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ABSTRACT

Conversion of lignocellulosic biomass into
fermentable sugars for biofuels requires
expensive pretreatment processes involving
the breakdown of the cell wall structure and/
or removal of lignin to increase accessibility of
enzymes to the crop structural carbohydrates.
Lignin is synthesized from precursors through
a complex biosynthesis pathway. One of the
important enzymes in this pathway is cinnamoyl-
coenzyme A reductase (CCR), which catalyzes
the transformation of feruloyl and p-coumaryl
thioesters to their respective aldehydes. In an
attempt to reduce lignin content and potentially
accelerate deconstruction of maize (Zeamays L.)
stover structural carbohydrates into fermentable
sugars, expression of maize CCR (ZmCCRY,
EC 1.2.1.44) was downregulated via ribonucleic
acid interference (RNAI). Thirty first generation
independent ZmCCR1_RNAi transgenic lines
were produced. Among 10 out of 30 randomly
tested, six lines showed significantly reduced
ZmCCR1 transcription. The second generation
of these ZmCCR1 downregulated transgenic
plants exhibited brown coloration of midribs,
husk, and stems and 7.0 to 8.7% reduction in
Klason lignin. Also, crystalline cellulose was
slightly increased in the lignin downregulated
maize stover and further increased conversion of
the ammonia fiber expansion (AFEX)-pretreated
maize stover into fermentable sugars. The
third generation of CCR downregulated plants
showed further reduced CCR transcription
as compared to their second generation of
transgenic (T1) plants.
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THE USE OF LIGNOCELLULOSIC MATERIALS has been strongly rec-
ommended for ethanol production (Wang et al., 2011). Unlike
maize grain where ethanol is derived from a storage carbohydrate
(starch), for lignocellulosics, ethanol is derived from the plant cell
wall structural carbohydrates, crystalline cellulose and hemicellu-
lose (Pauly and Keegstra, 2010). In addition to the structural sugars,
between 12 and 28% of the cell wall comprises lignin (Pauly and
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Keegstra, 2008), a phenylpropanoid polymer that restricts
enzymatic access to the structural carbohydrates.

Lignin is formed by oxidative radical coupling of
various hydroxycinnamyl alcohols (p-coumaryl, coniferyl,
and sinapyl) that are synthesized via the shikimic acid and
phenylpropanoid pathway (Vanholme et al., 2010). Briefly,
the three monolignols are produced by deamination of
phenylalanine followed by successive hydroxylation of
the aromatic ring and lastly phenolic O-methylation and
simultaneous conversion of the carboxyl to an alcohol
moiety. It haslong been believed that the hydroxylation and
methylation reactions take place at the level of the cinnamic
acid and that p-coumaric, ferulic, and sinapic acids are
subsequently converted to the corresponding monolignols
by the sequential action of 4-coumarate:coenzyme A
ligase (4CL), cinnamoyl-coenzyme A reductase (CCR),
and cinnamyl alcohol dehydrogenase (CAD) (Bonawitz
and Chapple, 2010; Vanholme et al., 2010; Weng and
Chapple, 2010; Whetten and Sederoff, 1995). Most of
the enzymes and intermediates described above are
differentially expressed in response to environmental cues
(Lauvergeat et al., 2001), exhibiting different kinetics and
substrate preferences (Harding et al., 2002).

In grasses such as maize, lignin is covalently linked
to the hemicellulose glucurono-arabinoxylan via ferulate
and diferulate bridges (de Buanafina, 2009; Hatfield et al.,
1999; Ralph et al., 1995). In turn, the hemicelluloses are
noncovalently associated with cellulose microfibrils via
hydrogen bonds and van der Waals forces. These interactions
result in a complex cell wall material that provides integrity
and strength to both the plant cell and the plant itself. One
factor that influences the mechanical strength of the walls 1s
the type of lignin subunits and their ratios within the lignin
polymer. For example, a higher syringyl (S) content as found
in hardwood cell walls increases the relative stiffness (Koehler
and Telewski, 2006; Reddy et al., 2005). The sheathing of
the polysaccharides in the walls by lignin is considered a
major impediment in the paper, pulp, and biofuels industries
as it interferes with the enzyme accessibility necessary for
the hydrolysis of cellulose and hemicelluloses (Vermerris
et al., 2010). Hence, a major hurdle in the economical and
sustainable conversion of a lignocellulosic feedstock is the ease
with which it is possible to chemically or physically open up
the structure of the cell wall so that the hydrolytic enzymes
are able to access the biomass polysaccharides (Chundawat et
al., 2010; Eggeman and Elander, 2005; Sticklen, 2008). One
approach to mitigate this hurdle is by altering or reducing
the lignin content or composition in the plant using plant
breeding or transgenic techniques (Chen and Dixon, 2007;
Hisano et al., 2009; Vanholme et al., 2008).

A large number of studies have been conducted in
recent years that have analyzed the impact of altering
the expression of the lignin biosynthetic enzymes on
plant growth, lignin content and composition, and cell

wall digestibility (ruminant or enzymatic) (Baucher
et al.,, 2003; Hisano et al., 2009; Jung et al., 2012; Li et
al.,, 2008; Vanholme et al., 2008). Reductions in lignin
content can have a major negative impact on plant growth
and development (Vermerris et al., 2010); however, it also
typically has a positive impact on cell wall digestibility.
A recent report showed that the ruminant digestibility
of cell wall polysaccharides was improved in CAD
downregulated alfalfa (Medicago sativa L.), suggesting that
cell wall digestibility is inversely correlated with the level
of lignification (Jung et al., 2011; Sticklen, 2007). Another
study suggested that lignin reduction in alfalfa could bypass
the need for dilute sulfuric acid pretreatment, thereby
facilitating the conversion of lignocellulosic biomass into
glucose with no pretreatment costs (Chen and Dixon,
2007). This research was followed by another study that
reported a 30 to50% lignin reduction in alfalfa resulting on
a great increase in the efficiency of saccharification (Ziebell
et al., 2010). Unlike the impacts due to total lignin content,
there is no clear trend with respect to the impact of lignin
monomer composition on digestibility. Fu et al. (2011)
found a negative correlation between S:guaiacyl (G) ratio
and total sugar release; however, they determined that total
lignin content was the main factor influencing sugar yields
from CAD downregulated switchgrass (Panicum virgatum
L) (Fu et al, 2011). Another study on reduced S-lignin
content alfalfa due to caffeic acid O-methyltransferase
(COMT) downregulation showed an increase in yields
following dilute ammonia pretreatment (Dien et al., 2011)
while Arabidopsis thaliana (L.) Heynh. cell walls with S-rich
lignin enhanced a pretreatment process (Li et al., 2010).
Also, a study on this model plant found no impact of
monomer composition on cell wall enzymatic degradation
(Grabber et al., 1997); however, these model plant cell walls
may have limitations in interpretations as to how accurately
they represent real crop feedstock materials. Within the
lignin biosynthetic pathway CCR catalyzes the conversion
of the three hydroxycinnamoyl-coenzyme A (CoA) esters
(p-coumaroyl-CoA, feruloyl-CoA, and caftfeoyl-CoA) into
their corresponding cinnamyl aldehydes. Two maize CCR
genes have been found within the maize genome, cloned,
and characterized: ZmCCR1 (preferentially expressed in
all lignitying tissues) and ZmCCR2 (mostly expressed in
roots and also induced by drought condition) (Fan et al.,
2006; Pichon et al., 1998). Six other putative CCR genes
have been found and annotated in maize (Guillaumie et al.,
2007). In the last decade, several CCR downregulations
have been successfully made in different plants. In maize,
ZmCCR1 mutants shows 31% reduction in lignin and
significant changes in lignin structure, resulting in decrease
in p-hydroxyphenyl units and a simultaneous increase in
the ratio of S:G (Tamasloukht et al., 2011). Another study
showed that downregulation of CCR in transgenic poplar
(Populus tremula L. X Populus alba L.) revealed up to 50%
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lignin reduction with an increased proportion of cellulose
in transgenic plants (Leple et al., 2007). Leple et al. (2007)
specifically state that the apparent increase in cellulose
content is likely due to the loss of lignin, not necessarily
because more cellulose is deposited. Other studies on
Arabidopsis thaliana (Goujon et al., 2003), tomato (Solanum
lycopersicum L.) (van der Rest et al., 2006), and pulpwood tree
[Leucaena leucocephala (Lam.) de Wit| (Prashant et al., 2011)
have proven that lignification of plant cell wall is positively
correlated with the level of CCR gene expression.

