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Abstract Sorghum (Sorghum bicolor (L.). Moench)
BMR-6 and BMR-12 encode cinnamylalcohol dehydroge-
nase and caffeic acid-O-methyltransferase, respectively.
We have evaluated the impact of two bmr alleles, bmr-6
and bmr-12, respectively, on soluble and wall-bound aro-
matics in near isogenic, wild-type (WT), bmr-6, bmr-12
and double-mutant (DM; bmr-6 and bmr-12) plants in two
genetic backgrounds, RTx430 and Wheatland. Immuno-
blots confirmed that COMT protein was essentially absent
in bmr-12 and DM plants, but was present in bmr-6 and
WT plants. In contrast, although CAD activity was not
detected in bmr-6 and DM plants, proteins crossreacting to
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anti-CAD sera were found in stem extracts from all geno-
types. In both sorghum backgrounds, WT plants had lowest
amounts of free aromatics, higher levels of cell wall-bound
pCA and FA esters and guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H) lignins. Soluble aromatics and cell wall
phenolic ester content in Wheatland DM plants resembled
that of Wheatland bmr-6 plants, whereas in the RTx430
background, levels of these components in the DM plants
more closely resembled those observed in bmr-12 plants. In
both backgrounds, bmr-6 plants exhibited reduced levels of
G, S, and H lignins relative to WT, and increased incorpo-
ration of G-indene into lignin. In bmr-12 plants, there was
greater incorporation of G- and 5-hydroxyguaiacyl (5-
OHG) lignin into cell walls. Histochemical staining of
internode sections from Wheatland plants indicated that
apparent lignification of cortical sclerenchyma and vascular
bundle fibers was greatest and most uniform in WT plants.
Relative staining intensity of these tissues was decreased in
bmr-6, followed by bmr-12 plants. DM plants exhibited
poor staining of cortical sclerenchyma and vascular bundle
fibers.

Keywords Brown midrib - Double-mutant - Lignin -
Phenolics - Sorghum bicolor - Thioacidolysis

Abbreviations

5-OHG-lignin 5-Hydroxyguaiacyl unit
AscPx Ascorbate peroxidase
bmr Brown midrib

pCA p-Coumaric acid

CAD Cinnamylalcohol dehydrogenase

CafA Caffeic acid

CCoAOMT  Caffeoyl coenzyme A O-methyltransferase
COMT Caffeic acid O-methyltransferase

DM Double-mutant (bmr-6 and bmr-12)
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FA Ferulic acid

G-lignin Guaiacyl unit

GCMS Gas chromatography-mass spectrometry
H-lignin p-Hydroxyphenyl unit

HPLC High performance liquid chromatography
S-lignin Syringyl unit

SA Sinapic acid

SyrA Syringic acid

VA Vanillic acid

WT Wild-type

Introduction

There has been an explosion of interest in developing plants
specifically for conversion to biofuels within the last few
years. Much of this interest has been spurred by a need to
find renewable sources of energy to partially replace petro-
leum while mitigating levels of greenhouse gases (Schmer
et al. 2008; Sarath et al. 2008). Sorghum (Sorghum bicolor
(L.) Moench), grown for grain, forage, or molasses, has
been proposed to fill this niche, because it is a diploid C4-
species with heat and drought tolerance, and has a
sequenced genome. These characteristics make sorghum
attractive for development as a model biomass crop (Sarath
et al. 2008). Another advantageous feature of sorghum for
bioenergy is the presence of brown midrib (bmr) mutations
that can reduce lignin content and increase forage digest-
ibility in animals (Cherney et al. 1991; Oliver et al. 2005a).
Increased forage digestibility is negatively correlated with
lignin content in a number of grass species, including
potential bioenergy crops such as switchgrass, sorghum,
and reed canary grass (Casler etal. 2002; Oliver et al.
2005a, b; Pedersen etal. 2005; Casler and Jung 2006).
Lowered lignin also has been shown to increase conversion
efficiency of biomass into ethanol (Dien et al. 2006; Chen
and Dixon 2007).

Two sorghum bmr genes have been characterized at the
molecular level. Pillonel et al. (1991) characterized sorghum
bmr-6 as a mutation principally affecting cinnamyl alcohol
dehydrogenase (CAD) activity, although a mutation in the
CAD gene has not yet been identified. Plants carrying this
mutation displayed reduced levels of lignin and incorpora-
tion of cinnamylaldehydes into the lignin polymer. Interest-
ingly, these bmr-6 plants also displayed decreased levels of
caffeic acid O-methyl transferase (COMT) (Pillonel et al.
1991). Bout and Vermerris (2003) identified a nonsense
mutation in a COMT gene responsible for the bmr-12 phe-
notype in sorghum plants. This same COMT gene also con-
tained two other nonsense mutations responsible for bmr-18
and bmr-26, indicating that bmr-12, 18, and 26 were alleles
of a single locus. COMT mRNA levels were significantly
reduced in these plants (Bout and Vermerris 2003).

@ Springer

Lignin is a heterogeneous polymer arising through cross-
linking of hydroxylated and methoxylated derivatives bio-
synthesized from cinnamic acid. Higher plant lignin has
generally been categorized into three primary subtypes,
denoted as p-hydroxyphenyl or H-lignin, guaiacyl or G-lig-
nin, and syringyl or S-lignin. H-lignin (or H-unit) arises
from p-coumaryl alcohol, G-lignin from coniferyl alcohol,
and S-lignin from sinapyl alcohol (Boerjan et al. 2003).
However, plants have the capacity to incorporate a range of
molecules such as 5-hydroxyconiferyl alcohol and different
cinnamylaldehydes into the lignocellulosic matrix (Humph-
reys et al. 1999; Anterola and Lewis 2002; Boerjan et al.
2003; Barriere et al. 2004; Shadle et al. 2007; Rastogi and
Dwivedi 2008). Grasses also contain significant amounts of
p-coumaric acid (pCA) and ferulic acid (FA), predomi-
nantly crosslinked to cell wall lignin and polysaccharide
through ester and ether linkages (Grabber etal. 1991;
Dixon et al. 2001; Chen et al. 2002; Boerjan et al. 2003;
Grabber and Lu 2007).

