2

In the uniform backcross progeny that we gener-
ated, the mutant bk2 and wild-type siblings segregated
in a 1:1 ratio, indicating that the recessive bk2 allele
transmits normally through both the male and female
gametophytes. In this progeny, the mutant (bk2/bk2
homozygotes) and wild-type siblings (bk2/+ hetero-
zygotes) were indistinguishable in all aspects of
growth, development, and vigor, except that the bk2
mutants were brittle and broke readily (Fig. 1A). All of
the plant organs are brittle, including leaves, the ear,

Figure 1. Characteristics of the bk2 phenotype. A, Bending of a brittle
mutant leaf causes it to snap and break cleanly, leaving razor-cut-like
edges. B, Breaking of bk2 mutants in the field as a result of wind damage.
[See online article for color version of this figure.]
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the tassel, and brace roots, as well as the stems. Field-
grown mutants have to be staked as even a slight wind
gust causes bk2 to snap at the lower internodes (Fig. 1B).

A unique characteristic of the maize bk2 mutant that
distinguishes it from brittle mutants of other plant
species is that its phenotype is developmentally pro-
grammed. During early germination and growth, the
mutants are indistinguishable from wild-type siblings
for the first 4 weeks after planting. Afterward, all
organs of the bk2 mutants turn brittle, even the
preexisting ones, and they remain brittle throughout
the life of the plant.

bk2 Mutants Exhibit Some Changes in Stem Anatomy

To determine if the brittleness of bk2 mutants arises
from changes in cell shape, size, or structure, we
compared internode stem cells of bk2 with those of
their wild-type siblings using bright-field and scan-
ning electron microscopies. Sections derived from the
first, third, and fourth internodes (counted from the
bottom) of the greenhouse-grown mutant and wild-
type siblings were used for these comparisons.

While the wild-type stems produce secondary vas-
cular bundles in the rind region of their lower inter-
nodes at maturity, the mutant stems do not (Fig. 2, A
and B). As a result, the density of peripheral vascular
bundles in bk2 stems is only 1.7 *+ 0.2 per mm com-
pared to 3.5 £ 0.4 per mm in wild-type internodes,
even though there is little difference in stem circum-
ference. The total number of peripheral bundles was
almost halved, with an average of 37 for bk2 and 72 for
wild type. The density of peripheral bundles was
slightly reduced in the third internode of bk2,2.4 = 0.3
per mm versus 2.9 * 0.2 per mm, with total peripheral
bundles of 53 for bk2 and 84 for wild type. Although
most cells in the rind region had slightly thinner walls
in the mutant compared to the wild type, the differ-
ence was more conspicuous in the walls of scleren-
chyma underlying the epidermis and surrounding the
vascular bundles (Fig. 2, C-H). Whereas the thinner
bk2 sclerenchyma walls are homogeneous in appear-
ance, those of the wild type show separation of pri-
mary and secondary wall. There are relatively more
cells in bk2 stem cortex between the epidermis and the
outer ring of vascular bundles than in those of wild
type. The lowermost internodes tend to form a con-
tinuous layer of sclerids between the outermost ring of
vascular bundles in wild-type plants but not in bk2
mutants. Taken together, these observations indicate
that the bk2 mutation results in developmental alter-
ations in the structure and anatomy of the maize stalk.

Tagging of Bk2

We tagged the Bk2 gene using a directed mutagen-
esis approach involving Mutator (Mu; Multani et al.,
2003). Mu-active plants were used as females and
fertilized with pollen collected from the bk2 tester
homozygous for the original mutant allele, herein
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Figure 2. Anatomy of a bk2 stalk. A and B are cross sections of the
corresponding mutant and wild-type stems, respectively, imaged with
bright-field microscopy. C to H, Scanning electron micrographs of mutant
(C, E, and G) and wild-type (D, F, and H) stems taken from cross sections.

referred to as the reference allele (bk2-ref). About
60,000 of the resulting progeny were planted in the
field and screened for bk2 mutants around week 7 after
planting. Brittle mutants were screened by taking a
leaf from each of the progeny plants between the index
and the middle finger and then bending with the
thumb. Two brittle mutants were identified, but only
one could be propagated. Sixteen plants from the
progeny of this mutant (named bk2-Mul) with B73
were genotyped using two RFLP markers, BNLS8.17,
which we found to be located 4.0 cM proximal to the
bk2 locus, and UMC95, which is located 2.5 cM distal to
bk2. This analysis allowed us to identify plants that
inherited the newly generated mutant allele, bk2-Mul.
These bk2-Mul heterozygotes were crossed again to
the bk2 tester (bk2-ref) to generate progeny that segre-
gated 1:1 for brittle and wild-type plants containing or
lacking the bk2-Mul mutant allele, respectively.

Cloning of Bk2

As we were identifying the tagged bk2 gene by stan-
dard cosegregation analyses (Multani et al., 2003), a rice
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bcl mutant, whose brittle plant phenotype matches
closely with that of the maize bk2, was reported (Li
et al., 2003). Because bcl mapped to a region of the rice
genome that exhibited a syntenic relationship with the
maize region harboring bk2, we hypothesized that they
may be related. Database searches for maize sequences
with homology to the rice Bc1 gene revealed a full-length
EST that exhibited 87% identity with the rice Bc1 cDNA
(data not shown). A complete genomic clone corre-
sponding to this EST was also found in The Institute for
Genomic Research database and was named ZmBcI.

Primers were designed from the ZmBc1 sequence and
used to clone a part of the gene by PCR. A radiolabeled
probe derived from this amplicon was hybridized to the
same blots used earlier to map bk2 using RFLP markers
(Fig. 3A). No recombinants were found between ZmBc1
and the bk2 brittle phenotype, suggesting that the two
were closely linked. To address whether the bk2 pheno-
type results from a mutation in ZmBc1, we took advan-
tage of the bk2-Mul mutant allele. DNA isolated from
this mutant was subjected to a reverse-genetics PCR-
amplification test to assess if it was caused by insertion of
a Mu element. Using the genomic ZmBcI sequence as a
guide, several primers were designed from the gene
(Fig. 3B). We especially targeted the 5" end of the gene for
primers because Mu elements are known to insert pref-
erentially in this gene region (May et al., 2003). Each of
the ZmBcI-specific primers were used in combination
with a primer from the Mu terminal inverted repeat
(TIR) to run PCR reactions in which the template DNA
was derived from bk2-Mul. PCR reactions yielding
amplification products revealed that a Mu element was
inserted 119 nucleotides upstream of the start codon of
ZmBcl in the bk2-Mul mutant allele (Fig. 3B). Typical of
Mu elements (May et al., 2003), a 9-bp duplication of the
target site was found to flank this Mu insertion.