There are a number of naturally occurring crop
mutants with altered lignins. The most well-known
examples are the brown-midrib (bm) maize and sorghum
[Sorghum bicolor (L) Moench| (bmr) mutants. Twelve
brown midrib loci have been identified to date: five in
maize (bmi1—bm5) and four in sorghum (bmr-2, bmr-6, bmi-
12, and bmr-19) (Sattler et al., 2010). In the bm1 and bmr6
mutants, the CAD gene is mutated (Halpin et al., 1998)
while the bm3 and bmr12 mutants contain a mutation in
the COMT gene (Zuber et al., 1977). The locations of the
five remaining brown midrib loci are currently unknown
(Sattler et al., 2010). However, a gene-specific maize
macroarray demonstrated that in the bmZ2 mutant, genes
that are closely associated with several functional groups,
including phenylpropanoid metabolism, transport, and
trafficking as well as transcription factors and regulatory
genes, are downregulated at the transcriptional level
(Guillaumie et al., 2007). Since the bm2 mutant contains
lower G monolignol content, it has been hypothesized
that the bm2 mutation could affect the regulation of
coniferaldehyde, the precursor for G units in lignin.

The research presented here is aimed to lower the
lignin content and/or change lignin composition in
maize by reducing the expression of a CCR (ZmCCRI,
E.C.1.2.1.44; X98083). genetic
redundancy might present an issue in this gene family, a
ribonucleic acid interference (RNA1) approach was used in
an attempt to reduce the prevalent forms of the ZmCCR1.
Microscopy and cell wall composition techniques were used
to determine the impact of the transgenic modifications

accession  no. Since

on cell wall structure and the relative amounts of cell wall
components. Three of the independent transgenic lines and
one control line were subjected to ammonia fiber expansion
(AFEX) pretreatment followed by enzymatic hydrolysis to
determine the impact of the lignin modifications on the
enzymatic hydrolysis of maize stover.

MATERIALS AND METHODS

Construction of ZmCCR1_RNAi

The maize CCR1 gene (accession no. X98083) was selected
for downregulation. The complementary DNA (cDNA) clone
for ZmCCR1 (X98083) was purchased from Arizona Genome
Institute. The C-terminal sequence of ZmCCR1 was chosen

to design the double-stranded RNAI construct because of its
specific sequence. Two pairs of primers were designed to poly-
merase chain reaction (PCR)-amplify two fragments for mak-
ing the RINAI1 construct. The larger fragment (523 bp) was
PCR amplified from ZmCCR1 cDNA 748 to 1271 bp using
two primers that were flanked with a restriction enzyme rec-
ognition sites for Bglll and Neol (underlined), ZmCCR1_748F _
Bglll (5'-AGATCTACATCCTCAAGTACCTGGAC-3')
and ZmCCR1_1271R_Ncol (5'-CCATGGTTTACACAG-
CAGGGGAAGGT-3"). The smaller fragment (285 bp) was
PCR amplified from ZmCCR1 cDNA 986 to 1271 bp using
ZmCCR1_986F_Bglll  (5-AGATCTGGAAGCAGCCGTA-
CAAGTTC-3") and ZmCCR1_1271R _Sacl (5'-GAGCTCTT-
TACACAGCAGGGGAAGGT-3") with BglIl in the forward
primer and Sacl in the reverse primer (underlined). The amplified
larger and smaller fragments were then subcloned into a pGEM-
T Easy vector (Promega) following the manufacturer’s instruc-
tions. The pGEM-T Easy vector containing the large fragment
was digested with Bg/IT and Ncol and then the excised fragment
was cloned into an ImpactVector 1.1 (cytoplasm expression)
(Plant Research International) containing a green-tissue specific
promoter (Rubisco). Then the pGEM-T Easy vector contain-
ing the smaller fragment was digested with Bg/lI and Sac and
cloned into the ImpactVector 1.1 that contained the large frag-
ment. This formed the ZmCCR1 RNA1 construct that had a 285
bp inverted repeat sequence with a ~238 bp spacer in the middle
of the inverted repeat fragments (Fig. 1).

Maize Genetic Transformation

Highly proliferating, immature-embryo-derived embryogenic
Hi-IT (hybrid) maize calli were co-bombarded using the Bio-
Rad PSD-1000/He Particle Delivery device with a 1:1 ratio of
the ZmRNAi_RNAi plasmid and the pDM302 plasmid, (McEI-
roy et al., 1990) which contains the bar selectable marker gene
encoding phosphinothricin acetyltransferase regulated by the rice
(Oryza sativa L.) actin 1 (Act1) promoter and nos terminator. Using
in vitro culture, phosphinothricin resistant callus was selected and
regenerated into plantlets following standard procedures (Biswas
et al., 2006). The herbicide resistant plantlets were acclimated in a
growth chamber and then transferred to a greenhouse where they
grew until maturity. All first generation of transgenic (T0), second
generation of transgenic (T1), third generation of transgenic (T2),
and wild-type control plants were grown under the same green-
house conditions of 23°C and 16/8 h light/dark period. Fertile
plants were self-pollinated and seeds were harvested when they
had reached maturity, 35 to 45 d after pollination.

Transgene Integration and Transcription
Analyses and Breeding of Transgenic Plants

Polymerase chain reaction analysis was performed using Eppen-
dorf AG Thermocycler on both T0 and T1 plants to confirm the
presence of the bar transgene. Ribonucleic acid (RNA) gel blot-
ting was performed to confirm transcription expression levels
of ZmCCR1 gene in transgenic plants. Total RNA was isolated
from putative transgenic and wild-type untransformed plants
using Trizol reagent following the manufacturer’s instructions
(Invitrogen). The RNA gel blot analysis was performed based
on the authors’ previous work (Biswas et al., 2006). Transgenic
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Figure 1. Ribonucleic acid interference plasmid constructs for the downregulation of the ZmCCR1 in Impactvectorii. P-RbcS1: ribulose
bisphosphate carboxylase promoter from Asteraceous chrysanthemum (Chrysanthemum x morifolium Ramat.). T-RbcS1: ribulose
bisphosphate carboxylase small unit terminator from Asteraceous chrysanthemum. pDM302: a construct containing the bar gene
selectable marker sequences regulated by rice actin promoter and nos terminator (McElroy et al., 1990).

plants were self-bred for development of new generation plants,
and seeds were collected and tested again via northern blotting
for segregation analysis of CCR downregulation. Maize breed-
ing followed our previous research (Biswas et al., 2006).

Histological Assay

Identical small sections from ZmCCR1 transgenic and wild-type
plant leaf midribs were examined using a histological assay. Briefly,
the sections were fixed in 10% neutral buffered formalin, processed
using an automated vacuum infiltration tissue processor, embed-
ded in parafhin, and sectioned using a rotary microtome at 4 to 5
pm. Sections were then placed on adhesive slides and dried at 56°C.
The dried sections were deparaffinized using xylene [C ,H, (CH,),]
and hydrated using distilled water and then stained with 0.05%
toluidine blue O to visualize the lignified cell wall areas.

Brightfield Microscopy

Brightfield images were collected on an Olympus IX81 inverted
microscope (Olympus Corporation) configured with an MBF
Bioscience CX9000 camera using the 20x UPlanFL N (0.5
numerical aperture) air and the 40x UPlanFL N (1.3 numerical
aperture) oil objectives.

The images were recorded using a Zeiss PASCAL confocal
laser scanning microscope with a 488 nm excitation filter, a 560
nm emission filter, and a 505 to 530 nm emission filter. Image
analysis was performed using the laser scanning microscope
PASCAL LSM version 3.0 SP3 software (Carl Zeiss, 2009).