A generalized scheme integrating the two sorghum bmr
mutations into the broader framework of lignin biosynthe-
sis (Dixon etal. 2001; Boerjan et al. 2003; Rastogi and
Dwivedi 2008) is shown in Fig. 1. Using this figure as a
guide, it can be postulated that a null allele of COMT (bmr-
12) will lower the amount of S-lignin, principally through a
lack of appropriate syringyl (sinapyl) moieties. A lack of
utilization of 5-hydroxyconiferyl aldehyde (a presumed
substrate for sorghum COMT) could increase the amount of
5-hydroxyconiferyl alcohol through the action of CAD,
potentially leading to higher incorporation of 5-hydrox-
yguaiacyl (5-OHG) moieties into lignin in bmr-12 plants
(Fig. 1). Similarly, if CAD is a null allele in bmr-6 plants, it
is expected to lower total lignin by blocking the synthesis
of alcohol (monolignol) derivatives. Consequently, bmr-6
plants could contain increased levels of aldehyde deriva-
tives in their lignin as compared to the WT plants. How-
ever, if CAD activity is lowered, but not abolished in bmr-6
plants, there may or may not be observed changes in total
lignin and lignin subtypes. Finally, changes in lignin con-
tent and composition can be expected in tissues that are lig-
nified at maturity, such as the xylem, vascular bundle fiber
sheaths, and cortical schlerenchyma. Earlier studies using
leaf tissues have confirmed some of these predictions show-
ing that bmr-6 and bmr-12 plants have less lignin, have
reduced amounts of cell wall-bound pCA esters, and have
altered S- to G-lignin ratios as compared to wild-type plants
(Akin et al. 1986; Pillonel et al. 1991; Bout and Vermerris
2003).

The combination of bmr mutants in near-isogenic lines
in different genetic backgrounds of sorghum has not been
characterized. Such data are necessary for the development
of bmr-sorghum cultivars for bioenergy. The present study
is a first report of comparisons of the phenolic profiles as a



Planta (2008) 229:115-127

117

Generalized scheme of lignin biosynthesis indicating points of
sorghum bmr mutations

Phenylpropanoid precursors

p-coumarate

Caffeate, ferulate and
b 2 hydroxy ferulate derivatives

coniferyl aldehyde 9 5-hydroxyconiferyl aldehyde

comt |2m2
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sinapylaldehyde

aldehyde pool
(monolignals)
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A
Aldehyde incorporation
G and S-indenes

Fig. 1 Generalized scheme for lignin biosynthesis in sorghum, and
the anticipated effects of the bmr-6 and bmr-12 mutations on lignin
incorporation into cell walls. Phenylpropanoid precursors can serve as
substrates COMT and CAD. In bmr-12 plants, COMT activity is com-
promised, potentially leading to reduced levels of sinapylaldehyde and
expected reduction in S-lignin and possibly an increase in incorpora-
tion of 5-OHG-lignin. In contrast, bmr-6 is associated with compro-
mised CAD activity. CAD catalyzes the final conversion of
monolignals (aldehydes) to monolignols (alcohols). Lowered or loss of
CAD activity is expected to result in a low overall incorporation of
monolignols into lignin. In bmr-6, bmr-12, and DM plants, varying
levels of monolignals could be incorporated into cell walls shown by
an arrow that circumvents CAD-catalyzed generation of monolignol
precursors

result of the bmr-6 and the bmr-12 alleles, singly or in com-
bination and in two different genetic backgrounds. Our data
indicate effects of genetic background on the impact of bmr
mutants on both soluble and wall-bound aromatic constitu-
ents in sorghum.

Materials and methods
Preparation of plant materials

The genetic stocks used in this study are publicly released
and freely available from the USDA, ARS. Development of
the single- and double-mutant stocks is described by Peder-
sen et al. (2006, 2008). The double-mutant genetic stocks
are F, selections from crosses between the single-mutant
sister-lines. Seeds were sown in a soil-mix consisting of
soil:peat moss:vermiculite:pearlite:sand (4:1:1:1:1), grown

in 28 cm pots under a 16 h day regimen and fertilized as
needed with a fertilizer containing 11:15:11 (N:P:K; Ferti-
lome Gardner’s Special, William’s Garden Center, Lincoln,
NE). Seedlings were thinned to two plants per pot. Follow-
ing emergence of the inflorescence (about 50 days after
planting), the first (top) and fourth (bottom) internodes
below the peduncle were harvested from at least six plants,
pooled, oven-dried at 50°C and ground to pass through
1 mm screens using a Wiley mill.

Immunoblotting

Immature internodes from 40-day-old greenhouse-grown
sorghum plants were ground to a powder using liquid nitro-
gen in a mortar and pestle and stored at —80°C. Small ali-
quots (~100 mg) of pulverized stems were extracted using
50 mM Tris—Cl, pH 7.4, containing 10% (w/v) glycerol,
2% (wi/v) SDS, and 5% (v/v) 2-mercaptoethanol, and the
crude homogenate was centrifuged for 10 min at 13,500 g.
Protein concentration of the clarified stem homogenates
was determined using a colorimetric assay on acetone-pre-
cipitated proteins (BCA assay, Pierce Chemical Co., IL).
Approximately 30 pg of total protein were loaded from
each sample and separated on 12% acrylamide gels in the
presence of SDS (Laemmli 1970). Separated proteins were
electroblotted to nitrocellulose membranes and probed with
antibodies (Xiang et al. 2004). Antibodies were generated
to soybean root nodule ascorbate peroxidase (Dalton et al.
1993) and to recombinant proteins produced in E. coli to
the following ESTs: DN143131 = switchgrass CAD;
DN143927 = switchgrass CCOMT; CX607415 = sorghum
COMT. The coding sequence for COMT was arbitrarily
truncated into N-terminal and C-terminal nonoverlapping
polypeptides and used to generate polyclonal antibodies in
rabbits (N-terminal) and guinea pigs (C-terminal).

