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Abstract Independent down-regulation of genes encoding
p-coumarate 3-hydroxylase (C3H) and hydroxycinnamoyl
CoA:shikimate/quinate hydroxycinnamoyl transferase (HCT)
has been previously shown to reduce the recalcitrance of
alfalfa and thereby improve the release of fermentable sugars
during enzymatic hydrolysis. In this study, ball-milled lignins
were isolated from wild-type control, C3H, and HCT gene
down-regulated alfalfa plants. One- and two-dimensional
nuclear magnetic resonance (NMR) techniques were utilized
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to determine structural changes in the ball-milled alfalfa
lignins resulting from this genetic engineering. After C3H and
HCT gene down-regulation, significant structural changes had
occurred to the alfalfa ball-milled lignins compared to the
wild-type control. A substantial increase in p-hydroxyphenyl
units was observed in the transgenic alfalfa ball-milled
lignins as well as a concomitant decrease in guaiacyl and
syringyl units. Two-dimensional '*C—"H heteronuclear sin-
gle quantum coherence correlation NMR, one-dimensional
distortionless enhancement by polarization transfer-135, and
3C NMR measurement showed a noteworthy decrease in
methoxyl group and (3-O-4 linkage contents in these
transgenic alfalfa lignins. '*C NMR analysis estimated that
C3H gene down-regulation reduced the methoxyl content by
~55-58% in the ball-milled lignin, while HCT down-
regulation decreased methoxyl content by ~73%. The gene
down-regulated C3H and HCT transgenic alfalfa lignin was
largely a p-hydroxyphenyl (H) rich type lignin. Compared to
the wild-type plant, the C3H and HCT transgenic lines had
an increase in relative abundance of phenylcoumaran and
resinol in the ball-milled lignins.

Keywords Alfalfa - Gene down-regulation -
Lignin structure - NMR - p-Hydroxyphenyl - Methoxy]l -
[3-O-4 linkage

Abbreviations

C3H  p-Coumarate 3-hydroxylase

HCT  Hydroxycinnamoyl CoA:shikimate/quinate
hydroxycinnamoyl transferase

NMR  Nuclear magnetic resonance

HSQC Heteronuclear single quantum coherence

DEPT Distortionless enhancement by polarization transfer

WT Wild-type
/Ar Per aromatic ring
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H p-Hydroxyphenyl
G Guaiacyl

S Syringyl
Introduction

Public, commercial, and scientific interest is acutely focused
on the search for renewable energy and materials as viable
alternatives to nonrenewable petroleum resource to meet the
increasing societal demand for sustainable development as
well as to shift the society’s dependence away from petro-
leum to renewable resources [1-5]. Lignocellulosic biomass
is considered as a low-cost feedstock for biofuels produc-
tion with the potential of being cost competitive with fossil
fuels, and substantial efforts have been made to explore and
develop biomass utilization processes that convert biomass
into liquid fuels and chemicals [6—8]. Several routes toward
the production of biofuels and renewable chemicals are
being pursued through thermochemical or biological process-
es, including pyrolysis, gasification, catalytic dehydration—
hydrogenation, and fermentation [7]. Of these technologies,
the fermentation route is considered as one of the most
developed and promising. However, due to the recalcitrance
of lignocellulosics, the overall cost of converting lignocellu-
losic biomass to biofuels through fermentation route is
higher than well-established commercial starch to bioethanol
processes. This has remained a challenge for practical and
sustainable production of biofuels [9, 10].

The recalcitrance of lignocellulosic biomass, i.e., the dif-
ficulty of converting biomass into accessible sugars, is
reviewed as a key bottleneck in the process of biofuels
production and the most significant obstacle to the cost-
effective establishment of a cellulosic biofuels industry [11—
13]. Pretreatment prior to addition of hydrolytic enzymes
for saccharification of cellulose or hemicelluloses has been
applied to overcome biomass recalcitrance by disrupting the
naturally resistant carbohydrate—lignin shield and altering
the biomass structures, thus making the cellulose and
hemicellulose more accessible and amenable to hydrolytic
enzymes [14—16]. These pretreatments can be mechanical,
chemical, and thermochemical. The most studied lignocel-
lulosics pretreatments include steam explosion [17, 18],
hydrothermolysis [19-21], dilute acid [22-24], lime [25,
26], ammonia [27, 28], and organosolv [29, 30] pretreat-
ment. Although considerable efforts have been made to
improve the effectiveness of pretreatment technologies, it
remains a costly step in the overall lignocellulosic biofuels
process [16]. It is clear that new approaches are needed that
overcome the recalcitrance of lignocellulosic biomass and
reduce the cost of a cellulosic biofuels production [31, 32].