Scanning Electron Microscopy

Samples were fixed at 4°C for 1 to 2 h in 4% glutaraldehyde buft-
ered with 0.1 M Na,PO, (sodium phosphate) at pH 7.4. Following
a brief rinse in the buffer, samples were sequentially dehydrated in
an ethanol series (25, 50, 75, and 95%) for 10 to 15 min each and
then three times (10 min each) in 100% ethanol. Samples were
dried in a Balzers Model 010 critical point dryer (Balzers Union
Ltd) using liquid CO, as the transitional fluid. Samples were
mounted on Al stubs using high vacuum C tabs (SPI Supplies).
After mounting, samples were coated with Au (approximately
20 nm thickness) in an Emscope Sputter Coater model SC 500
(Ashford) that was purged with Ar gas and examined in a JEOL
JSM-6400V (lanthanum hexaboride electron emitter) scanning
electron microscope (JEOL Ltd.). Digital images were acquired
using Analysis Pro Software version 3.2 (Olympus, 2008).

Klason Lignin and Structural Sugar Analysis
The Klason lignin content and the glucan and xylan contents that
were used for setting up the enzymatic hydrolysis experiments

were determined using the standard National Renewable Energy
Laboratory protocol (Sluiter et al., 2008). Because of small sample
sizes, the material was not extracted before performing acid hydro-
lysis. The acid insoluble lignin analysis method was modified to use
47-mm 0.22-pm pore-size mixed-cellulose ester filter discs (Mil-
lipore Corp.) during the filtration step instead of crucibles. These
discs with the filtered lignin residue were dried overnight in a des-
iccator before weighing. Because an extraction was not performed
before acid hydrolysis and soluble sugars would interfere with the
actual glucan and xylan contents, soluble glucose and xylose in the
control sample were quantified as the sugars released following 72
h washing at 50°C and 200 revolutions per min~' and measured by
high performance liquid chromatography (HPLC) as reported in
the section on enzymatic hydrolysis. These values were subtracted
from the sugars released from two-stage acid hydrolysis to give the
structural glucan and xylan content of the maize stover samples.

Crystalline Cellulose Assay

To determine whether crystalline cellulose production is
increased when lignin content is decreased in ZmCCR1 down-
regulated transgenic maize plants, the amount of crystalline
cellulose present in the samples was determined using the

Updegraft method (Updegraft, 1969).

Hemicellulose Composition Analysis

The monosaccharide composition of the hemicelluloses was
determined as described (Foster et al., 2010). In brief, alcohol
insoluble residue was prepared from freeze-dried plant mate-
rial. The material was then hydrolyzed with trifuoro-acetic
acid and the solubilized monosaccharides derivatized to their
corresponding alditol acetates. These volatile derivatives were
analyzed by a gas chromatography (GC) connected to a quad-
rupole mass spectrometer.

Gas chromatography analysis was performed to examine the
changes in hemicellulose components in T1 ZmCCR_RNAi
lines. Three milligrams of maize midribs were freeze-dried and
hydrolyzed with trifluoroacetic acid. After acid hydrolysis, the
soluble parts were reduced by adding sodium borohydrate and
acetylated by adding acetic anhydride.

AFEX Pretreatment and Enzymatic Hydrolysis
Before enzymatic hydrolysis, AFEX pretreatment method of the
milled maize stover was conducted at 90°C on a 0.6 g H,O g™'
dry biomass for a 5 min residence time following heat-up to the set
temperature. Two NH, (ammonia) loadings were tested for each
sample: 1.0and 1.5 g NH, g~' dry biomass. Ammonia fiber expan-
sion was conducted as detailed previously (Garlock et al., 2009).
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Enzymatic hydrolysis was conducted in duplicate in 20 mL
screw-cap vials at 1% glucan loading with a total volume of 15
mlL for each of the AFEX-pretreated and untreated control sam-
ples. Samples were adjusted to pH 4.8 using a 1 M citrate buffer
solution. Accelerase 1000 (61 mg mL™'; Genencor Division of
Danisco US, Inc.) cellulase was added at 5.5 mg protein g~! glu-
can (2.4 FPU [filter paper units| and 49 birch (Betula alleghaniensis
Britton) xylan FPU per gram glucan) (Fujii et al., 2009) and Mul-
tifect Xylanase (27 mg mL™"; Genencor Division of Danisco US,
Inc.) at 0.5 mg protein g~' glucan (0.01 FPU and 467 oat (Avena
sativa L. [syn. Avena sativa var. orientalis (Schreb.) Hook. f.])—spelt
{Triticum aestivum L. subsp. spelta (L.) Thell. [syn. Triticum aesti-
vum L. var. spelta (L.) Fiori]} xylan FPU per gram glucan) (Dien
et al., 2008) were loaded. A lower enzyme loading was chosen
compared to the industry standard to exhibit greater differences
between the transgenic and control samples. Samples were placed
in a New Brunswick Scientific (New Jersey) incubator shaker
and hydrolyzed at 50°C and 200 revolutions per min~! for 72
h. The samples were taken at 24 and 72 h hydrolysis, heated at
90°C for 15 min, cooled, and centrifuged at 21,952 X ¢ for 5
min. The supernatant was filtered into HPLC shell vials using a
25 mm diameter 0.2-pum pore size polyethersulfone syringe filter
(Whatman Inc.). Samples were then stored at —20°C until sugar
analysis following a standard method (Garlock et al., 2009).

An HPLC system was used to determine the monomeric
glucose and xylose concentrations of each sample following
enzymatic hydrolysis. This HPLC system consisted of a Waters
pump, auto-sampler, and Waters 410 refractive index detec-
tor equipped with a Bio-Rad Aminex HPX-87P carbohydrate
analysis column with an attached de-ashing guard column.
Degassed HPLC grade water was used as the mobile phase, at
0.6 mL min~!, with the column temperature set at 85°C. Injec-
tion volume was 10 pL with a run time of 20 min per sample.
Mixed sugar standards were used to quantify the amount of
monomeric glucose and xylose in each hydrolysate sample.

Statistical Analysis

Statistical analyses of lignin and structural sugar contents and
glucan and xylan conversions following pretreatment and
enzymatic hydrolysis were conducted using Minitab15 Statisti-
cal Software (Minitab, 2006). Student’s ¢ tests were conducted
on the structural sugar (glucan and xylan) and lignin contents
and evaluated with respect to the control based on the 95%
confidence interval around the mean. The percentage of lignin
reduction in each transgenic line was calculated versus lignin
content measured in wild-type control plants. General linear
model ANOVAs were conducted on the 24 and 72 h glucose
and xylose conversions from pretreated maize stover with line,
pretreatment, and line X pretreatment effects. Letters were used
to indicate statistically different sugar conversions based on
Tukey’s pairwise comparisons (a < 0.05). Pearson correlations
were conducted to determine possible correlations between
sugar conversions and lignin content.

Preliminary Test on In Vitro Neutral
Detergent Fiber Ruminant Digestibility

Seeds of the second generation CCR downregulated plants
were grown to maturity and the leaf samples of the T2 plants

were tested for transcription levels via RNA blotting. Then
92% dry leaves and husks of plants with lowest transcription
levels were tested for a neutral detergent fiber (NDF) 30 h in
vitro digestibility of the 92% dry CCR downregulated versus
a wild-type control sample. This test was performed by the
Cumberland Valley Analytical Services.

RESULTS AND DISCUSSION

Regeneration of ZmCCR1_RNAi

Transgenic Plants

A total of 30 mature independent ZmCCR1_RNAi trans-
genic maize lines (T0) were produced showing the bar
gene integration. Among them, 10 independent trans-
genic lines were examined for their ZmCCR1 transcrip-
tion levels. The results showed that 6 out of 10 lines
(ZmCCR1_RNAi-1a, ZmCCR1_RNAi-1b, ZmCCRI1_
RNAi-1¢c, ZmCCR1_RNAi-4c, ZmCCR1_RNAi-
6a, and ZmCCR1_RNA-6b) had significantly reduced
ZmCCR1 gene expression levels (Fig. 2A).