To show that the maize bk2 and the rice bcl are
orthologs, we demonstrated that the original mutant
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allele (br2-ref) also has a structural aberration that
would disrupt the function of ZmBcl. Primers were
designed across the ZmBcI gene sequence and used in
different combinations to amplify various parts of the
gene by PCR. These reactions resulted in the identifi-
cation of a region within the ZmBc1 gene of the bk2-ref
mutant allele that failed to amplify repeatedly under
normal PCR conditions. To address the possibility of an
insertion in this region, a long-range PCR reaction was
used that led to an amplification of a product that was
about 1 kb larger than the product from B73 genomic
DNA. Sequencing of this PCR product revealed the
presence of a 1,085 bp novel insertion within the second
exon of ZmBcl in the bk2-ref allele (Fig. 3C), thereby
confirming a structural and functional relationship
between the maize Bk2 and the rice Bcl genes.

The coding region of the Bk2 gene (ZmBc1) is 1,353
bp long and its predicted product has 84% and 70%
identity with the rice BC1 and Arabidopsis COBL4
proteins, respectively (Fig. 4). In addition, the maize
Bk2 and rice Bcl genes comprise three exons with
identical exon/intron boundaries. The predicted BK2
protein is 450 amino acids long in contrast to the 468
amino acids of BC1. BK2 and BC1 differ from each
other substantially in the N-terminal signal peptide
and the hydrophobic C-terminal sequence, the latter of
which is predicted to be clipped at the w-site following
attachment of the GPI anchor in the endoplasmic
reticulum (Li et al., 2003). The 26 amino acids, corre-
sponding to locations 243 to 268 of BC1, are missing in
BK2. A gap of 32 amino acids is at the same location in
Arabidopsis COBL4 in relation to rice BC1.

Insertion in the bk2-ref Allele Uncovers a New and
Unusual Family of Transposons

The insertion in bk2-ref reveals a new family of
transposons with at least two unusual characteristics.

A bk2 mutants Wild-type Figure 3. Cloning and confirmation of the bk2 gene.
r — 1r 1 A, Southern gel blot showing linkage of bk2 with the
. B maize homolog of the rice BcT gene (ZmBcT). B, The
. 3 relative location of the two insertions (triangles) and
; 4 of various primers (arrows) that were designed to
o amplify the bk2 gene. C, Diagrammatic representa-
. . = tion of the bk2 gene showing three exons (gray
- - “ - . - .
e | rectangles), the relative location of the start codon
(ATG), and the location of insertions (triangles) in the
B bk2-Mul  bk2-ref bk2-MuT and bk2-ref mutant alleles. Mu-1 is inserted
. 119 bp upstream of ATG, and the 5" UTR is 90 bp
_8.,F Zl; EE l{ iE f.lf long. D, The TIR of the novel insertion in the bk2-ref
-« - -« - -« -« allele. Out of 46 bases, only the terminal 7 bp exhibit
SR R IR 4R W perfect identity.
C bi2-Mu-1 ATG bk2-ref
—Llih———_
5" UTR | I il
D
Inverted AGTCCTGCH GTCGTGC--TTCGGE
GGCACGARATTAATG

Repeat AGTCCTGTA
ke e dkdeardear deawrdeawrkk dkwok w wokdkw wok whkwokk dwkdk ok w
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Figure 4. Protein sequence align- 0Os BC1 1
ment of ZmBK2, OsBC1, and ZmrBK2 1
AtCOBL4. Numbers at the left are At COBL4 1
the positions of the amino acids in

each protein, with gaps (dashes) 0Os BC1 44
included to maximize alignments. ZnBK2 51
Identical and similar amino acids At COBL4 42
are shaded in black and gray, re-

spectively. The predicted signal 0s BC1 94
peptide is underlined, with cleav- ZmBK2 101
age site marked by an arrowhead. At COBL4 92
A consensus amino-acid sequence

CCVS in all COBL proteins is boxed. Os BC1

The w-amino acid at the predicted
GPI cleavage site is denoted by an
arrowhead.

IETMAF QVSVGLAGTTNKTVKLPINF TLIAGPGPGYTCGPAQI VPSTVYLTP D[
ZmrBK2 IERBAF QVSVGLAGTTNKTVKLPYNF TL(MGP GGY TCGPALNGVPS TV Y[QT P D
Ssete]-) Rt RO - OV SEVGL AGT TNKTVKLP[YNFTL (RGP GPGYTCGPA[SI VPSTV[EL THIDLS

0s BC1 IETMRRT QALNTWTVTCTYSQQLASRYPICCVSFSSFYNSTI VPCARCACGCG[g
ZmBK2 PLRBRRT QAL NTWTVTCTYSQQLASRYPSCCVSFSSFYNSTI VPCARCACGCGH
FX R I R IR 3T QAL VTWIVTCTYS QL ARTERIP S CCVSFSSFYNET! P CEHCACGCHE
Os BC1 244 DGYRGNGGGGKNARAGDGRSRRNSGGSGTE@ GDSKRALSAGVN
ZmwBK2 b R GIGGHEGHeC | [JGDSKRALSAGVN
AtCOBL4 241 --cvcvmmmm e cc e e e eeaeeans NKKS{EVKAPNY L TKKELN

Os BC1 294 ELINRIEA

ZrrBK2 PINT PRKDGORL L QCT(d

PLLQCTYHNCPI RVHWHVKLNYKDYWRAKI Al TNFNYRVMNYTQ
HNVCPI RVHWHVKLNYKDYWRAK! Al TNENYRNMNYTQ

Ao i XY R T P (K DNREP L L QCT[gIHVCPRVHWHVKPINY KDY WRIKIT Al TNFNYRNVN[IT[R

Os BC1 EEEMWT L VAQHPNLNNVTEVFSFQYKPL[MPYG[l NDTGNMFYGLKFYNDLL VEAG
S et - S R NI\ T L LYBOHP NL NNVT@VFSFY KPP Y GS | NDT GNVF Y GIKF YNDLL MEAG
Os BC1 ERE NP F GNVQSEVL MRKDMNTFTFS QGWAFPRKI YFNGDECKNPPPDSYPYLPN
ZmBK2 EFAINP F GNVQSEVL NRKDEYT F TFSGWAFPRKI YFNGDECKNVPPPDSYPYLPN
S]] N I Y YO P GNV QS E VL [MEK D{eI4T F T F[JQGWAF PRKY F NGDE C[YMPPPDS YP[@L PN

A
0Os BC1 444 NI GPPRSNMAALNNS Al LVV A- @
ZmBK2 425 dVVASQLINSEYIAS AL L LVA
At COBL4 410 BJQQGNFASFS[HTI LLLL[g ST W- - - -

First, they have an imperfect TIR of 46 bp, of which
only the outermost 7 bp exhibit a perfect match be-
tween the left and the right borders (Fig. 3D). Second,
they cause a 10-bp duplication at the site of insertion,
another novelty among the transposable elements
identified thus far in plants. However, Ching et al.
(2006), who also cloned this insertion and named it
KITE, reported this duplication to be of 8 bp. About 50
copies of KITE have been detected in the maize data-
bases. Southern blots have also revealed equivalent
copies of this tranposon in most maize inbreds and in
Teosinte (data not shown). Hundreds of copies of a
modified version of KITE have also been detected in the
rice genome (A. Sindhu and G. Johal, unpublished data).