CAD assays

Young sorghum internodes (internode below peduncle)
were ground to a powder using dry-ice and a coffee grinder.
Approximately 1 g of this powder was extracted by grind-
ing in a mortar and pestle with 2.5 mL of 100 mM Tris—Cl
buffer, pH 8.8, containing 2 mM DTT and a protease inhib-
itor cocktail (Sigma-Aldrich, St Louis, MO). The homoge-
nate was filtered through one layer of miracloth and
centrifuged at 13,500 rpm at 4°C for 10 min to obtain a
crude extract. Two milliliters of the crude extract was made
to 80% saturation with solid ammonium sulfate, and the
salt was dissolved by gentle mixing. Tubes were placed on
ice for 1 h and precipitated proteins collected by centrifuga-
tion at 13,500 rpm, 4°C, for 15 min. The liquid was
decanted and tubes drained by inversion for 3 min. The
residual protein pellet was resolubilized in 0.3 mL of
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50 mM Tris—Cl buffer, pH 7.5, containing 5 mM DTT and
10% ethylene glycol, then briefly centrifuged to pellet-
insoluble materials. Triplicate 30-pL aliquots of extract
were assayed for CAD activity at 34°C. The final assay vol-
ume was 200 pL and contained 100 mM Tris—Cl buffer, pH
8.8, 0.2 mM NADP", and 0.1 mM coniferyl alcohol. Absor-
bance change over 45 min was monitored at both 340 and
400 nm using a Molecular Devices Spectramax Plus spec-
trophotometer (Molecular Devices, Sunnyvale, CA). Initial
attempts to assay crude extracts directly resulted in minimal
activity and were not pursued further.

Analyses of soluble aromatics

Soluble aromatic components were extracted into aqueous
methanol and analyzed using a Beckman programmable
gradient HPLC as described previously (Sarath et al. 2007).
Phenolic components in peaks resolved by HPLC were
identified by collecting the eluate under major peaks, fol-
lowed by analysis by gas chromatography-mass spectrome-
try (GCMS). Eluates were vacuum-dried and hydrolyzed
with 100 pl 2M NaOH for 4 h at room temperature.
Released aromatics were extracted into ethyl acetate after
acidification with 2 M HCI. Ethyl acetate extracts were vac-
uum-dried and analyzed by GCMS, using an Agilent
G2570A integrated GCMS system equipped with a
G2913A autoinjector module, 6850 Series II GC, and a
5973 Network Mass spectrometer (Agilent, Palo Alto, CA).
Total aromatics present in aqueous methanol extracts from
sorghum stems were identified as described above, but
without prior separation by HPLC.

Both soluble phenolics and aromatics obtained as
described above, and ester-linked pCA and FA extracted
from purified cell walls (Iiyama et al. 1990), were analyzed
as their silyl esters using N,O-bis-(trimetylsilyl)trifluoroac-
etamide and trimethylchlorosilane reagent according to
manufacturer-recommended protocol (Pierce Chemical
Company, Rockford, IL; Sarath etal. 2007). Standard
curves for different phenolics were generated using authen-
tic compounds obtained from commercial vendors. Tripli-
cate extracts were analyzed for each sample. All chemical
analyses were repeated at least twice. Statistical analyses
were performed using routines available in Microsoft Excel
or using PROC MIXED in SAS (Littell et al. 1996). Wall-
bound phenolic ethers were not measured.

Thioacidolysis

Thioacidolysis (Lapierre et al. 1986) followed by GCMS
(for example, Kim et al. 2002) was used to evaluate the
relative composition of etherified H-, G-, and S-lignin and
other lignin components in the sorghum genotypes.
Ground stem material (Wiley mill, 1 mm screen) was first

@ Springer

extracted by washing twice in water for 30 min, followed
by two 30-min washes in 100% EtOH. Washed materials
were dried in a vacuum centrifuge (Labconco Centrivap,
Kansas City, MO) after addition of 1 mL acetone. Approx-
imately 20 + 1 mg of washed dried cell wall material was
placed into 10 mL Reacti-vials (Pierce Chemical Co,
Rockford, IL) and transferred to a fume hood. To each
vial, 7 mL of a solution containing 10% (v/v) ethanethiol,
2.5% (v/v) BF;-etherate in dioxane was added. Vials were
capped tightly with silicon/teflon caps and placed in a heat-
ing block and incubated at 100°C for 4 h, with mixing by
gentle swirling every hour. After hydrolysis, solution in
each vial was transferred to a 50-mL polypropylene tube
containing 1 mL of 04M NaHCO; and 200 pL of
1.25 mg/mL docosane in dichloromethane as an internal
standard. Reacti-vials were rinsed with approximately
9 mL of megapure water and added to the sample in the
50-mL tube. The volume in the tube was brought upto
25 mL with megapure water. This aqueous solution was
extracted five times with 15 mL of dichloromethane each
time by vigorous shaking, followed by a 10-min incuba-
tion to allow separation of the phases. The organic lower
layer was then transferred with a transfer pipette into a
new 50-mL polypropylene tube. The aqueous phase was
re-extracted twice using 10 mL of dichloromethane each
time. Approximately 0.5 g of sodium sulfate was added to
the pooled organic phase, and the liquid was transferred to
a 50-mL polypropylene tube and evaporated to dryness
using a gentle stream of air. The dried thioacidolysis prod-
ucts were resuspended in 1 mL of dichloromethane, and
triplicate 2 pl. aliquots of this solution were derivatized
using N,O-bis-(trimetylsilyl)trifluoroacetamide and tri-
methylchlorosilane and analyzed in triplicate by GCMS
using the conditions as described by Zuo et al (2002). Lig-
nin components were measured based on the peak area of
major ions (m/z) as follows: H-Ligin: 239; G-Lignin: 269;
S-Lignin: 299; hG-Lignin: 357; G-Indene: 354; S-Indene:
323 (Kim et al. 2002; Katsuyoshi et al. 2003). The peak
area of the internal standards docosane (m/z 57) (added at
the time of tissue extraction) and toluic acid (added at the
time of derivatization; m/z 193) were used for the normali-
zation of peak areas between samples.