Over 100 generations (T1) of ZmCCR1_RNAi plants
were obtained as a result of self-pollination of the TO
plants of ZmCCRI1_RNA-1b and ZmCCRI1_RNA-1c
lines. When RNA blot (Northern blot) hybridization
was performed to examine whether the ZmCCRI1
downregulation was vertically transmitted to the next
generation, several different T1 lines, ZmCCR1_RNAi-1b
(27, 31, 34, 39, 44, 46, 47, and 48) and ZmCCR1_RNAi-1c
(2, 3, 4, 5, 6, 10, 16, 19, and 24), showed a significant
transcriptional reduction of ZmCCR1 gene. Figure 2B
shows both the range of downregulation of the ZmCCR1
gene in T1 generations and some of the progenies with
significantly reduced levels of ZmCCR1 transcription.
Also, the presence of the bar gene was confirmed in all
ZmCCR1_RNAi maize lines tested (data not shown).

Phenotypic Analysis
The seed germination, growth, and development of down-
regulated ZmCCR1 TO, T1, and T2 lines were visually
monitored and no detrimental effects were observed under
either the growth chamber or greenhouse conditions. Table
1 shows plant height and stem diameters at 13 cm from soil
surface of T2 lines versus those of wild-type control plants.
There was no significant phenotypic difference other
than colorations between wild-type and downregulated
ZmCCR1 plants, implying that low level downregulation
of ZmCCR1 and lignin reduction presented in this report
might not have a significant effect on maize stover biomass.
When compared to wild-type nontransgenic plants,
the T1 and T2 ZmCCR1_RNAi transgenic lines appeared
to be normal in their seed germination, growth, and
development. However, about 5% of T1 plants, which
may had carried ZmCCR_RNAi homozygous recessive
alleles, were stunted with curly leaves and aborted early
flowering. These abnormalities of the T1 plants could be
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Figure 2. Transcriptional analysis of wild-type (Wt) corn and
ZmCCR1_RNAI transgenic corn lines. A. Downregulation of
ZmCCR1 transcripts on first generation of transgenic (TO) corn.
B. Downregulation of ZmCCR1 transcripts on second generation
of transgenic (T1) corn. Ribonucleic acid (RNA) loading control is
located underneath of each RNA gel (15 pg of total RNA).

Table 1. Comparison of plant height and diameter between
wild-type maize and ZmCCR1_RNAi-1c third generation of
transgenic (T2) lines. Plant height was measured from the
soil base line to the top of the tassel and stem diameter
was measured 13 cm distal from the soil base line. Mean =
standard deviation (P > 0.05).

Wild-type (Hi-ll) ~ZmCCR1_RNAi-1c

159.2 + 14.41 (n = 8)
2.26 + 0.36 (0 = 8)

Height, cm
Diameter, cm

153.92 = 6.37 (0 = 5)
2.78 +0.82 (n = 5)

due to either higher level of lignin reduction (Vanholme
et al., 2010) or somaclonal variations, which are common
in maize tissue culture.

Six out of 20 of T1 lines (30%) showed phenotypic
variation with brown coloration in their leaf midribs, stems,
and husks without any other apparent abnormalities while
none of the TO plants showed brown colorations (Fig. 3).
The segregation data for midribs brown pigmentation in
T1 ZmCCR1_RNA:I transgenic lines supports a previous
report indicating that the CCR1 allele is a recessive trait
(Cherney et al., 1991). Unlike the naturally occurring bm
mutants of maize, where brown coloration is typically
localized to the leaf midribs, the brown coloration seen

in the maize CCR1 transgenic lines also occurred in the
stems and husks (Fig. 3).

Other studies on poplar (Populus tremuloides Michx.)
(Leple et al., 2007) and tobacco (Nicotiana tabacum L.)
(Chabannes et al., 2001) also showed brown coloration in
xylems of lignin downregulated transgenic lines. It is well
known that the intermediates (e.g., phenylalmine) involved
in lignin biosynthesis pathways are closely associated with
anthocyanin synthesis (Whetten and Sederoff, 1995) and
brown midribs coloration is a phenomenon that results
when certain lignin biosynthesis-related genes are defective
or less functional (Ambavaram et al., 2010; Voelker et al.,
2010, 2011). The discoloration is a result of the oxidization
of accumulated soluble phenolic compounds that form
brown polymers (Ke and Saltveit, 1988). Therefore, we
believe that the brown coloration in lignin downregulated
ZmCCR1_RNAI transgenic plants is due to a buildup of
phenolic precursors.

Histological Assay

Histological assays were performed on lignified tissues of
wild-type and the T1 plant leaf midribs of 1c line that
showed low CCR transcription. The main vascular sys-
tem (i.e., xylem vessel, phloem, and sheath cells) showed
no significant differences between two samples except the
sclerenchyma fiber. The cross section of a wild-type leaf
midrib shows much thicker sclerenchyma fiber cell walls
than that of the downregulated CCR1 transgenics (Fig.
3). This assay demonstrates that although the ZmCCR1
downregulated plants contain fewer fibers in their scle-
renchyma cell walls, xylem vessel and phloem cells are not
defected in structure. It suggests that vascular system func-
tions normally without any defects in water and nutrient
transmission. However, there might be possible reduction
of physical strength of the stems. In the greenhouse condi-
tion, no structural damage was observed but field testing
might be required to measure CCR1 mutant stem rigidity
and resistance to lodging as the result of wind.

Figure 4 shows scanning electron microscope images
of ZmCCR1 downregulated maize midribs compared with
that of wild-type. No difterences were found in major xylem
vessel, phloem, and sheath cells in both maize lines. However,
the sclerenchyma fibers in ZmCCR1 downregulated
leaves showed relatively thinner cell walls (red arrow in
right bottom) compared to that of wild-type control plant
sample (red arrow in left bottom). This also indicates that
the downregulation of ZmCCR1 via RNAI1 reduced lignin
contents might have only occurred in sclerenchyma fiber
cells. Although lignin reduction might cause structural and/
or defense damages to plants, one might wish to reduce
lignin further by downregulating more than one lignin
biosynthesis pathway enzymes. For example, a research on
double mutations of CCR and CAD in tobacco showed
synergistic reduction in lignin contents and had no alterations

2692

WWW.CROPS.ORG

CROP SCIENCE, VOL. 52, NOVEMBER—DECEMBER 2012



Hi-II

20.0um

ZmCCRI_RNAi-1¢c-5

Figure 3. Phenotypic analysis of wild-type and the second generation of transgenic (T1) ZmCCR1_RNAi maize line. Brown coloration
was seen in ZmCCR1 downregulated leaf midribs, stems, and husks. Histological assay (brightfield images) of wild-type (HI-Il) and a T1
ZmCCR1_RNAI-1c-5 leaf midrib; each leaf midrib was cross-sectioned via rotary microtome. The cross-sectioned maize leaf midribs
were stained with 0.05% toluidine blue O for 1 min to visualize secondary xylem tissues. The red arrowhead indicates the cell walls of

sclerenchyma fibers of the leaf midrib.

of plant normal development under controlled conditions
(Chabannes et al., 2001). The limited lignin reduction in
sclerenchyma fibers enables maize plants to grow normally
without the interruption of the integrity of nutrient and water
transporting system. Although no pathogenic infection was
observed during the experimental period at the controlled
environment greenhouse conditions, field studies are needed
to sure that the defense system of ZmCCR1_RNA:i lines still
properly function.

Lignin and Sugar Compositional Analysis

For forage research, lignin concentrations are mostly deter-
mined by one of two lignin methods, the Klason method or
the acid detergent lignin (ADL) method, although it is also

possible to measure lignin using acetyl bromide. The Klason
lignin method is generally higher than the acid detergent lignin
concentration due to the loss of acid soluble lignin fraction dur-
ing ADL method (Jung et al., 1997). However, the amount of
lignin measured in CCR downregulated maize stover via the
Klason and acid detergent methods are positively correlated. It
is known that Klason lignin provides a more accurate estima-
tion of plant cell wall lignin content than the ADL method
(Hatfield et al., 1994). Therefore, a Klason lignin method was
used for the lignin measurement in this study. Future studies
might be needed to show how lignin structure of composition
may have changed due to CCR downregulation.