The bk2 Brittle Phenotype Is Independent of
Tensile Strength

Sections of wild-type and bk2 leaves were tested for
break strength. Thin sections of leaves taken parallel to
the vascular tissue broke at a force about twice that of
leaf sections made perpendicularly, but the average
breaking strengths of wild type and bk2 were indistin-
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guishable (Fig. 5A). Similarly, the strain profiles in a
one-point bend test of internodes of wild type and bk2
were indistinguishable. Whereas the wild type only
bent upon increasing stress, the bk2 internodes snapped
at variable points beyond the maximum stress exerted
(Fig. 5B). These results contrast with those of Ching
et al. (2006), who reported a difference in the strain
curves. We found that the strain was quite variable
among samples from both wild type and bk2, but the
average maximum force required to crease the tissue
was about the same (Fig. 5, A and B, insets). Whereas
bk2 snapped, wild type continued to bend with con-
tinually less resistance to the displacement. Whether
interpreted as a consequence of a loss of mechanical
strength (Ching et al., 2006) or flexibility, these results
indicate an architectural defect in the cell walls of the
bk2 mutant (Fig. 5B).

bk2 Exhibits Abnormalities in Cell Wall and Cellulose
Deposition in Leaves and Mature Stem

We characterized cellulose and noncellulosic mono-
saccharide distributions in the leaf and internode

Plant Physiol. Vol. 145, 2007
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Figure 5. Mechanical strength and flexibility of leaves and internodes.
A, Examples of stress-strain curves of force versus displacement for bk2
and wild-type leaf sections taken parallel (with vein) and perpendicular
(against vein) to the long axis of the leaf blade. Inset, Average values
and sb (n = 11-13 samples) for maximum force before breakage for the
bk2 and wild-type leaves. B, Examples of stress-strain curves of force
versus displacement for bk2 and wild-type stems in a one-point bend
test. While both bk2 and wild-type stems reach a maximum force by
about 4 mm, all bk2 stems snap at some point upon continued bending,
observed as the sudden loss of force applied. Inset, Average values and
sps (n = 22 for wild type, n = 20 for bk2), where Fis determined as the
maximum force tolerated before severe bending.

walls of bk2 and wild-type plants at stages before and
after the brittle phenotype developed. Leaf and inter-
node tissues were pulverized in liquid nitrogen, por-
tions were freeze-dried directly to give total dry mass
of the tissue, and cell walls were isolated from the
remaining material. Relative cellulose content could be
quantified as a proportion of the total dry mass and
total cell wall mass (Fig. 6, A and B). Before the
appearance of the brittle phenotype, only the juvenile
leaves are present and little difference in proportions
of wall mass or cellulose content were observed (data
not shown). After the appearance of the phenotype,
wild-type cellulose mass represents 13% to 17% of the
total dry mass of the juvenile and adult leaves and 13%
to 19% of the dry mass of the stem, and in each tissue
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the reduction in cellulose is more drastic with in-
creased maturity of the tissues (Fig. 6A). In contrast,
the proportions of the cell wall mass per total dry mass
were greater in bk2 than in wild type (Fig. 6A). The
proportion of cell wall cellulose varied from 31% to
39% in wild-type leaves and 23% to 33% in bk2 leaves
(Fig. 6B). However, while bk2 exhibited a stark cellu-
lose deficiency in the mature stem, the percentage
cellulose in the cell walls of bk2 developing stems was
slightly greater than that of wild type.

Hydrolysis of isolated walls with 2 M trifluoroacetic
acid (TFA) gives an insoluble residue, which is mostly
cellulose, and soluble monosaccharides from noncel-
lulosic polysaccharides. The monosaccharides, quantified
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Figure 6. Determination of cell wall and cellulose content in juvenile
leaves 3 and 4, adult leaves 6 and 7, and mature (S1, basal one-third)
and developing internodes (S2, middle one-third, and S3, top one-third
below the tassel stem) of wild type and bk2 demonstrating the brittle
phenotype. Samples of total mass and isolated walls were weighed and
digested with acetic-nitric reagent (Updegraff, 1969). The undigested
cellulose was pelleted by centrifugation and washed several times with
water. Glc equivalents were determined by phenol-sulfuric acid assay
(DuBois et al., 1956) and converted to weight amounts for determination
of weight%. Error bars are the mean = sp of at least four samples. A, Cell
wall and cellulose content is calculated as weight% of the total dry mass.
B, Cellulose content is calculated as dry mass of isolated cell walls.
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by separation as alditol acetates, give an estimate of
the relative abundance of the major wall constituents.
With increasing maturity of leaves, Xyl content was
higher in proportion relative to all other monosaccha-
rides and with a slight increase in Xyl at the expense of
Glc in bk2 leaves relative to wild type after the brittle
phenotype develops (Fig. 7, A and B). These results
indicate that the increase in relative wall mass to dry
mass (Fig. 6A) involves an increased synthesis of
xylans.

Analysis of Secondary Wall Architecture by Fourier
Transform Infrared Spectroscopy

Using scanning electron microscopy, we observed
specific decreases in secondary wall thickness in
sclerids of the rind and surrounding vascular bundles
in the bk2 stem (Fig. 2, G and H). We used Fourier
transform infrared (FTIR) microspectroscopy to assess
wall phenotypes in isolated cell walls from juvenile
and adult leaves, and from sclerid-enriched fragments
of the rind of mature and developing internodes. FTIR
spectroscopy is a vibrational spectroscopic method
that can quantitatively detect, without derivatization,
the relative amounts of functional groups, including
carboxylate esters, phenolic esters, amides and car-
boxylic acids, and a carbohydrate fingerprint region,
with absorbances at certain wave number serving as
diagnostic of cellulose, cross-linking glycans, and pec-
tins in maize and other grasses (Tsuboi, 1957; Liang
and Marchessault 1959; Séné et al., 1994; Carpita et al.,
2001). Thirty to 40 spectra were obtained from wild-
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Figure 7. Noncellulosic cell wall monosaccharide distributions of
wild-type and bk2 juvenile and adult leaves after appearance of the
brittle phenotype. Samples are digested with 2 m TFA at 120°C for 90
min to hydrolyzed noncellulosic polysaccharides to monosaccharides.
The TFA is evaporated, and alditol acetates derivatives are separated
and quantified by gas-liquid chromatography. Mol% was calculated
based on response-factor values of standards treated similarly during
derivatization. A, Juvenile leaves (leaf 3). B, Adult leaves (leaf 6).
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type and bk2 plants for each organ and developmental
stage. The spectra of cell walls from internodes and
leaves were similar, but there were differences be-
tween walls of bk2 and wild type for these tissues (Fig. 8).
Consistent with chemical analyses of cellulose (Fig. 6B),
the digital subtraction spectra, subtracting the average
spectrum of bk2 walls from that of wild type, show
wild-type mature stems are relatively enriched in
absorbances characteristic of cellulose (wave numbers
1,157, 1,108, and 1,061 cm™') and that of phenolic
esters (wave number 1,728 cm ') is relatively enriched
in bk2 (Fig. 8B). A cellulose deficiency is also observed
in bk2 adult leaves, but comparison of digital subtrac-
tion spectra of the immature stems and juvenile leaves
do not indicate a substantial deficiency in the bk2
mutant (Fig. 8, D, F, and H).