Microscopy

The internode below the peduncle was excised from five
plants from each Wheatland bmr line and the WT line, cut
transversely into approximately 2 mm slices and fixed for
24 h in 3.7% formaldehyde. Fixed tissues were dehydrated
in a graded series of alcohol and then embedded in paraffin.
Sections 20 pm thick were cut and adhered to glass slides
(Veterinary Diagnostic Center, University of Nebraska-
Lincoln). Prior to staining, sections were deparaffinized in
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xylene, processed through a graded alcohol series, and
washed twice with water (5 min each). Sections were
stained with freshly prepared diazotized nitroaniline (Akin
etal. 1990) for 5 min, washed in water, mounted in 20%
glycerol, and viewed using a Zeiss Axioskop microscope
(Carl Zeiss, Jena, Germany) attached to a digital camera
(Diagnostics Instruments, Sterling Heights, MI). All sec-
tions were imaged identically using camera software set-
tings (SPOT, Diagnostics Instruments, Sterling Heights,
MI). For each genotype, internodes from five plants were
cut, fixed, pooled, embedded in paraffin, sectioned, and two
to three slides were stained and viewed. Representative
images are shown.

Results
Levels of lignin biosynthetic proteins in stem extracts

Stem protein extracts from different genotypes were sepa-
rated by gel electrophoresis, transferred to nitrocellulose
membranes, and probed with antibodies to COMT, CAD,
CCoAOMT, and AscPx proteins. Immunoreactive bands at
the expected size of COMT were detected with the poly-
clonal antibodies against either the C-terminal fragment or
the N-terminal fragment of COMT in the stem extracts
from WT and bmr-6 plants (Fig.2; Rb COMT and Gp-
COMT). Lanes containing the bmr-12 and double-mutant
stem extracts lacked visible bands in either background
when probed with polyclonal antibodies to the N-terminal
fragment of COMT generated in rabbits (Fig.2; Rb-
COMT), but faint bands of the expected size were observed
in extracts from bmr-12 and double-mutant RTx430 plants,
probed with COMT antibodies raised in guinea pigs (Fig. 2;
Gp-COMT, arrow). No significant differences were
observed in immunoreactive band intensities when stem
extracts from all plant genotypes were tested with polycolo-
nal antibodies against CAD, CCoAMT, and AscPX
(Fig. 2).

CAD activity

Internode extracts from the different sorghum genotypes
were assayed for CAD activity using coniferyl alcohol and
NADP* as substrates. Activity was detected in extracts
from WT and bmr-12 plants (24.6+2.2 and
22.2 £ 1.6 pmol of coniferyl aldehyde produced per minute
per milligram of protein for Wheatland WT and bmr-12
plants and 18.6 £2.5 and 13.2 & 0.6 umol of coniferyl
aldehyde produced per minute per milligram of protein for
RTx430 WT and bmr-12 plants, respectively). CAD activ-
ity was below the detection limits under the conditions of
our assay in extracts obtained from bmr-6 and DM plants.

Wheatland RTx 430

WT 6 12 DM WT 6

12 DM

Rb COMT
Gp COMT
CAD

CCoAOMT

AscPx

Fig. 2 Immunoblots of protein extracts from stems of Wheatland and
RTx430 near-isogenic bmr and WT plants. Proteins in stem extracts
were separated by SDS-PAGE and transferred to nitrocellulose mem-
branes. Membranes were probed with different antibodies. Arrow
points to a faint band in extracts of bmr-12 and double-mutant RTx430
plants detected following crossreaction with polyclonal antibodies to
the C-terminus of the COMT protein. WT wild type, DM double-mu-
tant. Rb-COMT, antibodies raised to recombinant N-terminal polypep-
tide of caffeoyl-O-methyltransfrease in rabbits. Gp-COMT, antibodies
raised to a recombinant C-terminal polypeptide of COMT in guinea
pigs. CAD, antibodies raised to recombinant cinnamyl alcohol dehy-
drogenase polypeptide in guinea pigs. CCOMT, antibodies raised to
recombinant caffeoyl-CoA—O-methyltransferase in rabbits. AscPx,
antibodies raised to purified soybean root nodule ascorbate peroxidase.
This antibody was used as a loading and transfer control. Other rele-
vant details are presented in “Materials and methods”

Analysis of soluble aromatics

Initial analysis of soluble phenolic and related aromatic
compounds present in stem extracts from the different
genotypes by HPLC indicated that top internodes contained
greater amounts and numbers of peaks as compared to the
bottom nodes for the genotypes analyzed (Supplementary
Fig. S1). However, these peaks were not readily identifiable
due to significant complexity of the absorbance patterns,
suggesting that these peaks contained mixtures of different
esters and conjugates. GCMS analysis of individual HPLC
peaks indicated the presence of multiple aromatic com-
pounds in several of the HPLC peaks (Supplementary
Fig. S1). To overcome this limitation in our assays, we
directly quantified the content and diversity of aromatics in
the top internodes of the plants.

GCMS analyses were performed on methanolic extracts
of tissues that had been subjected to room temperature alka-
line hydrolysis to generate free aromatic compounds
(Table 1). Significant differences in free phenolic acid con-
tent were noticed between the different genotypes in both
genetic backgrounds. Soluble extracts of WT Wheatland
and RTx430 plants contained high levels of pCA (>50% of
total) and FA (~23% of total) and lower levels of VA, SA,
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Table 1 Soluble aromatics in sorghum internodes

Genotype Phenolic acid

pCA FA VA SA SyrA CafA Total
Wheatland
WT 217.0a 91.7a 219a 224a 183 a 212a 396.2 a
bmr-6 166.0 b 856.3 b 1247 b 177.8b 76.7b 67.9b 1,469.4b
bmr-12 313.1¢ 176.3a 33.8a 36.7a 164 a 67.7b 644.0 ¢
DM 113.8d 389.8d 93.8b 151.0b 46.1c 225a 821.2¢
LSDy o5 40.3 139.7 339 32.6 11.0 11.1 242.5
RTx430
WT 209.8 a 94.3 ab 27.3a 0.0a 173 a 55.0a 403.8 a
bmr-6 111.7b 270.2 ¢ 170.0b 79.8b 69.1b 28.8b 729.7b
bmr-12 159.5¢ 96.5b 61.6¢ 27.6¢c 10.5¢ 64.3a 4215a
DM 205.6a 80.1a 22.7a 37.0c 13.1d 449c 4034 a
LSDy s 23.5 15.0 359 11.4 2.1 10.0 50.8