Figure 5 shows the plant biomass dry weight,
corresponding compositional sugars (glucan and xylan), and
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Scanning
downregulated transgenic maize leaf midrib as compared to that
of wild-type (W1t) nontransgenic control plant. The red arrow points
to the sclerenchyma fibers.
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lignin per plant for a number of different T1 lines. Based
on f test 95% confidence intervals, P < 0.05, there was no
statistically significant effect on structural sugar content
(percent of dry matter) compared to the controls. The
majority of the transgenic lines had similar dry matter per
plant or higher compared to the wild-type controlline. Only
three of these lines (ZmCCRI1_RNAi-1c-4, ZmCCR1_
RNAi-1¢c-5, and ZmCCR1_RNAi-1c-6; indicated as a red
asterisk) had statistically significant lower lignin content
(8.5, 7.5, and 9.2%) and dry matter compared with the
wild-type control plants. Such low lignin reduction in the
ZmCCR1_RNAi-1c lines did not affect seed germination,
growth, and development of transgenic plants.

Crystalline Cellulose and Hemicelluloses
Composition Analyses

The content of crystalline cellulose and the hemicellu-
loses were determined to examine whether the C flux was
shifted from lignin to the wall carbohydrates. The crystalline

cellulose was increased 1.5-fold (P > 0.05) and 1.8-fold (P <
0.05) higher in two of the transgenic lines, ZmCCR1-1b-6
and ZmCCR1-1c-6 (Fig. 6A). However, cellulose content of
the other lines, including the lines with reduced lignin con-
tent (ZmCCR1-1c-4 and ZmCCR1-1¢-5), was not affected.

Compensation effects of lignin reduction on an increase
in cellulose have been observed in cellulose-deficient
Arabidopsis  thaliana mutants (CESA3), which exhibited
ectopic lignification via the jasmonate and ethylene signaling
pathways (Cano-Delgado et al., 2003). Also, a report (Boudet
et al., 2003) indicates that lignin reduction often results in the
concomitant increase in cellulose to perhaps compensate for
the loss of cell wall strength by shifting more C into cellulose.
For example, an older report indicates that downregulation
of the 4CL gene of poplar resulted in a 45% decrease in lignin
content with a 15% increase in cellulose without apparent
damage to plant growth and development (Hu et al., 1998).
However, more studies are needed to adequately show that
the cellulose content increased on a mass basis per plant for
lignin-modified transgenics. This is because, by measuring
the total plant weight, one cannot judge whether the cellulose
content has actually increased or the loss of lignin has lead to
a decrease in total plant weight and (as would be expected) an
increase in the relative percentage of cellulose.

Five major hemicelluloses were analyzed in lignin
downregulated versus wild-type control maize stover. The
hemicelluloses present in the samples were assessed by hydrolysis
of their monosaccharides (Fig. 6B). The main monosaccharides
found were xylose (75%) and arabinose (10%), representing
arabinoxylan, that is, the dominant hemicellulose in grasses
(Subramaniyan and Prema, 2002), as well as some glucose
(less than 10%) probably representing amorphous cellulose.
Fructose and mannose were not detected in GC analysis.

Figure 6B shows that arabionose, xylose, and a
small amount of rhamnose and galactose were detected
by GC analysis. Grass largely
glucuronoarabinoxylans with some mixed-linkage glucans
(Scheller and Ulvskov, 2010), so the fact that these four
hemicellulose sugars are present and that xylose is the most
prominentis notsurprising. None of these monosaccharaides
were significantly altered in the ZmCCR1 downregulated
lines (Tukey’s pairwise comparisons, P > 0.05, n = 3)

hemicelluloses are

compared to wild-type control plant. The hemicellulose
composition analysis was repeated (data not shown) and
the results were consistent in both cases. Slight reduction
in lignin content may not have been sufficient to trigger
significant increase in biosynthesis of hemicelluloses.

Enzymatic Hydrolysis of AFEX-Pretreated
Maize Stover

Figure 7 shows the respective maize stover glucan and xylan
conversions after AFEX pretreatment and enzymatic hydro-
lysis for three of the transgenic lines and the wild-type con-
trol line. Under the same pretreatment condition, only the 24
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Figure 5. Lignin and sugar (glucan and xylan) compositional analysis of wild-type control and ZmCCR1_RNAI second generation of
transgenic (T1) maize lines. Acid-insoluble lignin was measured via the Klason method. The red asterisk on the lines of ZmCCR1_
RNAi-1c, ZmCCR1_RNAi-1c-5, and ZmCCR1_RNAI-1c-6 indicates that the lines had statistically lower lignin content, 8.5, 7.5, and 9.2%
respectively, as percent of dry matter compared with the wild-type control plants. Mean + standard deviation (P < 0.05, n = 3).

h glucan (Fig. 7A; red asterisk) and xylan (Fig. 7B; red aster-
isk) conversions showed any statistical difference between
the transgenic lines and the wild-type line. Compared to the
wild-type, ZmCCR1_RNAi-1c-4 and ZmCCR1_RNAi-
1c-6 had the lowest lignin content and the highest 24 h glu-
can conversion. The ZmCCR1_RNAi-1c-5 line showed the
highest xylan conversion. Of all the sugar conversions, 24
h glucan is the most strongly correlated to lignin content
(r = —0.601, P = 0.000) based on the Pearson correlation
across both pretreatment conditions. Interestingly, the corre-
lation decreases for the 72 h sample (r = —0.370, P = 0.037).
This may indicate that sugar yields even out over the longer
hydrolysis time and the strongest effect by lignin is early in
hydrolysis. The 1c-5 line had the smallest decrease in lignin
content compared to the control of the three lines tested, and
italso had no increase in glucan yields at the higher NH, load-
ing compared to the lower. Ammoniation of active methoxyl
sites in lignin (Sewalt et al., 1996) is one of the possible modes
by which AFEX decreases the recalcitrance of lignocellu-
losic biomass by decreasing the hydrophobicity and binding
capacity of AFEX-treated lignin toward enzymes (Gao et al.,
2011). Therefore, materials with lower lignin content could
be less affected by a higher NH, loading than those with a
higher lignin content.

Many scientists have found an inverse relationship between
pretreated biomass lignin content and enzymatic hydrolysis
conversions (Chen and Dixon, 2007; Fu et al., 2011; Jackson et
al., 2008; Shen et al., 2009; Zhu et al., 2008). Unlike what has
been found by other methods of lignin downregulation (Chen
and Dixon, 2007), in our study there was not a large impact
on the enzymatic hydrolysis of the untreated transgenics

compared to the control. Relatively small increases in yields
from untreated transgenics compared to their control samples
has also been observed for downregulation of other enzymes
that occur later in the lignin biosynthesis pathway: caffeoyl-
CoA 3-O-methyltransterase (CCoAOMT), CCR, and CAD
(Chen and Dixon, 2007; Fu et al., 2011; Jackson et al., 2008).

To date, only one article has been published that examined
the effect of CCR. downregulation on enzymatic conversion
of alfalfa lignocellulosic biomass (Jackson et al., 2008). In this
article, improvements in dry matter in vitro digestibility and
saccharification efficiency following dilute acid pretreatment
of CCR downregulated alfalfa were related to the reduction
in total lignin contents. The decrease in lignin content and
increase insaccharification yields due to transgenic modification
(~55 mg lignin g~! cell wall residue; 20—25% increase in total
sugar conversion) was much larger compared to what was
observed in our studies (~15 mg lignin g~! dry biomass; 7-8%
increase in total sugar conversion). This may indicate that if
we were able to more strongly suppress CCR activity, it may
have been possible to more strongly decrease lignin content
and correspondingly increase sugar conversions. Of course,
the danger of decreasing lignin content further would be the
possibility of reducing plant structural strength and viability.
It has been reported that a minor reduction of lignin content
(<10%) has little effect on the health of transgenics while a
reduction in lignin content of more than 20% generally causes
not only a loss of biomass but also xylem conductivity and
mechanical support of the stem in hybrid poplar (Voelker
et al., 2010, 2011). As shown on Fig. 5, a number of CCR
downregulated plants contained lower lignin as compared to
their wild-type control plants.
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Figure 6. Crystalline cellulose (Tukey’s pairwise comparisons, P < 0.05, n = 3) (A) and hemicellulose compositional analysis (Tukey’s
pairwise comparisons, P > 0.05; n = 3) (B) from the leaf midribs of wild-type (WT) maize versus the ZmCCR_RNA:I lines.