Principal components analysis applied to popula-
tions of spectra taken from isolated walls of wild-type
and bk2 mature basal internodes showed that over 90%
discrimination could be obtained using only three PCs
(Fig. 9, A and B). The wild-type population was enriched
in PC1, the loading for which has absorbances of 1,034,
1,057, 1,108, and 1,157 cm ™, characteristic of cellulose.
In contrast, the walls of bk2 mature internodes had
higher PC3 scores, the loading for which has absor-
bances at 1,728 to 1,732 cm ™' and 1,234 to 1,242 cm ™,
which are characteristic of phenolic esters. A similar
PC1 loading was obtained when spectra from cell
walls of bk2 juvenile and immature internodes of were
compared to those of wild type, but PC1 scores did not
contribute to discrimination of the two populations
(under 60% correct assignment using PC1 for either
group). However, spectra derived from walls of bk2
immature stems and juvenile leaves were significantly
discriminated from wild type by PC3, for which load-
ing 3 demonstrates an enrichment in phenolic esters in
bk2 (Fig. 9, D and F). Whereas discrimination of bk2
and wild-type cell walls of the internodes and juvenile
leaves was nearly 80% using three PCs, the spectra
from cell walls of adult leaves were poorly discrimi-
nated. However, marked increases in discrimination of
the walls of adult leaves were achieved using up to
five PCs, with PC loading 5 having absorbances at
1,728 and 1,238 cm ™! associated with an enrichment of
phenolic esters in the bk2 (Fig. 9H).

Qualitative and Quantitative Changes in Lignin and
Hydroxycinnamic Acids

Whereas the relative proportion of Klason lignin in
juvenile leaves is essentially unchanged before or after
the appearance of the brittle phenotype, lignin was
markedly enriched in the cell walls of bk2 mature and
developing stems (Fig. 10). Despite this enrichment in
total content, there is significantly less phloroglucinol-
staining material in the mutant stem slices and sections
compared to those derived from wild-type siblings (Fig.
11, A-C). This staining difference is only detected in the
mature stems, as developing stems of both bk2 and
wild-type tissues do not stain. Consistent with these

Plant Physiol. Vol. 145, 2007
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results, we found that cell walls of mature bk2 stems
were less autofluorescent than wild type when viewed
under UV light (Fig. 11, D and E). These results are con-
sistent with enhanced levels of Klason lignin observed
in rice bcl but differ in the Wiesner (phloroglucinol)-
staining behavior (Li et al., 2003). The total amounts
of extractable UV-absorbing esterified hydroxycinna-
mates, primarily p-coumarate, ferulate, and other
phenolic substances released upon saponification of
isolated walls, were significantly higher in bk2 than in
wild type in all tissues (Table I). Whereas comparable
amounts of p-coumaric and ferulic acid (FA) were found
in leaves, the stems had substantially higher amounts of
p-coumaric acid (pCA) than FA. These results are con-
sistent with the finding of higher levels of phenolic esters
by infrared spectroscopy (Figs. 8 and 9).

Comparison of normalized mass spectral data ob-
tained after pyrolysis of isolated cell wall material
from the developing internode indicated that the
chemical composition of mutant and wild type were
similar (Table II). Based on the increase in the intensity
of mass-to-charge ratio (m/z) 73, 85, and 114, bk2
contains slightly more pentose-based polysaccharides
(arabinoxylans) but the content of cellulose is un-
changed (m/z 126, 144). The mutant contains less total
pCA (m/z 164, 147) but a higher amount of FA (m/z
194). In contrast, the cell walls of mature stems of the
bk2 mutant contain more lignin and more pCA and FA,
confirming the results from the lignin content analysis
and the HPLC analyses of saponified cell walls. The
peak intensity corresponding to lignin-derived com-
pounds was 30% to 40% higher in bk2, whereas the
peak intensities of polysaccharide indicators did not
change or were only slightly higher. The peak inten-
sities of compounds derived from both guaiacyl (G;
m/z 137, 151, 152, 178, 180) and syringyl (S; m/z 153,
165, 167, 208, 210) residues were increased in the bk2
mutant, but the ratios of S to G, calculated for two
pairs of selected compounds representing each sub-
unit, were nearly constant. Since pCA is primarily
esterified to S residues (Ralph et al., 1994), the increase
in pCA in the stems of bk2 after the brittle phenotype
manifests itself can therefore be largely attributed to
the increase in lignin content. Analysis of the cell wall
composition of the juvenile leaf of wild-type and bk2
plants shows similar small differences in composition
between wild type and bk2 as was observed in the
internode tissue from the developing stems.

Bk2 Is Expressed Strongly Only during
Early Development

Reverse transcriptase-coupled PCR (RT-PCR) was
used to examine the transcriptional pattern of Bk2

using gene-specific primers. Bk2 was expressed in
most parts of the maize plant (B73 inbred) including
roots, shoots, and stems. However, no RT-PCR product
could be amplified from plants homozygous either for
bk2-ref or bk2-Mu1, indicating that both of these mutant
alleles are null.

To address how the expression of the Bk2 gene re-
lates to the developmentally specified phenotype of
the mutant, total RNA was also extracted from leaves
of B73 at weeks 1, 2, 3, 4, and 8 and subjected to semi-
quantitative RT-PCR. Bk2 transcripts are more abun-
dant at early stages of growth (weeks 1 and 2) than
at later stages (weeks 3, 4, and 8; Fig. 12). Northern gel-
blot analyses of polyA)-RNA confirmed a higher
transcript level at weeks 1 and 2 with transcript
abundance markedly decreasing in weeks 3 and 4
(Fig. 12).

DISCUSSION
Bk2 Encodes a COBL Protein

Mutations in the COB gene of Arabidopsis were so
named because of a change in the orientation of cell
expansion in the root from the longitudinal axis to the
radial axis, widening the root diameter progressively
away from the tip and giving roots the appearance
of a the head of a cobra (Hauser et al., 1995). Because
this change in orientation was accompanied by a
drastic lowering in the crystalline cellulose in the
root cell walls, Schindelman et al. (2001) suggested
that COB is either directly or indirectly involved in
cellulose synthesis. The COB gene was identified
by map-based cloning and predicted to contain an
N-terminal signal sequence for secretion, a highly hy-
drophobic C-terminal sequence, and a GPI anchor se-
quence near the C terminus (Udenfriend and Kodukula,
1995a).