The values are given in pg acid g~' dry weight, and are the means of three independent extractions of pooled stem tissues. DM = bmr6-bmr12.
Within each background and for each component, values followed by different letters were significantly different at P < 0.05. LSD,, o5 is given for

each analysis

pCA p-coumaric acid, FA ferulic acid, VA vanillic acid, SA sinapic acid, SyrA syringic acid, CafA caffeic acid

SyrA, and CafA (Table 1). SA was not detected in the solu-
ble fraction of the WT RTx430 plants.

The level of free soluble pCA was significantly lower,
and the levels of other phenolic acids were significantly
higher in bmr-6 plants relative to the other genotypes. In
the Wheatland background, FA content in bmr-6 plants was
approximately 9.3-fold greater than that in WT plants
(856.3 and 91.7 pg acid g~! dry wt internodes, respectively;
Table 1). In the RTx430 background, bmr-6 plants exhib-
ited a 2.9-fold increase in the amounts of FA relative to WT
plants. VA, SA, and SyrA levels in the bmr-6 plants also
were significantly increased (Table 1). In both back-
grounds, bmr-6 plants had the highest levels of free aromat-
ics as compared to the other genotypes. Wheatland bmr-6
plants contained threefold greater amounts of free CafA
than WT Wheatland plants. In contrast, CafA levels were
reduced approximately twofold in RTx430 bmr-6 plants
relative to WT plants.

Genetic background effects were observed in bmr-12 and
DM plants as well. In bmr-12 Wheatland plants, total solu-
ble phenolic acids were approximately twofold greater than
in WT plants and approximately 2.5-fold less than the lev-
els observed in bmr-6 Wheatland plants. In the RTx430
background, total phenolic acid levels were similar between
bmr-12 and WT plants (419 and 403 pg g~ ! dry wt, respec-
tively), and the levels were approximately 1.8-fold higher
in bmr-6 plants (729 ug g~! dry wt) than bmr-12 or WT.
Levels of VA, SA, and CafA were higher in bmr-12 plants
relative to WT plants in both backgrounds.

Total amounts of soluble aromatics were lower in DM
Wheatland plants than in bmr-6 Wheatland (approximately
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818 and 1,470 pg g~ ' dry wt for plants, respectively). How-
ever, DM Wheatland plants contained a soluble aromatic
profile similar to bmr-6 Wheatland plants; FA constituted
approximately 47% of total measured compounds. The lev-
els of VA, SA, and SyrA were also higher, but the level of
pCA was significantly decreased in DM plants relative to
WT plants. In contrast, soluble aromatic levels and profile
of the DM RTx430 plants more closely resembled those
observed for bmr-12 and WT plants than for bmr-6 plants
(Table 1).

GCMS analysis of wall-bound esterified pCA and FA

To determine how bmr mutants impacted cell wall-bound
pCA and FA esters in the near-isogenic lines, washed cell
walls from WT, bmr-6, bmr-12, and DM plants in both
Wheatland and RTx430 backgrounds were extracted for
phenolic esters and analyzed by GCMS (Fig. 3a, b).
Wheatland WT plants had approximately 3.9-fold more
pCA than FA (24.4+0.8 and 6.3 4+ 0.3 g acidkg™! cell
walls, respectively; Fig. 3a). In Wheatland bmr-6 plants,
level of pCA was reduced to approximately 2.9-fold rela-
tive to WT cell walls, but FA levels were relatively
unchanged compared to WT, with 1.3-fold more pCA than
FA in the cell walls of bmr-6 Wheatland plants. In bmr-12
Wheatland plants, pCA amounts were reduced 1.7-fold rel-
ative to WT levels (14 + 0.6 and 24.4 + 0.8 g acid kg~!
cell walls, respectively). Wall-bound FA levels were
increased 1.25-fold in bmr-12 plants compared to Wheat-
land WT and bmr-6 plants. In the Wheatland DM plants,
the wall-bound phenolic esters signature was similar to that
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Fig. 3 Wall-bound 4-coumaric (pCA) and ferulic (FA) esters in
Wheatland (white bars) and RTx430 (gray bars) WT and near-isogenic
bmr plants. Levels of pCA and FA esters in washed cell walls from ma-
ture (fourth) internodes of sorghum plants were analyzed by GCMS as
described in “Materials and methods.” a Wall-bound esterified pCA; b
Wall-bound esterified FA. DM double-mutant

found in bmr-6 plants; the level of pCA was reduced to 0.9
the level of FA (Fig. 3a).

In stems of WT RTx430 plants, there was approximately
fivefold more pCA than FA (29.2 +£0.2 g pCA kg~ cell
walls and 6.0 0.1 g FA kg~! cell walls, respectively)
(Fig. 3b). In bmr-6 RTx430 plants, pCA and FA levels
were reduced 1.5- and 3.0-fold, respectively, relative to
RTx430 WT plants. RTx430 bmr-6 plants had only 1.3-fold
more pCA than FA. In bmr-12 RTx430 plants, pCA levels
were reduced twofold relative to those in WT plants
(145 +0.4 g pCA kg ! cell walls), but FA levels were
increased approximately 1.2-fold relative to those in WT
stems (8.7 & 0.3 g FA kg~ cell walls). There was approxi-
mately 1.7-fold more pCA than FA in RTx430 bmr-12
plants. Changes in cell wall-bound pCA and FA levels in

the RTx430 double-mutant plants were similar to those
found in bmr-12 plants (Fig.3b). pCA levels were
decreased to about 2.1-fold relative to WT stems, and levels
for FA were increased 1.2-fold relative to WT (7.5 £ 0.5 g
FA kg~! cell walls in double-mutant vs. 6.0 & 0.1 g FA
kg~! cell walls in WT).