Genetic engineering of plant bioresources has been
reported as a promising approach to reducing biomass

recalcitrance for the biological conversion process [33-37].
Perturbing plant biomass deposition by targeted modifica-
tion of key genes integral to major cell wall pathways can
provide significant opportunities for improved lignocellulo-
sics utilization. The forest product industry has extensively
explored the use of plant genetics to tailor the composition,
structures, and reactivity of plant biopolymers, especially
lignin [33-35]. Lignin comprises the second most abundant
biopolymer in the biosphere and is considered a key
component in the determination of biomass recalcitrance
[7]. Alteration of lignin content and its monolignol compo-
sition in plant biomass via genetic engineering has been
shown to significantly impact delignification efficiency and
pulp bleachability for chemical pulping. For example,
Huntley et al. demonstrated that increased syringyl lignin in
transgenic poplars, by overexpressing ferulate 5-hydroxylase,
resulted in an increase in chemical pulping by 60% [33].
Likewise, Lapierre et al. reported that transgenic poplar with
low cinnamyl alcohol dehydrogenase activity exhibited
improved kraft pulping properties [34, 35].

In recent years, extensive attempts have been made to
genetically engineer low-recalcitrance plants by lowering
lignin content and/or altering lignin structures, thus tailor-
ing plants to microbial and enzymatic deconstruction [36—
38]. A recent report by Davison et al. [36] has demonstrated
that changes in lignin content and syringyl/guaiacyl ratios
of a second generation Populus significantly benefited
xylose release upon dilute sulfuric acid hydrolysis. Chen
and Dixon [37] analyzed alfalfa plants that were indepen-
dently down-regulated for six lignin biosynthesis enzymes
[39, 40]. They reported that p-coumarate 3-hydroxylase
(C3H) and hydroxycinnamoyl CoA:shikimate/quinate hydro-
xycinnamoyl transferase (HCT) down-regulated alfalfa lines
demonstrated improved fermentable sugar yields without
acid pretreatment when compared to wild-type (WT) plants
that had been subject to acid pretreatment [37]. These plants
were shown to have comparable increased digestibilities
with different lignin concentrations, thus indicating that more
than just lignin content is important. These results highlight
the potential to genetically alter plant cell wall composition
and lignin structures in plant biomass, which can confer
benefits in subsequent enzymatic operations and more
attractively could bypass or minimize the severity of a
pretreatment and thereby facilitate bioprocess consolidation
for biofuel production. However, the application of this
approach in a broad sense has been hindered, in part, due to
lack of understanding of cell wall biosynthesis at the
molecular level and of how genetically engineered lignin
modification influences biomass recalcitrance. Herein, we
investigated the effects of C3H and HCT down-regulation on
alfalfa lignin structures, attempting to determine how the
genetic modification influences lignin structures and the
resulting plant recalcitrance.
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Methods
Plant Materials

WT and transgenic alfalfa (Medicago sativa cv. Regen SY)
plants down-regulated in C3H and HCT enzyme activity
were generated as reported previously [39, 40]. The WT
control plant was generated from transformation process
with no transformation vector (labeled as CTRI1), and
transgenic lines were transformed with constructs indepen-
dently harboring antisense constructs targeting C3H and
HCT enzymes, respectively. Two C3H transgenic lines
C3H4a and C3H9a with different levels of down-regulation
(supplementary Table 1) [39] and one HCT3a transgenic
line [40] were used in this study.

Chemicals

All chemicals used were purchased either from VWR Inter-
national or Aldrich and used as received except 1,4-dioxane,
which was distilled over NaBH, prior to use.