Results presented in this research show that ZmCCR1_
RNAG transgenic lines undergo normal development under
controlled greenhouse conditions with brown pigmentation
in midribs, stems, and husks that may have resulted from lignin
reduction in sclerenchyma fiber. Such lignin downregulation

increased glucose conversion during enzymatic hydrolysis
of AFEX-pretreated maize stover. Should the lignin
downregulated plants presented here show similar effects at
the field level, reduction in lignin level might allow for a
reduction in hydrolysis enzyme loading and associated costs.
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Figure 7. Percent sugar (glucan and xylan) conversions for untreated (UT) and ammonia fiber expansion (AFEX)-pretreated (90°C for
5 min) corn stover at different concentrations of ammonia (1.0:1.0 g NH,:g dry biomass and 1.5:1.5 g NH,:g dry biomass). The AFEX-
pretreated maize stover was hydrolyzed using Accelerase 1000 (5.5 mg protein per gram glucan) and Multifect Xylanase (0.5 mg protein
per gram glucan). Error bars represent the standard deviation of the mean and are based on two replicates for the untreated samples and
four replicates (two pretreatment replicates with two hydrolysis replicates each) for the pretreated samples. Pretreated sugar conversions
(24 or 72 h) labeled with different letters are statistically different based on Tukey’s pairwise comparisons (P < 0.05).

Preliminary Test on Dry Matter
In Vitro Digestibility

The preliminary observational result of the in vitro NDF
digestibility of the 92% dry T2 CCR downregulated
maize leaves and husks versus their wild-type control dry
matter sample showed an increase in level of digestibil-
ity in CCR downregulated samples (Fig. 8). A repeated

comprehensive test was not performed due to the limited
number of T2 seeds produced. Therefore, it is important to
note that this part of work was performed for the purpose
of observation. Many seeds have been collected from the
T2 CCR downregulated plants for production of fourth
generation of transgenic (T3) plants for a comprehensive
NDF in vitro digestibility and other analytical tests.
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Figure 8. A. Northern blot analysis of third generation of transgenic (T2) ZmCCR1_RNAI plants, which were either self or crossed with
other CCR downregulated plants (table in the middle), B. Preliminary result on in vitro neutral detergent fiber (NDF) digestibility of 92%
dry plants that had shown least transcription in the Northern blot analysis as compared to a wild-type control plant (A). The digestibility
of NDF was measured after 30 h in vitro digestion. T3, fourth generation of transgenic.

Opver all we conclude that the research presented here
might be one step forward toward improvement of cellulosic
biofuels and on making lignocellulosic ethanol production
more commercially competitive with petroleum fuel.

Acknowledgments

The microscopic imaging was conducted via the services of the
Michigan State University Center for Advanced Microscopy.
Maize callus was obtained from the Maize Transformation
Center of Iowa State University. The authors would like to
thank Jeffrey R. Weatherhead of the MSU Plant Research
Laboratory for his technical assistance on the carbohydrate
analysis. This research was generously funded by the Corn
Marketing Program of Michigan (CMPM) and the Consortium
for Plant Biotechnology Research (CPBR). AFEX is a registered
trademark of MBI International, Lansing, MI

References

Ambavaram, M.M., A. Krishnan, K.R. Trijatmiko, and A. Pereira.
2010. Coordinated activation of cellulose and repression of
lignin biosynthesis pathways in rice. Plant Physiol. 155:916—
931. doi:10.1104/pp.110.168641

Baucher, M., C. Halpin, M. Petit-Conil, and W. Boerjan.
2003. Lignin: Genetic impact on
pulping. Crit. Rev. Biochem. Mol. Biol. 38:305-350.
doi:10.1080/10409230391036757

Biswas, G.C.G., C. Ransom, and M. Sticklen. 2006. Expression of
biologically active acidothermus cellulolyticus endoglucanase
in transgenic maize plants. Plant Sci. 171:617-623.
d0i:10.1016/j.plantsci.2006.06.004

Bonawitz, N.D., and C. Chapple. 2010. The genetics of
lignin biosynthesis: Connecting genotype to phenotype.
Annu. Rev. Genet. 44:337-363. doi:10.1146/annurev-
genet-102209-163508

Boudet, A.M., S. Kajita, J. Grima-Pettenati, and D. Goffner. 2003.
Lignins and lignocellulosics: A better control of synthesis
for new and improved uses. Trends Plant Sci. 8:576-581.
doi:10.1016/j.tplants.2003.10.001

Cano-Delgado, A., S. Penfield, C. Smith, M. Catley, and M. Bevan.
2003. Reduced cellulose synthesis invokes lignification and
defense responses in Arabidopsis thaliana. Plant J. 34:351-362.
d0i:10.1046/7.1365-313X.2003.01729.x

Carl Zeiss. 2009. Software release 3.0 service pack 3 for LSM 510
/ LSM 5 PASCAL / ConfoCor 2 / LSM 510 ConfoCor 2
combinations for Windows. Carl Zeiss, Inc., Miinster, Germany.

Chabannes, M., A. Barakate, C. Lapierre, J.M. Marita, J. Ralph,

engineering and

2698

WWW.CROPS.ORG

CROP SCIENCE, VOL. 52, NOVEMBER—DECEMBER 2012



M. Pean, S. Danoun, C. Halpin, J. Grima-Pettenati, and A.M.
Boudet. 2001. Strong decrease in lignin content without
significant alteration of plant development is induced by
simultaneous down-regulation of cinnamoyl CoA reductase
(CCR) and cinnamyl alcohol dehydrogenase (CAD) in
tobacco plants. Plant J. 28:257-270. doi:10.1046/5.1365-
313X.2001.01140.x

Chen, F., and R.A. Dixon. 2007. Lignin modification improves
fermentable sugar yields for biofuel production. Nat.
Biotechnol. 25:759-761. doi:10.1038/nbt1316

Cherney, J.H., D.J.R. Cherney, D.E. Akin, and J.D. Axtell. 1991.
Potential of brown-midrib, low-lignin mutants for improving
forage quality. Adv. Agron. 20:11.

Chundawat, S.P., R. Vismeh, L.N. Sharma, J.F. Humpula,
L. da Costa Sousa, C.K. Chambliss, A.D. Jones, V. Balan,
and B.E. Dale. 2010. Multifaceted characterization of cell
wall decomposition products formed during ammonia fiber
expansion (AFEX) and dilute acid based pretreatments.
Bioresour. Technol. 101:8429-8438. doi1:10.1016/].
biortech.2010.06.027

de O. Buanafina, M.M. 2009. Feruloylation in grasses: Current
and future perspectives. Mol. Plant 2:861-872. doi:10.1093/
mp/ssp067

Dien, B.S., D.J. Miller, R.E. Hector, R.A. Dixon, F. Chen,
M. McCaslin, P. Reisen, G. Sarath, and M.A. Cotta. 2011.
Enhancingalfalfa conversion efficiencies for sugar recovery and
ethanol production by altering lignin composition. Bioresour.
Technol. 102:6479—-6486. doi:10.1016/j.biortech.2011.03.022

Dien, B.S., E.A. Ximenes, PJ. O’Bryan, M. Moniruzzaman,
X.L. Li, V. Balan, B. Dale, and M.A. Cotta. 2008. Enzyme
characterization for hydrolysis of AFEX and liquid hot-
water pretreated distillers’ grains and their conversion to
ethanol. Bioresour. Technol. 99:5216-5225. doi:10.1016/].
biortech.2007.09.030

Eggeman, T., and R.T. Elander. 2005. Process and economic
analysis of pretreatment technologies. Bioresour. Technol.
96:2019-2025. do1:10.1016/j.biortech.2005.01.017

Fan, L., R. Linker, S. Gepstein, E. Tanimoto, R. Yamamoto, and
P.M. Neumann. 2006. Progressive inhibition by water deficit
of cell wall extensibility and growth along the elongation
zone of maize roots is related to increased lignin metabolism
and progressive stelar accumulation of wall phenolics. Plant
Physiol. 140:603—612. doi:10.1104/pp.105.073130

Foster, C.E., T.M. Martin, and M. Pauly. 2010. Comprehensive
compositional analysis of plant cell walls (lignocellulosic
biomass) part II: Carbohydrates. J. Vis. Exp. doi:10.3791/1837