Thioacidolysis of sorghum cell walls

Representative scans of the marker ions used to calculate
the relative levels of the different lignin monomers are
shown in Fig. 4. For clarity, only data from the WT and
DM RTX430 plants are shown, but similar data were col-
lected for all the genotypes. GCMS scans from WT
plants showed prominent ions at m/z 269 for G-lignin and
m/z 299 for S-lignin (Fig. 4a, b). Abundance of these
peaks was greatly diminished in the DM plants. Abun-
dance of ion characteristic of H-lignin (m/z 239; Fig. 4c)
was approximately 100-fold less in WT plants as com-
pared to the signals observed for G- and S-lignin marker
ions in these plants. Ions associated with 5-OHG-lignin
(arising from 5-hydroxyconiferyl alcohol; Lam et al.
1996; Rastogi and Dwivedi 2008) were characterized
using the major ion at m/z 357 (Fig. 4d). This ion was
more abundant in the DM plants as compared to WT
plants, and appeared to be present at about the abundance
as H-lignin in DM plants. Marker ions and abundance for
peak characteristics for the incorporation of coniferyl
aldehyde m/z 354 (G-indene; Fig. 4e), and sinapyl alde-
hydes m/z 323 (S-indene; Fig. 5f), were greater in DM
plants as compared to WT. Total ion spectra for G- and
S-indene are shown in Fig. 4g, h, respectively, to indicate
that these spectra contained the ion characteristics of
these compounds (m/z 293 and 354 for G-indene and m/z
323 and 384 for S-indene; Kim et al. 2002; Barriére et al.
2004).

G-lignin was the dominant subtype in WT plants from
both sorghum backgrounds, and RTx430 WT plants pos-
sessed greater amounts of G-lignin as compared to the
Wheatland WT plants (Fig. 5a). bmr mutations were associ-
ated with strongly reduced levels of G-lignin in the bmr-6
and DM plants and to a lesser extent in the bmr-12 plants
(Fig. 5a). RTx430 plants contained more G-lignin as com-
pared to the respective Wheatland near-isogenic lines.
Abundance of ion (m/z 299) characteristic of S-lignin was
lower than those observed for G-lignin in both backgrounds
(Fig. 5b). The calculated S/G ratio for the Wheatland WT
plants was 0.59 as compared to 0.46 for the RTx430 WT
plants. Levels of S-lignin were highly reduced in the bmr
and DM plants in both backgrounds (Fig. 5b). RTx430
bmr-6 plants contained approximately 70% more S-lignin
as compared to the Wheatland bmr-6 plants (2.38 x 10'°
vs. 7.48 x 10° area units; Fig. 5b). DM plants in either
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background contained trace levels of S-lignin (<2% of WT
levels).

Thioacidolysis released ions with m/z 239, corresponding
to H-lignin units. Abundance of these ions in the WT plants
was approximately 2% of the ions associated with G-lignin
(Fig. 5¢). Wheatland WT plants contained more apparent H-
lignin as compared to RTx430 WT plants. H-lignin levels
appeared to be less affected by the presence of the bmr muta-
tions either alone or in combination. In both backgrounds,
bmr-12 plants had more H-lignin when compared to the
bmr-6 or DM plants (Fig. 5c). Although RTx430 WT plants
had lower apparent levels of H-lignin as compared to the
Wheatland WT plants, RTx430 bmr and DM near-isogenic
plants contained greater levels of H-lignin when compared
to their respective Wheatland lines (Fig. 5¢).

All the sorghum plants tested contained detectable
amounts of 5-OHG-lignin, and S- and G-indenes (arising
from the direct incorporation of the corresponding mono-
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m/z

lignals). The apparent distribution and amounts of these
forms were generally similar within each sorghum back-
ground (Fig. 5d, e). Levels of 5-OHG-lignin (m/z 357) were
greatest in bmr-12 plants and least in bmr-6 plants. In
plants, in either background, levels of signal associated
with G- or S-indenes were much lower than that observed
for hG-lignin. In contrast, G- and S-indene levels were low
in WT and bmr-12 plants, but much higher in bmr-6 and
DM plants (Fig. 5d, e). In both backgrounds, the DM plants
contained appreciable levels of the three minor lignin
forms.

Microscopy of sorghum internodes stained for lignin

To observe how bmr mutations affected spatial lignin depo-
sition and cellular anatomy, internodes from Wheatland
bmr and WT plants were sectioned, stained with diazotized
nitroaniline, and observed by light microscopy (Fig. 6). In



Planta (2008) 229:115-127 123
Fig. 5 Distribution of major a G-Lignin (m/z 269) d Wheatland
and minor lignin subcomponents 200 317
in stems of Wheatland and ) = )
RTx430 near-isogenic plants. a = . =
Lo . e L = 1504 T c T
G-lignin; b S-lignin; ¢ H-lignin 5 S
in Wheatland (white bars) and 'g 'g 21
RTx430 (gray bars). WT wild- ) 100 )
type, DM double-mutant. Abun- E i E
dance of ions diagnostic of 5- 8 g 1
OHG-lignin (white bars), S-in- o 50 o
dene (black bars), and G-indene N 3
(gray bars) in Wheatland (d) and 3 - rﬂ 3
RTx430 (e) plants. Data are the o 0 ; ; ; . o 04 . .
pooled means (£SEM) of tripli- WT bmré  bmri2 DM WT bmré bmri2 DM
cate analyses from two indepen-
dent extractions
b 200 - S-Lignin (m/z 299) € RTx430
° T 4] T
x
150 ~ x
S 5 3
S, 5
g 100 - g, |
5 5
8 ©
0
s 50 - S 1
3 E
)
o i ] [ a4
0 T T T O T T
WT WT bmr12 DM WT bmré  bmr12 DM
c
S 8+ H-Lignin (m/z 239)
x
§ 67
<)
T 4 A
E
S
2 —~
«
o
a A1 L A
~ 0 T T T 1
s WT bmr12
o