Lignin Isolation

All the plant lines were grown in the greenhouse until they
reached the late flowering stage. Mature stems were
harvested (the first seven internodes from the top were
discarded), dried in an oven at 55°C, and ground in a Wiley
mill to pass through a 60-mesh screen and then stored at
<0°C until use. Ball-milled lignin was isolated according to
modified literature methods described previously [41—44].
In brief, the Wiley-milled alfalfa samples were Soxhlet-
extracted with benzene—ethanol (2:1, v/v) for 24 h and then
dried under vacuum overnight. The dried alfalfa (10.0 g)
was ball-milled in a porcelain jar (1.00 L) with ceramic
balls using a rotatory ball mill running at 96 rpm for
7 days. A ceramic balls/biomass weight ratio of 30:1 was
used. The ball-milled cell wall powder was then extracted
twice with dioxane—water (96:4, v/v; 10 mL/g alfalfa)
under stirring for 48 h in the dark. The extracted mixture
was centrifuged, and the supernatant was collected. The
collected dioxane—water solution was roto-evaporated to
reduce the volume to ~20 mL at 40°C under reduced
pressure. Deionized water (~10 mL) was added into the
mixture, freeze-dried, and the crude ball-milled lignin was
collected. The crude lignin was dissolved in acetic acid—
water (90:10, v/v; 50 mg/mL) and precipitated in deionized
water (200 mL), centrifuged, and freeze-dried. For further
purification, the solid product was dissolved in minimum
quantity of 1,2-dichloroethane-ethanol mixture (2:1, v/v)
and precipitated in diethyl ether (200 mL), centrifuged,
washed with petroleum ether, dried overnight under
vacuum at 40°C, and stored in a desiccator over P,Os prior
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to analysis. The ball-milled lignin yield was ~7.8%, 10.1%,
16.3%, and 22.0% based on the AcBr lignin content for the
WT, C3H9a, C3H4a, and HCT3a transgenic plants,
respectively.

Heteronuclear Single Quantum Coherence NMR

Two-dimensional heteronuclear single quantum coherence
(HSQC) correlation NMR spectra were recorded in a
Bruker DRX 500 NMR spectrometer fitted with a 5-mm
broadband probe with a gradient field in the Z direction.
The lignin (60~100 mg) was placed into a 4-mL vial and
dissolved in deuterated dimethyl sulfoxide (DMSO-dg)
(0.50 mL). The mixture was allowed to shake in a Vortex
shaker for dissolution. The sample was then transferred into
a 5-mm NMR tube. A standard Bruker HSQC pulse se-
quence was used, and the experimental acquisition param-
eters were as follows: spectra width of 11 ppm in F2 (‘H)
dimension with 1,024 time of domain and 210 ppm in
F1(**C) dimension with 256 time of domain; a 1.5-s inter-
scan delay; a 'Je i of 145 Hz (i.e., CNST2); and 16 or 32
scans. The central solvent peak (J. 39.5 ppm; Jy 2.5 ppm)
was used for chemical shifts calibration. Relative interunit
linkage levels in lignins were estimated semiquantitatively
using volume integration of contours in HSQC spectra.
Though this approach is not quantitative, it has been used
in a semiquantitative way to provide a relative comparison
of interunit linkage levels in lignins and to compare
structural features of lignin in alfalfa, eucalyptus, and
poplar [45—48]. The well-resolved x-carbon contours were
used for volume integration for (3-O-4, phenylcoumaran,
and resinol linkages (see Fig. 3 for structures) [45, 48]. The
relative abundance of interunit linkages was then calculated
as the percentage of each linkage type with respect to the
linkages total.

Distortionless Enhancement by Polarization Transfer NMR

Distortionless enhancement by polarization transfer (DEPT)
NMR spectra was recorded using a Bruker Avance/DMX
400 MHz NMR spectrometer equipped with a 5-mm QNP
(‘"H/"*C/"F/'P) probe. The same samples from HSQC
analysis were used. Standard Bruker pulse DEPT-135 was
employed with the following acquisition conditions: spec-
tral width of 2,0161 Hz, time of domain of 32,769, eight
dummy scans, recycle delay of 2 s, acquisition time of
0.81s, and 12,288 scans. DMSO central peak (d., 39.5 ppm)
was used for chemical shift calibration.