Fu, C.X., X.R. Xiao, YJ. Xi, Y.X. Ge, F. Chen, ]J. Bouton,
R.A. Dixon, and ZY. Wang. 2011. Downregulation of
cinnamyl alcohol dehydrogenase (CAD) leads to improved
saccharification efficiency in switchgrass. Bioenergy Res.
4:153-164. doi:10.1007/5s12155-010-9109-2

Fujii, T., X. Fang, H. Inoue, K. Murakami, and S. Sawayama. 2009.
Enzymatic hydrolyzing performance of Acremonium cellulolyticus
and Trichoderma reesei against three lignocellulosic materials.
Biotechnol. Biofuels 2:24. doi:10.1186/1754-6834-2-24

Gao, D.H., S.P.S. Chundawat, N. Uppugundla, V. Balan, and
B.E. Dale. 2011. Binding characteristics of Trichoderma reesei
cellulases on untreated, ammonia fiber expansion (AFEX),
and dilute-acid pretreated lignocellulosic biomass. Biotechnol.
Bioeng. 108:1788-1800. do0i:10.1002/bit.23140

Garlock, R J., S.P. Chundawat, V. Balan, and B.E. Dale. 2009.
Optimizing harvest of corn stover fractions based on overall

sugar yields following ammonia fiber expansion pretreatment
and enzymatic hydrolysis. Biotechnol. Biofuels 2:29.
doi:10.1186/1754-6834-2-29

Goujon, T., V. Ferret, I. Mila, B. Pollet, K. Ruel, V. Burlat, J.P.
Joseleau, Y. Barriere, C. Lapierre, and L. Jouanin. 2003.
Down-regulation of the AtCCR1 gene in Arabidopsis thaliana:
Effects on phenotype, lignins and cell wall degradability.
Planta 217:218-228. d0i:10.1007/500425-003-0987-6

Grabber, J.H., J. Ralph, R.D. Hatfield, and S. Quideau. 1997.
p-hydroxyphenyl, guaiacyl, and syringyl lignins have similar
inhibitory effects on wall degradability. J. Agric. Food Chem.
45:2530-2532. d0i:10.1021/jf970029v

Guillaumie, S., M. Pichon, ]J.P. Martinant, M. Bosio, D.
Goffner, and Y. Barriere. 2007. Differential expression of
phenylpropanoid and related genes in brown-midrib bml,
bm2, bm3, and bm4 young near-isogenic maize plants. Planta
226:235-250. doi:10.1007/500425-006-0468-9

Halpin, C., K. Holt, J. Chojecki, D. Oliver, B. Chabbert, B.
Monties, K. Edwards, A. Barakate, and G.A. Foxon. 1998.
Brown-midrib maize (bml) — A mutation affecting the
cinnamyl alcohol dehydrogenase gene. Plant J. 14:545-553.
doi:10.1046/j.1365-313X.1998.00153.x

Harding, S.A., J. Leshkevich, V.L. Chiang, and C.J. Tsai. 2002.
Differential substrate inhibition couples kinetically distinct
4-coumarate:coenzyme a ligases with spatially distinct
metabolic roles in quaking aspen. Plant Physiol. 128:428-438.
doi:10.1104/pp.010603

Hatfield, R.D., H.-J.G. Jung, J. Ralph, D.R. Buxton, and PJ.
Weimer. 1994. A comparison of the insoluble residues
produced by the Klason lignin and acid detergent lignin
procedures. J. Sci. Food Agric. 65:51-58. doi:10.1002/
jsfa.2740650109

Hatfield, R.D., J. Ralph, and J.H. Grabber. 1999. Cell wall cross-
linking by ferulates and diferulatesin grasses. J. Sci. Food Agric.
79:403-407. doi:10.1002/(sici)1097-0010(19990301)79:3

Hisano, H., R. Nandakumar, and Z.-Y. Wang. 2009. Genetic
modification of lignin biosynthesis for improved biofuel
production. In Vitro Cell. Dev. Biol. Plant 45:306-313.
doi:10.1007/511627-009-9219-5

Hu, W]., A. Kawaoka, CJ. Tsai, J. Lung, K. Osakabe, H. Ebinuma,
and V.L. Chiang. 1998. Compartmentalized expression of
two structurally and functionally distinct 4-coumarate:CoA
ligase genes in aspen (Populus tremuloides). Proc. Natl. Acad.
Sci. USA 95:5407-5412. do0i:10.1073/pnas.95.9.5407

Jackson, L.A., G.L. Shadle, R. Zhou, J. Nakashima, F. Chen, and
R.A. Dixon. 2008. Improving saccharification efficiency
of alfalfa stems through modification of the terminal stages
of monolignol biosynthesis. Bioenergy Res. 1:180-192.
d0i:10.1007/512155-008-9020-2

Jung, H.G., D.R. Mertens, and A.J. Payne. 1997. Correlation of
acid detergent lignin and Klason lignin with digestibility of
forage dry matter and neutral detergent fiber. J. Dairy Sci.
80:1622-1628. doi:10.3168/jds.S0022-0302(97)76093-4

Jung, H.-].G., D.A. Samac, and G. Sarath. 2011. Modifying crops
to increase cell wall digestibility. Plant Sci. 185-186:65-77.
doi:10.1016/j.plantsci.2011.10.014.

Jung, HJ., D.A. Samac, and G. Sarath. 2012. Modifying crops
to increase cell wall digestibility. Plant Sci. 185-186:65—77.
doi:10.1016/j.plantsci.2011.10.014

Ke, D., and M.E. Saltveit. 1988. Plant hormone interaction and
phenolic metabolism in the regulation of russet spotting in
iceberg lettuce. Plant Physiol. 88:1136—1140. doi:10.1104/

CROP SCIENCE, VOL. 52, NOVEMBER—DECEMBER 2012

WWW.CROPS.ORG

2699



pp-88.4.1136

Koehler, L., and FW. Telewski. 2006. Biomechanics and transgenic
wood. Am. J. Bot. 93:1433-1438. d0i:10.3732/ajb.93.10.1433

Lauvergeat, V., C. Lacomme, E. Lacombe, E. Lasserre, D. Roby,
and J. Grima-Pettenati. 2001. Two cinnamoyl-CoA reductase
(CCR) genes from Arabidopsis thaliana are differentially
expressed during development and in response to infection
with pathogenic bacteria. Phytochemistry 57:1187-1195.
doi:10.1016/50031-9422(01)00053-X.

Leple, J.C., R. Dauwe, K. Morreel, V. Storme, C. Lapierre, B.
Pollet, A. Naumann, K.Y. Kang, H. Kim, K. Ruel, A. Lefebvre,
J.P. Joseleau, J. Grima-Pettenati, R. De Rycke, S. Andersson-
Gunneras, A. Erban, I. Fehrle, M. Petit-Conil, J. Kopka, A.
Polle, E. Messens, B. Sundberg, S.D. Mansfield, J. Ralph, G.
Pilate, and W. Boerjan. 2007. Downregulation of cinnamoyl-
coenzyme A reductase in poplar: Multiple-level phenotyping
reveals effects on cell wall polymer metabolism and structure.
Plant Cell 19:3669-3691. doi:10.1105/tpc.107.054148

Li, X., J.K. Weng, and C. Chapple. 2008. Improvement of biomass
through lignin modification. Plant J. 54:569-581 doi:10.1111/
3.1365-313X.2008.03457.x

Li, X., E. Ximenes, Y. Kim, M. Slininger, R. Meilan, M. Ladisch,
and C. Chapple. 2010. Lignin monomer composition affects
Arabidopsis cell-wall degradability after liquid hot water
pretreatment. Biotechnol. Biofuels 3:27. doi:10.1186/1754-
6834-3-27

McElroy, D., W. Zhang, J. Cao, and R. Wu. 1990. Isolation of an
efficient actin promoter for use in rice transformation. Plant
Cell 2:163-171.

Minitab. 2006. Meet Minitab 15 for Windows. Minitab Inc., State
College, PA.

Olympus. 2008. Olympus Soft Imaging solutions for Windows.
Olympus Inc., Miinster, Germany.