The cleavage site in known GPI-anchored proteins,
termed w, contains only Ser, Asn, Ala, Gly, Asp, and
Cys, with only Ala, Gly, Thr, and Ser found at the +2
site (Udenfriend and Kodukula, 1995b). The +2 resi-
due of known GPI-anchored proteins is usually fol-
lowed by a spacer of five to seven amino acids rich in
charged and/or Pro residues followed, in this in-
stance, by a stretch of 20 to 25 hydrophobic residues.
The ZmBK2 meets these criteria, with Asn at the w site
and Ala occupying the +2 position, and a Pro at the +3
position (Fig. 4). The 12-member Arabidopsis COBL
gene families are all predicted to encode GPI-anchored
proteins. With the exception of two members, COBL6
and COBLY, whose expression is floral specific, the rest
of the COBL genes are expressed to different extents in

Figure 8. Averaged FTIR spectra (A, C, E, and G) and digital subtraction spectra (B, D, F, and H) of isolated cell walls of wild-type
and bk2 organs after the appearance of the brittle phenotype. In all spectra, wild-type spectra are in black, and bk2 are in gray
scale. A and B, Mature basal internodes at tasseling. C and D, Developing internode taken just below the tassel internode. E and

F, Juvenile leaves (leaf 3). G and H, Adult leaves (leaf 7).
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Figure 9. Principal components analysis of FTIR spectra of cell walls of wild-type and bk2 leaves and stems after the appearance
of the brittle phenotype. PC scores plots and PC loadings 1 and 3 of walls of bk2 and wild type from: A and B, mature basal
internode; C and D, developing internode just below the tassel internode; E and F, juvenile leaves (leaf 3). G and H, Loadings 4
and 5 of walls of bk2 and wild-type adult leaves (leaf 7). Insets: Values reflect the classification percentages of populations of
wild-type and bk2 samples from the first five PC scores. A value of 50% means the populations cannot be discriminated.
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Figure 10. Klason lignin determination of cell walls of juvenile leaves
before and after appearance of the brittle phenotype and of mature and
developing stems. Klason lignin was determined gravimetrically after
correction for ash, according to Theander and Westerlund (1986), as
modified by Hatfield et al. (1994). Values are mean * sp of four
samples.

all organs (Roudier et al., 2002). BK2 is most closely
related to the rice BC1 and Arabidopsis COBL4, with
88% and 70% identity, respectively. The rice BC1 has a
unique 25-amino acid insertion rich in Gly residues
that is absent from both maize BK2 and Arabidopsis
COBLA4 proteins (Fig. 4).

Similar to other COBL proteins, BK2 possesses a con-
served region between amino acids 53 to 217, charac-
teristic of a metal-binding domain of plant phytochelatin
synthases (E = 3.6 e °, with 83%-91% similarity
and 72%-80% identity to four plant phytochelatins).
Leuchter et al. (1998) complemented the Schizosacchar-
omyces pombe mutant defective in phytochelatin syn-
thesis by expressing partial COB cDNA, and wheat
(Triticum aestivum) COB1 possesses phytochelatin
synthase-like activity that improved resistance to cad-
mium when expressed in Escherichia coli (Wang et al.,
2006). A set of conserved Cys residues involved in
metal ion binding was also observed (Roudier et al.,
2002). While it is unlikely that the COBL proteins
function as phytochelatin synthases, the metal-binding
domains may be conserved for an alternative function
(Wang et al., 2006).

Amino acids 37 to 76 of BK2 also show weak
similarity (7%-13%) to a family II cellulose-binding
module related to that of several bacterial type II
cellulases (Simpson et al., 2000), but the Trp residues
found in this region are conserved in BK2 and COBL1-5,
and, with the presence of an adjacent conserved Gly,
is predicted to confer binding specificity to cellulose
over xylan (Linder and Teeri, 1997). COBRA is one of
several plant proteins predicted to be GPI anchored
that have been solubilized from plasma membranes by
a phophatidylinositol-dependent phospholipase C
(Roudier et al., 2005). Others include several arabino-
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galactan proteins (Youl et al., 1998), other cell expan-
sion orientation factors SKU5 (Sedbrook et al., 2002),
and SOS5 (Shi et al., 2003), and several disparate types of
proteins, including hydrolases, proteases, and receptor-
like kinases (Borner et al., 2003).

Although mutation of COBRA and other GPI-
anchored proteins affect orientation of expansion, this
phenotype is not observed in either bcl or bk2 mutants.
A reduction in secondary cell wall deposition indicates
that the activities of these COBL proteins may be
restricted to wall deposition in specialized cells after
elongation. An independent expression-profiling study
showed that the most closely related Arabidopsis
COBLA is coregulated with secondary wall cellulose
synthases (Brown et al., 2005). Three independent in-
sertional cobl4 mutants exhibit an irregular xylem phe-
notype and display a brittle phenotype (Brown et al.,
2005).

There are no reports of irregular xylem phenotypes
in grass mutants. In dicots, defects in secondary cell
wall formation, whether due to defects in cellulose

bk2 | wt

Figure 11. The quality of lignin is altered in bk2. A, Phloroglucinol
staining of freshly-cut mutant (bk2) and wild-type (wt) stalk sections. B
and C, A freshly-cut, phloroglucinol-stained transverse sections of bk2
and wild-type stems. D and E, UV autofluorescence of sections from
bk2 and wild-type stems.

Plant Physiol. Vol. 145, 2007



Maize Brittle stalk2

Table I. Hydroxycinnamic acid content in the cell walls of bk2 and wild-type tissues

*, Estimations of total hydroxycinnamates were based on contributions of ferulic and pCA as judged from
their respective absorbance at 310 nm and the ratio of each assayed by HPLC.

Tissue Total Hydroxycinnamates*

p-Coumarate

Ferulate p-Coumarate/Ferulate

Juvenile leaves

Wild type 104 = 4

bk2 126 = 20
Adult leaves

Wwild type 118 =5

bk2 141 = 13
Mature stem

Wild type 244 = 18

bk2 311 =
Developing stem

Wild type 202 + 13

bk2 290 = 18

nmol/mg cell wall

38+ 4 27 =2 1.38
43 =3 40 = 1.07
47 +1 38 + 1 1.24
66+ 14  46+3 1.43
166 + 3 37 =1 4.44
204 + 4 64 * 15 3.17
13 7 37 =1 3.19
140 + 4 48 * 4 2.92

synthases or other components, lead to the collapsed
or irregular xylem phenotype (Turner et al., 2001).
However, none of the cellulose-deficient irx cell wall
mutants having defects in CesA genes has a brittle
phenotype. Only irx2, defective in KORRIGAN (KOR),
a membrane-associated endo-(1 — 4)-B-D-glucanase

gene (Lane et al., 2001), and cobl4, defective in an
ortholog of the rice Bcl and maize Bk2 genes (Brown
et al., 2005), exhibit brittleness in addition to the irx
phenotype and reduced cellulose content. These re-
sults suggest that COBRA has a function distinct from
a role in cellulose biogenesis.

Table Il. Pyrolysis-mass spectrometry of cell wall samples of developing and mature stems and juvenile leaves

*, These ratios have not been corrected for the response factor and are therefore not reflective of the actual molar ratios. G, Guaiacy! units; S, syringyl

units; pCA, p-Coumary! units; FA, feruloyl units; wt, wild type.