WT plants, the fiber sheath (FS) surrounding the vascular
bundles (VB) and the cortical sclerenchyma (CSc, arrows)
were well developed and intensely stained uniform brown-
ish-orange. Cell walls of the cortical and pith parenchyma
cells (PC) also stained uniformly (Fig. 6a, e). In bmr-6
plants, the fiber sheath around vascular bundles was pres-
ent, but it was not stained as extensively as those of WT
plants, and the relative staining intensity of the PC was
reduced as compared with WT. Fiber sheath cells in bmr-6
plants were bronze in color, and they were larger and
stained less intensely than fiber sheath cells in WT plants
(Fig. 6b, f). In bmr-12 tissues, the cortical sclerenchyma
was diffusely stained with pockets of light orangish-brown-
stained thick-walled cells congruent to the vascular bundle
(Fig. 6¢). The fiber sheaths were less developed, composed
of larger less uniform cells, and stained a pale reddish-
brown (Fig. 6g). The double-mutant internodes were dis-
tinct from those of WT, bmr-6, and bmr-12 plants in that

they appeared to be poorly lignified as discerned from a
lack of staining with diazotized nitroaniline (Fig. 6d; CSc,
arrows). Although the fiber sheath (FS) surrounding the
vascular bundles was defined in double-mutant plants, it
was composed of fewer cell layers containing large cells
staining light-orange (Fig. 6h).

Discussion

Researchers have previously examined lignin and phenolic
signatures in bmr-sorghum plants (Pillonel et al. 1991; Lam
et al. 1996; Suzuki et al. 1997; Hatfield et al. 1999; Bout
and Vermerris 2003). These studies focused on evaluating
components of a single bmr mutant in one genetic back-
ground or attempted to compare bmr mutants in different
genetic backgrounds. These earlier studies have uncovered
some of the structural, biochemical, and molecular aspects
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Fig. 6 Light microscopy of sor-
ghum internodes from Wheat-
land plants stained with
diazotized nitroaniline. (See
“Materials and methods.”) a, e
WT plants showing anatomy and
staining of cortical scleren-
chyma (CSc, arrows) and fiber
sheaths (FS) surrounding vascu-
lar bundles (VB). Parenchyma
cells (PC) are also labeled. b, f
Section from a bmr-6 plant; ¢, g
section from a bmr-12 plant; d, h
section from a double-mutant
plant. Bars shown in d (also for
a—c) and in h (e-g) are equal to
100 pm

of the sorghum bmr mutants. However, there is little bio-
chemical information on the influence of genetic back-
ground on bmr mutations, and it is not known if these
mutations would have a synergistic effect on reducing cell
wall-associated aromatics and lignin. This study is a first
report comparing soluble and insoluble aromatic constitu-
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ents in the cell walls of stems from near-isogenic lines of
two bmr loci, bmr-6 and bmr-12, independently and
together in two different genetic backgrounds, Wheatland
and RTx430.

Soluble aromatic profiles of internode extracts were
influenced by the developmental stage of the tissues in
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Wheatland plants. Less mature (top) internodes contained
more free phenolics, whereas the more mature (bottom)
internodes contained lowered levels of free phenolics. This
result is likely due to greater lignification in mature inter-
nodes (Chen et al. 2002; Casler and Jung 2006) and a pre-
sumed loss of free precursors in older tissues.

Across both backgrounds, bmr-6 near-isogenic lines dis-
played the greatest amounts of the different free phenolics
and other aromatics, suggesting that the apparent loss in
CAD activity was influencing the accumulation of free phe-
nolic components. Lowered CAD activity in bmr-6 plants
as compared to WT has been reported earlier (Pillonel et al.
1991). In contrast, our data suggest that stem extracts from
both the near-isogenic CAD-deficient bmr-6 and DM plants
in the two different sorghum backgrounds tested had no
measureable activity against coniferyl alcohol under the
assay conditions employed. However, these assays may not
have been sensitive enough to detect residual levels of
CAD activity, nor CAD proteins with low affinity for
coniferyl alcohol. Overall, our results support the hypothe-
sis that BMR-6 encodes for a CAD protein that is specifi-
cally involved in stem lignification, as indicated by the
overall loss of G- and S-lignin in stem cell walls from bmr-
6 and DM plants. Lowered levels of sinapyl and coniferyl
alcohols would be expected to reduce the availability of
pCA esters of these alcohols for incorporation into cell
walls (Grabber and Lu 2007), a scenario consistent with our
data showing lowered amounts of pCA esters in the cell
walls of sorghum bmr-6 plants.

Plant CADs occur as a family of related proteins with
significant predicted homology in structure and potential
function (Kim et al. 2007; Tobias and Chow 2005; Ferrer
et al. 2008). In detailed analyses of the Arabidopsis CAD
gene family, only two CADs, AtCAD4 and AtCADS, have
been shown to play a role in lignification (Kim et al. 2007),
suggesting that there is limited functional overlap between
the different CAD proteins present in most plants. Our
immunoblot data suggest that the anti-CAD antibodies used
could be nonspecific and/or recognized one or more CAD
protein not directly affected by the bmr-6 mutation. Alter-
natively, the bmr-6 mutation results in the normal accumu-
lation of CAD protein albeit with minimal activity in
sorghum bmr-6 and DM plants.

For the sorghum genotypes analyzed, reduced or loss of
CAD activity (bmr-6) appeared to have shifted the flux of
soluble aromatic intermediates toward FA, but had not
affected the overall incorporation of esterified FA into the
cell walls. However, the exact mechanisms behind these
observations remain to be investigated. The maize brown
midrib mutant Bm-1 is phenotypically similar to sorghum
bmr-6 (Halpin etal. 1998). In Bm-I, CAD activity is
reduced, but not eliminated, and Bm-I has been mapped to
a region of the maize genome containing a CAD homolog

(Halpin etal. 1998). The sorghum bmr-6 mutation has
important consequences on stem phenolic and lignin con-
tent, and the future cloning and characterization of BMR-6
and bmr-6 alleles should provide greater biochemical and
genetic insights.