Pauly, M., and K. Keegstra. 2008. Cell-wall carbohydrates and
their modification as a resource for biofuels. Plant J. 54:559—
568. doi:10.1111/§.1365-313X.2008.03463.x

Pauly, M., and K. Keegstra. 2010. Plant cell wall polymers as
precursors for biofuels. Curr. Opin. Plant Biol. 13:305-312.
d0i:10.1016/§.pbi.2009.12.009

Pichon, M., I. Courbou, M. Beckert, A.M. Boudet, and J. Grima-
Pettenati. 1998. Cloning and characterization of two maize
cDNAs encoding cinnamoyl-CoA reductase (CCR) and
differential expression of the corresponding genes. Plant Mol.
Biol. 38:671-676. doi:10.1023/A:1006060101866

Prashant, S., M. Srilakshmi Sunita, S. Pramod, R.K. Gupta, S.
Anil Kumar, S. Rao Karumanchi, S.K. Rawal, and P.B.
Kavi Kishor. 2011. Down-regulation of Leucaena leucocephala
cinnamoyl CoA reductase (LICCR) gene induces significant
changes in phenotype, soluble phenolic pools and lignin
in transgenic tobacco. Plant Cell Rep. 30:2215-2231.
do0i:10.1007/500299-011-1127-6

Ralph, J., J.H. Grabber, and R.D. Hatfield. 1995. Lignin-ferulate
cross-links in grasses — Active incorporation of ferulate
polysaccharide esters into ryegrass lignins. Carbohydr. Res.
275:167-178. doi:10.1016/0008-6215(95)00237-N

Reddy, M.S., F. Chen, G. Shadle, L. Jackson, H. Aljoe, and R.A.
Dixon. 2005. Targeted down-regulation of cytochrome P450
enzymes for forage quality improvement in alfalfa (Medicago
sativa L.). Proc. Natl. Acad. Sci. USA 102:16573-16578.
d0i:10.1073/pnas.0505749102

Sattler, S.E., D.L. Funnell-Harris, and J.F. Pedersen. 2010. Brown
midrib mutations and their importance to the utilization of

maize, sorghum, and pearl millet lignocellulosic tissues. Plant
Sci. 178:229-238. doi:10.1016/j.plantsci.2010.01.001

Scheller, H.V., and P. Ulvskov. 2010. Hemicelluloses. Annu.
Rev. Plant Biol. 61:263-289.  doi:10.1146/annurev-
arplant-042809-112315

Sewalt, V.J.H., J.P. Fontenot, V.G. Allen, and W.G. Glasser. 1996.
Fiber composition and in vitro digestibility of corn stover
fractions in response to ammonia treatment. J. Agric. Food
Chem. 44:3136-3142. doi:10.1021/jf960176d

Shen, H., C.X. Fu, X.R. Xiao, T. Ray, Y.H. Tang, Z.Y. Wang,
and F. Chen. 2009. Developmental control of lignification in
stems of lowland switchgrass variety Alamo and the effects
on saccharification efficiency. Bioenergy Res. 2:233-245.
doi1:10.1007/512155-009-9058-6

Sluiter, A., B. Hames, R. Ruiz, C. Scarlata, J. Sluiter, and D.
Templeton. 2008. Determination of structural carbohydrates
and lignin in biomass. National Renewable
Laboratory, Golden, CO.

Sticklen, M.B. 2007. Feedstock crop genetic engineering for alcohol
fuels. Crop Sci. 47:11. doi:10.2135/cropsci2007.04.0212

Sticklen, M.B. 2008. Plant genetic engineering for biofuel

Energy

production: Towards affordable cellulosic ethanol. Nat. Rev.
Genet. 9:433—443. doi:10.1038/nrg2336
Subramaniyan, S., and P. Prema. 2002. Biotechnology of
microbial biology,
22:33-64.

xylanases: Enzymology, molecular
and application.  Crit. Rewv.
doi:10.1080/07388550290789450
Tamasloukht, B., M.S. Wong Quai, Y. Martinez, K. Tozo, O.
Barbier, C. Jourda, A. Jauneau, G. Borderies, S. Balzergue, J.P.
Renou, S. Huguet, J.P. Martinant, C. Tatout, C. Lapierre, Y.
Barriere, D. Goftner, and M. Pichon. 2011. Characterization of

a cinnamoyl-CoA reductase 1 (CCR 1) mutant in maize: Effects

Biotechnol.

on lignification, fibre development, and global gene expression.
J. Exp. Bot. 62:3837-3848. doi:10.1093/jxb/err077

Updegraff, D.M. 1969. Semimicro determination of cellulose in
biological materials. Anal. Biochem. 32:420—424. doi:10.1016/
S0003-2697(69)80009-6

van der Rest, B., S. Danoun, A.M. Boudet, and S.F. Rochange.
2006. Down-regulation of cinnamoyl-CoA reductase in
tomato (Solanum lycopersicum L.) induces dramatic changes in
soluble phenolic pools. J. Exp. Bot. 57:1399-1411. d0i:10.1093/
jxb/erj120

Vanholme, R., B. Demedts, K. Morreel, J. Ralph, and W. Boerjan.
2010. Lignin biosynthesis and structure. Plant Physiol.
153:895-905. doi:10.1104/pp.110.155119

Vanholme, R., K. Morreel, J. Ralph, and W. Boerjan. 2008.
Lignin engineering. Curr. Opin. Plant Biol. 11:278-285.
d0i:10.1016/§.pbi.2008.03.005

Vermerris, W., D.M. Sherman, and L.M. Mclntyre. 2010.
Phenotypic plasticity in cell walls of maize brown midrib
mutants is limited by lignin composition. J. Exp. Bot.
61:2479-2490. doi:10.1093/jxb/erq093

Voelker, S.L., B. Lachenbruch, F.C. Meinzer, M. Jourdes, C.
Ki, A.M. Patten, L.B. Davin, N.G. Lewis, G.A. Tuskan, L.
Gunter, S.R. Decker, MJ. Selig, R. Sykes, M.E. Himmel,
P. Kitin, O. Shevchenko, and S.H. Strauss. 2010. Antisense
down-regulation of 4CL expression alters lignification, tree
growth, and saccharification potential of field-grown poplar.
Plant Physiol. 154:874—886. do0i:10.1104/pp.110.159269

Voelker, S.L., B. Lachenbruch, F.C. Meinzer, P. Kitin, and
S.H. Strauss. 2011. Transgenic poplars with reduced lignin
show impaired xylem conductivity, growth efficiency and

2700

WWW.CROPS.ORG

CROP SCIENCE, VOL. 52, NOVEMBER—DECEMBER 2012



survival. Plant Cell Environ. 34:655-668. doi:10.1111/j.1365-
3040.2010.02270.x

Wang, M.Q., J. Han, Z. Haq, W.E. Tyner, M. Wu, and A.
Elgowainy. 2011. Energy and greenhouse gas emission effects
of corn and cellulosic ethanol with technology improvements
and land use changes. Biomass Bioenergy 35:1885-1896.
doi:10.1016/j.biombioe.2011.01.028

Weng, J.K., and C. Chapple. 2010. The origin and evolution of
lignin biosynthesis. New Phytol. 187:273-285. doi:10.1111/
3.1469-8137.2010.03327.x

Whetten, R., and R. Sederoff. 1995. Lignin biosynthesis. Plant
Cell 7:1001-1013.

Zhu, L., J.P. O’Dwyer, V.S. Chang, C.B. Granda, and M.T.
Holtzapple. 2008. Structural features affecting biomass
enzymatic digestibility. Bioresour. Technol. 99:3817-3828.
doi:10.1016/j.biortech.2007.07.033

Ziebell, A., K. Gracom, R. Katahira, F. Chen, Y. Pu, A. Ragauskas,
R.A. Dixon, and M. Davis. 2010. Increase in 4-coumaryl
alcohol units during lignification in alfalfa (Medicago sativa)
alters the extractability and molecular weight of lignin. J.
Biol. Chem. 285:38961-38968. d0i:10.1074/jbc.M110.137315

Zuber, M.S., T.R. Colbert, and L.F. Bauman. 1977. Effect of
brown-midrib-3 mutant in maize (Zea mays L.) on stalk
strength. Zeit. Pflanzenzuch. 79:310-314.

CROP SCIENCE, VOL. 52, NOVEMBER—DECEMBER 2012

WWW.CROPS.ORG

2701



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