Mature Stem Develop. Stem Leaves

m/z Origin

wt bk2 wt bk2 wt bk2
Peak area %
73 Polysaccharide 241 2.95 2.50 3.02 2.65 3.20
85 Polysaccharide 2.51 2.84 2.88 3.06 3.13 3.13
98 Polysaccharide 0.43 0.43 0.52 0.55 0.61 0.67
114 Pentose 1.06 1.29 1.69 1.62 1.47 1.47
126 Hexose 0.27 0.23 0.31 0.30 0.31 0.38
144 Hexose 0.13 0.11 0.20 0.21 0.87 0.75
137 Coniferyl alcohol [M-4317 (G) 1.51 1.50 0.73 0.97 0.22 0.26
147 pCA [M-1 71" 2.16 2.00 1.12 1.59 0.73 0.63
150 4-Vinylguaiacol (FA) 0.32 0.34 0.36 0.42 0.44 0.37
151 Vanillin (G) 0.84 0.83 0.52 0.71 0.53 0.55
152 Vanillin (G) 0.43 0.43 0.27 0.38 0.37 0.34
153 2,6-Dimethoxy-4-methylvinylphenol [M-15]" (S) 0.32 0.37 0.20 0.28 0.19 0.17
164 pCA; (iso)eugenol (G) 3.25 2.79 1.74 2.55 0.83 0.79
165 Sinapaldehyde [M-431" (S); 2,6-dimethoxy- 0.53 0.52 0.31 0.43 0.20 0.19
4-vinylphenol [M-15]7 (S)
167 Sinapyl alcohol [M-43]™ (S); syringy! acetone (S) 0.34 0.41 0.20 0.28 0.16 0.12
178 Coniferaldehyde (G) 0.57 0.57 0.36 0.42 0.36 0.36
180 Coniferyl alcohol (G); 2,6-dimethoxy-4-vinyl- 0.98 0.91 0.43 0.59 0.46 0.39
phenol (S)
194 FA; 2,6 dimethoxy-propenylphenol (S) 0.33 0.49 0.34 0.44 0.29 0.37
208 Sinapaldehyde (S) 0.26 0.23 0.14 0.19 0.10 0.09
210 Sinapy! alcohol (S) 0.22 0.24 0.10 0.15 0.06 0.07
*Ratios
S/IG m/z 165/137 0.38 0.35 0.43 0.44 0.23 0.27
m/z 153/151 0.38 0.46 0.38 0.40 0.35 0.30
pCA/S m/z 164/165 6.13 5.42 5.50 5.89 5.01 6.70
m/z 147/167 6.54 4.92 5.70 5.70 3.66 3.26
Plant Physiol. Vol. 145, 2007 1455
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Figure 12. The Bk2 gene is expressed much earlier than the appear-
ance of the brittle phenotype. A, An RT-PCR assay showing that the
expression of Bk2 is higher during earlier stages of maize development.
In contrast, the expression of the Actin gene in these samples remained
unchanged. B, Northern-based expression analysis of Bk2 confirming
the RT-PCR data shown in A. PolyA™-enriched RNA was used for the
northern analysis. Gel blot in the lower section shows the relative
amount of polyA™ RNA in different samples. Leaf materials were
pulverized in liquid nitrogen and RNA extracted from aliquots of the
frozen powder. For RT-PCR analyses, the topmost fully expanded leaf
was used; for polyA™-enriched northern gel blots, the entire seedling
or plants were used.

What Is Directly Responsible for the Brittle Phenotype?

The appearance of the brittle phenotype coincides
with the transition from juvenile to adult leaves and a
qualitative change in the deposition of lignin. This is
apparent from various phase-change and brown midrib
mutants (Moose and Sisco, 1994; Marita et al., 2003;
Lauter et al., 2005). Whereas cellulose content is com-
promised in the bk2 mutant (Fig. 6), lignin deposition
is enhanced (Fig. 10). Lack of a proper cellulosic matrix
in the secondary wall may lead to an aberrant lignin
polymerization, rendering it incapable of withstand-
ing bending stress.

Despite the drastic increase in lignin content of the
bk2 stems, acid phloroglucinol-stained material is re-
duced in the cells of these stems. This finding is in
sharp contrast to that observed in rice (Li et al., 2003).
These differences may be attributed to different lignin
structures in different species with different stem
architectures. Alternatively, the increases in lignin
content may not be restricted to the vascular bundles
and rind tissues in maize. Although the Wiesner stain
reacts with cinnamaldehyde residues in lignin and
the color intensity approximately reflects the total
lignin content, our anomolous results indicate that
there may be other changes in cell wall phenolics that
contribute to cell wall flexibility. Our infrared analy-
ses indicate that phenolic esters are increased in bk2
relative to wild type. We measured increased levels
of hydroxycinnamic acids in bk2, consistent with
the increased amounts of (arabino) xylans. Ferulate
esters attached to the arabinosyl units of the xylan
become cross-linked into the lignin structure by di-
verse kinds of linkages (liyama et al., 1994). Conifer-
aldehyde is the precursor of FA (Nair et al., 2004) and
enhanced ferulate ester production may drain the
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aldehyde pools, resulting in decreased phloroglu-
cinol staining.

Bk2 Expression Prestages the Appearance of Phenotype

Consistent with a secondary wall function, rice Bcl
demonstrates expression associated primarily with
vascular bundles and the rind (Li et al., 2003). How-
ever, maize Bk2 expression is highest very early in leaf
development but greatly reduced when the brittle
phenotype presents itself (Fig. 12). The decrease in
cellulose but not wall mass occurs in leaves before the
onset of the brittle phenotype, and while it may
predispose the organs to the brittle nature, it cannot
be the direct cause. Such an expression pattern was
observed not only when whole seedlings/plants were
examined, but also when different plant parts such as
leaf blades, leaf sheaths, or tiny stems were excised
and examined separately (data not shown). Given the
anatomical alterations in vascular bundle distribution
as well as secondary wall defects, early expression pre-
disposes the tissues to brittleness long before the onset
of the actual phenotype. In line with our findings, Bcl
also expresses most strongly in tiller buds, long before
they develop sclerenchyma cells (Li et al., 2003).

Does BK2 function similarly to other COBL proteins
that function during primary wall growth and cellu-
lose deposition? Alterations in cell walls can be an
indirect consequence of mutations in more global
developmental programs and expression of cell wall-
related genes is modified in many different signal
transduction pathways. Therefore, a cell wall mutant
phenotype is not necessarily a result of a mutation in a
gene directly involved in cell wall synthesis or assem-
bly. For example, cellulose deficiency is a consequence
of several kinds of mutations other than a defect in
cellulose synthase catalytic subunits. Mutations in an-
other plasma membrane-associated protein, kobito (Pa-
gant et al., 2002), an endoglucanase, kor (Nicol et al.,
1998), and a katanin-like microtubule-severing protein
fra2 (Burk and Ye, 2002), all result in cellulose defi-
ciencies. Further, plants also compensate cellulose de-
ficiencies by altered wall metabolism. For example,
tomato and tobacco (Nicotiana tabacum) cells with type I
walls habituated to grow in cellulose synthesis inhibi-
tors increased pectin cross-linking, whereas barley cells
with type II walls do so by increased phenolic cross-
linking (Shedletzky et al., 1992). Thus, one should not
infer that all of these genes have a primary function in
the biosynthesis of cellulose but that several pathways
may regulate cellulose biosynthesis as a downstream
target. The observation that total wall mass actually in-
creases as cellulose is lowered in bk2 (Fig. 6A) indicates
that COBLs function in global integration of wall ex-
tension and deposition rather than directly in cellulose
synthesis. The location of COBRA proteins at the inter-
face of plasma membrane and cell wall and their associa-
tion with lipid microdomains (rafts) suggest a potential
integrative function in regulation or integration of se-
cretion and wall assembly (Martin et al., 2005).
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MATERIALS AND METHODS
Plant Material

The maize (Zea mays) mutant bk2 was obtained from the Maize Genetics
Cooperative as a stock (no. 916C) that had been maintained over many
generations as a backcross progeny. To have a uniform background, the
material was propagated by backcrossing bk2 mutants with their wild-type
heterozygotes an additional five times. These backcrosses resulted in a
uniform background where the mutant (bk2/bk2 homozygotes) and wild-
type plants (bk2/+ heterozygotes) were indistinguishable from each other
except for the appearance of a brittle phenotype at 4 weeks in the bk2 mutants.
In this backcross progeny, the mutant and wild-type plants segregated in a 1:1
ratio of homozygotes to heterozygotes. Upon harvest of plant material, it was
frozen immediately with liquid nitrogen before being placed at —80°C until all
samples had been collected.