Bout and Vermerris (2003) had shown that bmr-12 sor-
ghum plants contained a nonsense mutation in a COMT
gene, while the present work demonstrated the absence of
COMT protein in the bmr-12 and DM plants using anti-
COMT sera raised in rabbits. A faint crossreaction in stem
extracts from RTx430 bmr-12 and DM plants to anti-
COMT antibodies generated in guinea pigs was detected.
However, the specificity of this antibody to different sor-
ghum COMTs and the potential of these other COMT
enzymes to contribute to the synthesis of lignin precursors
in the Wheatland and RTx430 plants have not been
explored. Interactions between the genetic backgrounds and
the bmr-12 allele were evidenced by increased levels of sol-
uble aromatic compounds in bmr-12 and DM Wheatland
plants, but not in the comparable RTx430 near-isogenic
lines, and an increase in the G-lignin and H-lignin mono-
mers released by thioacidolysis in RTx430 bmr-12 plants
relative to Wheatland bmr-12 plants. In contrast, incorpora-
tion of pCA esters and G-, S-, and H-lignin monomers into
cell walls was enhanced in RTx430 DM plants as compared
to Wheatland DM plants, suggesting a differential impact of
the bmr traits in different genetic backgrounds. Although
the overall biochemical differences between Wheatland and
Rtx430 plants are not known, our data indicates that it
should be possible to selectively modulate cell wall compo-
sition and thereby increase biomass quality by utilizing the
most promising combination of the bmr genes and sorghum
genetic backgrounds.

Results from thioacidolysis indicate that the loss of
COMT (bmr-12) leads to a strong decrease in S-lignin and
an enhanced incorporation of 5-OHG lignin, but not G- and
S-indenes. These results suggest that sorghum BMR-12
codes for a 5-hydroxyconiferylaldehyde-O-methyltransfer-
ase, as has been documented for other plants (Li et al. 2000;
Barricre et al. 2004).

Observed difference in soluble aromatics, wall-bound
phenolic esters and lignin components in bmr and DM lines
as compared to near-isogenic WT plants indicated that cell
wall lignification was impaired in these plants. To analyze
if these changes were global or limited to specific tissues,
we utilized diazotized nitroaniline (Akin et al. 1990) to
stain internode sections. In previous work, diazotized nitro-
aniline had been shown to react with phenolic acids, alde-
hydes, and esters and yielding brown- or orange-brown-
colored products. This histochemical agent stained WT
(normal) and bmr-12 sorghum lignin a uniform brown
(Akin et al. 1990). In the present work, internode sections
from near-isogenic WT, bmr-6, bmr-12, and DM plants
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were analyzed. Most cells in WT stems stained a uniform
brown, and lignified tissues, such as the cortical scleren-
chyma and fiber sheath cells, had well-defined thick cell
walls, indicating that these cells contained significant
amounts of phenolic and lignin compounds, including pCA
(Akin et al. 1990), which was consistent with cell wall phe-
nolic ester and lignin content we detected in these plants. In
bmr-6, bmr-12, and DM stems, there was less brown color-
ation of the cortical sclerenchyma, the fiber sheaths sur-
rounding the vascular bundles and in the parenchyma cell
walls of the cells. These results were also consistent with
lowered levels of pCA esters and lignin observed in these
plants. In stem sections from bmr-6 plants, many cell walls
were stained a reddish-orange, which may be due to an
increased ratio of FA to pCA seen for these plants. DM
plants exhibited the lightest staining, with incomplete col-
oration of cell walls, suggesting that accumulation of lignin
in the secondary cell wall had been impaired, consistent
with the thioacidolysis data on these plants.

In the present study, changes in free phenolic and aro-
matic profiles, reduced incorporation of phenolic esters and
lignin monomers into the cell walls, and the reduced and/or
loss of CAD and COMT enzymes specific for the lignin
biosynthetic pathway were consistent with what has been
observed in reduced lignin mutants in sorghum and other
plants (Akin et al. 1986; Pillonel et al. 1991; Bout and Ver-
merris 2003; Barriére et al. 2004; Pedersen et al. 2005; Shi
et al. 2006). Previous studies had indicated that reduction
or absence of CAD or COMT activity as a result of brown
midrib mutations reduced the total amounts of monolignols
synthesized and altered the type of monolignols incorpo-
rated into sorghum cell walls (Akin et al. 1986; Pillonel
etal. 1991; Lam et al. 1996; Hatfield et al. 1999; Bout and
Vermerris 2003). However, in the present study, effects of
bmr double-mutants on wall-bound aromatics in the two
sorghum backgrounds were unexpected. These results indi-
cate the presence of a locus (loci) unique to either RTx430
or Wheatland that affects the biosynthesis or incorporation
of pCA and FA in the presence of both bmr-6 and bmr-12;
similar loci have also been reported in maize (Guillaumie
et al. 2007). Recent reports with maize suggest that many
genes are differentially expressed in the different bm plants
as compared to WT plants, and the proteins encoded for by
these genes are likely to influence cell morphology and cell
wall composition (Shi et al. 2006, 2007). Our data indicate
that the unique interactions of the bmr alleles, especially
together, with the different sorghum genetic backgrounds
are exploitable, and could be utilized to develop sorghum
plants with biomass qualities designed to fit appropriate
conversion platforms.
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Fig. S1. HPLC profiles of soluble phenolics extracted from immature and
mature internodes of sorghum plants of cv Wheatland near isogenic lines.
Traces 1 and 2 WT, immature and mature internodes respectively; Traces 3
and 4 bmr-6, immature and mature internodes respectively; Traces 5 and 6,
bmr-12, immature and mature internodes respectively; Traces 7 and 8 DM,
immature and mature internodes respectively. Arrows indicate the different
phenolic acids detected by GCMS following alkaline hydrolysis of each
peak. pCA = 4-Coumaric acid, FA = ferulic acid, SyrA = syringic acid, VA
= vanillic acid DM = double mutant. Methanolic extracts obtained from
dried, ground internode tissues were analyzed by HPLC. Column effluent
was monitored at 320 nm.
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