Identification of RFLP Markers Flanking bk2

We generated another backcross population of bk2 with B73. One hundred
and fifty plants from this population were assessed for the brittle phenotype,
as well as the genotype of a number of RFLP markers known to map in the
vicinity of bk2 on the proximal part of the long arm of chromosome 9. The data
obtained placed bk2 between UMC95 and BNLS8.17, with BNLS.17 being 4.0 cM
proximal and UMC95 2.5 cM distal to the bk2 locus.

Southern and Northern Gel-Blot Analyses and PCR

DNA extraction and Southern gel-blot analyses were done as described
before (Multani et al., 2003). For RNA, leaf materials were collected in bags
and immediately frozen in liquid nitrogen and stored at —80°C. For RT-PCR
analyses, the topmost fully expanded leaves at each age were used, whereas
for polyA-enriched northern gel blots, the entire seedling or plants were used.
Before extraction, the leaf materials were pulverized in liquid nitrogen and
RNA extracted from aliquots of the frozen powder. Total RNA was extracted
using LiCl, precipitation, as described by Lagrimini et al. (1987). PolyAt"
mRNA fraction was isolated from total RNA using the PolyATract mRNA
Isolation System II kit from Promega. For northern gel-blot analysis, the
PolyA™ enriched RNA was fractionated on 1.2% (w/v) agarose gels. Samples
of uniform quantity were prepared and mixed with 2X loading dye (547 uL of
formamide, 182.5 uL of formaldehyde, 200 uL of 10X MOPS buffer {200 mm
MOPS|[Na], pH 7.0, containing 80 mm sodium acetate}, 66 uL of glycerol, 4 uL
of 0.5 M EDTA, 5 uL of 10 mg mL ™! EtBr), and heated for 65°C to 70°C for 10
min and then immediately placed in ice before loading. Transfer, hybridiza-
tion, and subsequent exposure of blots to x-ray films were as described in
Multani et al. (2003).

The PCR reaction conditions and the Mu-TIR primer to seek the insertion
of a Mu element in bk2-Mul were essentially as described before (Multani
et al., 2003), except we added 5% glycerol to the reaction mixture. Various
bk2-specific primers used in this study were: 1F, 5'-GCGATGGTGACGAT-
GAGCAAC-3'; 3F, 5'-ACTGGCACGTCAAGCTCAAC-3'; 4F, 5'-TGCGTC-
TCCTTCTCCTCCTTC-3'; http://www.idtdna.com/analyzer/Applications /
Instructions/Default.aspx? AnalyzerDefinitions=true - MeltTemp; 5F, 5'-GGA-
CTCCTACCCCTACCTGC-3'; 6F, 5-TGCACACACACTGGCACTTG-3';
http://www.idtdna.com/analyzer/Applications/Instructions /Default.aspx?
AnalyzerDefinitions=true - MeltTemp; 7F, 5-TTTTATTCGCCCTGCCTC-
TAG-3’; 8F, 5'-ATCTAGCTGTGCCTGTGCCTG-3’; 1R, 5'-CGATGGTGCTG-
TTGTAGAAGGAG-3'; http://www.idtdna.com/analyzer/Applications /
Instructions/Default.aspx? AnalyzerDefinitions=true - MeltTemp; 3R, 5'-AC-
CAGGAGCAGCAACAGTAGG-3'; 4R, 5'-TTGAGCCCGTAGAACATGCC-3';
5R, 5'-GGGTTAGCAAATGTTCAGGCAAC-3'; 7R, 5'-ATGGACCAGATC-
ACCTCCTTC-3’; 8R, 5'-ATGGTAACCGAACCTGCAACG-3'.

To elucidate the molecular nature of the structural polymorphism in bk2-
ref, the Expand High Fidelity PCR system of Roche was used. The reaction
conditions were set up as recommended by the manufacturer, except for the
addition of 5% (v/v) glycerol. The cycle was repeated 30 times and the final
elongation time was 15 min at 72°C. All amplified fragments were cloned in
the pGEM-T vector from Promega.

For RT-PCR, total RNA was isolated from greenhouse-grown B73 plants
and 1 ug of total RNA was used for each reaction for all samples. The first
strand of cDNA was synthesized using the RETROscript kit from Ambion,
essentially as described by the manufacturer. Next, 5 uL from each primary
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reaction was used for the second-step PCR reaction using bk2-specific primers
1F and 1R. RT-PCR controls were derived from the actin gene that was
amplified using the following primers: forward primer 5'-TGTTTCGCCTGA-
AGATCACCCTGTG-3'; reverse primer 5'-TGAACCTTTCTGACCCAATG-
GTGATGA-3'.

Light and Scanning Electron Microscopies

The third stalk internode of greenhouse-grown plants at anthesis was used
for microscopy. For scanning electron microscopy, stalk slices (approximately
1 mm in height) were prepared with a sharp razor and observed directly with
a JFM-840 SEM (JEOL). For light microscopy, stalk slices were cut with a razor
blade and fixed in 3% glutaraldehyde in 0.1 M potassium phosphate buffer,
pH 6.8, under low vacuum in the desiccators overnight. Following dehydra-
tion, the samples were embedded in JB-4 resin following manufacturer’s
instructions (Electron Microscopy Sciences), and then sectioned (5-um thick-
ness) using a SORVALL type JB-4 Porter-Blum microtome (DuPont Com-
pany). The sections were dropped into a water bath (approximately 60°C)
to expand them and four slides containing three to four sections each were
prepared for each sample. They were either viewed under bright field or
UV for autofluorescence (Nikon E800 Fluorescence Microscope; Fryer Com-
pany). For lignin staining, stalk slices were cut freehand and then stained
with Wiesner’s solution (2%, w/v) phloroglucinol in ethanol:50% HCI (v/v)
in water (95:5, v/v). Samples of material were stained immediately or were
first fixed in formalin-acetic acid-ethanol overnight before staining, and
imaged with either Olympus Vanox-S brightfield or Nikon SMZ-U stereo
microscope.

Leaf and Internode Tensile Strength Measurements

The tensile strength of bk2 and wild-type leaves was tested using a tensile
grip probe with a TA. XTplus texture analyzer (Texture Technologies) on
2-month-old sections from the sixth leaf (counted from the bottom). Leaf
sections (2 mm X 20 mm), avoiding the midrib and major veins, were cut with
razor blades either parallel or perpendicular to the minor veins. The thickness
of the leaf was measured with a Nikon SMZ 1500 microscope. The leaf section
ends were firmly attached to tensile grip plates with an inelastic adhesive
(Advanced Formula Instant Krazy glue), leaving a 5-mm gap between the
plates. The tensile grip plates were moved apart at 0.1 mm per second. The
Texture Exponent 32 version 4 software displayed fracture breakage of the leaf
as distance (mm) by force (g). Maximum stress tolerated before breakage was
calculated from force measured at breakage and the total tissue load-bearing
volume.

A simple one-point bend test was performed to determine brittleness of bk2
and wild-type internodes. Individual fresh stem sections 20-cm long were cut,
and the diameters of the cut section ends were measured with a Nikon SMZ
1500 microscope. The one-point bend rig was attached to the TA.XTplus
texture analyzer and the probe was raised to a defined height and calibrated.
The stem section was placed across two supports of the rig 40 mm apart, with
20 mm on either side of the supports. The probe for the one-point bend test
moved toward the sample at a speed of 0.5 mm per second. Stress at fracture
was calculated according to the equation:

where o is the stress at fracture, F is the maximum force before deformation,
Lis the distance between the supports, and d is the stem diameter (Timoshenko
and Young, 1962).

Cell Wall Isolation

The cell walls of various maize tissue samples were pulverized in liquid
nitrogen with a mortar and pestle and divided into two portions. One was
freeze dried to yield total dry mass, and for the second, cell walls were
isolated by homogenization in 1% SDS in 50 mwm Tris[HCl], pH 7.2, with a
glass-glass motorized grinder (Kontes-Duall, Thomas Scientific). The sam-
ples were then heated at 80°C in 1% SDS for 15 min. All samples were
washed five times with water through centrifugation and pelleting before
the cells were broken again with the glass-glass motorized grinder. Samples
were washed three times with water, two times with warm 50% ethanol, and
three times with water. The remaining pellet was resuspended in water and
freeze dried.
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Determination of Cellulose, Lignin, and Saponifiable
Phenolic Substances

Samples of total dry mass, ethanol-extracted material, and isolated cell
walls were assayed for cellulose by acetic-nitric assay (Updegraff, 1969).
Briefly, a known weight of isolated cell walls was hydrolyzed in 3 mL of acetic
acid-nitric acid in water (8:2:1, v/v/v) at 100°C for 90 min in sealed 5-mL
conical Reacti-vials (Pierce Chemical). The insoluble materials (mostly cellu-
lose) were then pelleted by centrifugation and the pellet was washed five
times with water. Cellulose in the pellet was assayed for Glc equivalents by
phenol-sulfuric colorimetric assay (Dubois et al., 1956). Klason lignin deter-
minations were performed as described by Theander and Westerlund (1986)
as modified (Hatfield et al., 1994). To determine total saponifiable hydroxy-
cinnamates and other phenolic substances, isolated walls were suspended in
1 M NaOH for 30 min at 37°C. After cooling, HCI was added to 1 M in excess of
NaCl and the phenolic substances were partitioned into ethyl acetate. The
ethyl acetate was evaporated and the residues resuspended in 1 mL of 50%
(v/v) methanol in water. Absorbance was measured between 200 and 400 nm
to estimate total phenolics per mg cell wall. The phenolic substances were
separated by reverse-phase HPLC in a gradient of 1.5% (v/v) acetic acid in
water to 35% acetonitrile (v/v) in 1.5% acetic acid in water (v/v), and FA and
pCA were quantified by UV absorbance based on standards treated similarly
(Hemm et al., 2003).

Pyrolysis-mass spectrometry is a rapid analytical technique to determine
plant cell wall composition (Ralph and Hatfield, 1991; Vermerris and Boon,
2001). Pyrolysis-mass spectrometry analyses of stem and leaf tissue from wild-
type and bk2 cell wall preparations were performed on a Varian 1200 mass
spectrometer (Varian) equipped with a PC-3 direct exposure probe (SIS).
Between 5 and 10 ug of cell wall material in methanol was applied to a
platinum filament and air dried. The sample was pyrolyzed inside the ion
source of the mass spectrometer by resistive heating of the filament with a
current of 0.5 amp at about 500°C. The pyrolysate was ionized using electron
impact ionization at 70 eV, and the mass spectrometer was operated at 1,200 V.
The mass range was scanned from n/z 50 to 350 with a cycle time of 0.199 s.
Samples were analyzed in triplicate. The data were collected and analyzed
using Varian WorkStation software.

Determination of Noncellulosic Sugars

Samples of isolated cell walls (approximately 0.5-1 mg) were hydrolyzed
with 2 M TFA containing 400 nmol of myoinositol as internal standard for 90
min at 120°C in 1-mL conical Reacti-vials (Pierce Chemical). The cellulose and
other undigested polymers were pelleted by centrifugation. This material was
suspended in water and assayed for Glc equivalents by phenol-sulfuric
colorimetric assay (Dubois et al., 1956). The TFA containing the soluble sugars
was evaporated under a stream of air and the sugars were reduced with
NaBH, and converted to alditol acetates as described previously (Gibeaut and
Carpita, 1991). The alditol acetates were separated by gas-liquid chromatog-
raphy on a 0.25-mm X 30-m vitreous silica capillary column of SP-2330
(Supelco). Temperature was held at 80°C for 1 min upon injection then
programmed from 80°C to 170°C at 25°C per min, then to 240°C at 5°C per
min, with a 6-min hold at the upper temperature. Monosaccharide identity, as
pentose, hexose, and deoxysugar, was confirmed by electron-impact mass
spectrometry (Carpita and Shea, 1989). Equimolar standards were also
converted to alditol acetates to calculate response factors for quantitation of
mol% relative to the myoinositol standard.

FTIR Microspectroscopy

For FTIR microscopy, approximately 5 uL of a slurry of maize cell walls
from wild-type and bk2 maize leaves and stems were spotted in individual
wells of IR-reflective, gold-plated microscope slides (Thermo-Electron). The
slides with cell wall samples were supported on the stage of a Continuum
series microscope accessory to a 670 IR spectrophotometer with a liquid
nitrogen-cooled mercury-cadmium telluride detector (Thermo-Electron).
Spectra were taken in the transflectance mode, where a beam is transmitted
through the wall sample, reflected off the gold-plated slide, and then is
transmitted through the sample a second time before detection. One hundred
twenty-eight scans were coadded at 8 cm ™' resolution. Each set of 10 in-
dependent samples was spotted at least five times, with a minimum of five
spectra taken from isolated primary cell walls in each spot from different areas
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of the sample. The resulting spectra were then analyzed with WIN-DAS
software (Kemsley, 1998).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AY328909 (rice BC1 ¢cDNA), DQ139874
(maize Bk2 cDNA), and AL391144 (Arabidopsis COBL4).
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