3C NMR Analysis

Quantitative '>°C NMR spectra were acquired using a
Bruker Avance/DMX 400 MHz spectrometer operated at
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Fig. 1 Aromatic regions of '*C/'H HSQC NMR spectra of alfalfa ball-milled lignins. G guaiacyl, S syringyl, H p-hydroxyphenyl, D p-

hydroxybenzoate, £ cinnamaldehyde, F cinnamyl alcohol

frequency of 100.59 MHz for the '*C nucleus. A 5-mm
QNP ("H/"*C/"F/*'P) probe was used. The lignin samples
used were the same as for HSQC analysis. The quantitative
acquisition was carried out at 323°K using a 90° pulse with
an inverse-gated decoupling pulse sequence and a 12-s
pulse delay. A minimal of 12,288 scans was accumulated
for each sample. The recorded free induction decay signals
were Fourier-transformed, and a manual phase correction
was applied. The central solvent peak (J., 39.5 ppm) was
used as internal reference for chemical shift calibration. The
Fourier-transformed spectra were integrated and analyzed
in accordance with reported chemical shifts for lignin
functional groups [44, 49-52]. The structural moieties were
quantified as the number of carbon atoms per aromatic ring
(/Ar). The typical limit of error for the '*C NMR estimation
is ~3%.
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Results
HSQC Correlation NMR Analysis

Two-dimensional '*C-"H HSQC correlation spectrum cor-
relating protons with their attached carbons is an effective
NMR tool for the detailed elucidation of the various lignin
structures. The HSQC spectra of WT and transgenic alfalfa
ball-milled lignins were summarized in Figs. 1 and 2
illustrating the '>C-"H correlations in aromatic and aliphatic
side-chain ranges. The cross-peaks were assigned by
comparing with the literature [45—47, 51, 53, 54] and
presented in Table 1. In the aromatic region of the lignin
BC-'H HSQC correlation spectra, aromatic resonances
arising from syringyl, guaiacyl, and p-hydroxyphenyl lignin
units were well separated, and conspicuous changes in the
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Fig. 2 Aliphatic regions of '*C/'"H HSQC NMR spectra of alfalfa ball-milled lignins. 4 $-O-4 ether linkage, B phenylcoumaran (f-5/x-0-4), C

resinol (3-f3). OMe methoxyl group, F cinnamyl alcohol
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Table 1 Assignment of '*C/'H correlation signals in HSQC spectra
of ball-milled alfalfa lignin [45-47, 51, 53, 54]

0c/6n (ppm) Assignment

53.1/3.44 Cp/Hg in phenylcoumaran substructure (B)
53.6/3.03 Cp/Hyg in resinol substructure (C)
55.7/3.70 C/H in methoxyl group

59.8/3.28,3.62 C,/H, in 3-O-4 ether linkage (A)
61.7/4.09 C,/H, in cinnamyl alcohol (F)

62.8/3.76 C,/H, in phenylcoumaran substructure (B)
71.1/3.77, 4.13 C, /H, in resinol substructure (C)
71.4/4.76 Cy/H, in B-O-4 linked to a G unit (A)
72.1/4.86 Cq/Hg in $-O-4 linked to a S unit (A)
83.7/4.31 Cp/Hp in $-O-4 linked to a G unit (A)
85.2/4.63 Cy/H, in resinol substructure (C)
86.3/4.13 Cp/Hg in 3-O-4 linked to a S unit (A)
87.0/5.52 C,/H, in phenylcoumaran substructure (B)
103.8/6.70 C,.¢/Hy 6 in syringyl units

111.0/6.98 C,/H, in guaiacyl units

114.8/6.73 C;.5/Hs3 5 in p-hydroxyphenyl units
115.1/6.72, 6.98 Cs/Hs in guaiacyl units

119.1/6.80 C¢/Hg in guaiacyl units

128.0/7.17 C,,¢/Hs 6 in p-hydroxyphenyl units
128.2/6.75 Cp/Hp in cinnamaldehyde unit (E)
128.3/6.45 C,/H, in cinnamyl alcohol (F)

128.3/6.25 Cp/Hg in cinnamyl alcohol (F)

130.6/7.65, 7.87 C,,¢/Hz 6 in p-hydroxybenzoate units (D)
153.6/7.62 Cy/Hy in cinnamaldehyde unit (E)

G guaiacyl, S syringyl

H/S/G signal intensities were readily apparent (Fig. 1). The
WT alfalfa lignin showed prominent correlation signals for
guaiacyl units at Co/H, (/6 111.0/6.98 ppm), Cs/Hs (0./0y
115.1/6.72 and 6.98 ppm) and Ce/He (6./6y 119.1/
6.80 ppm), and syringyl unit at C,¢/Hy (6c/0n 103.8/
6.70 ppm), as well as a weak signal corresponding to C, ¢/Ha 6
correlations in p-hydroxyphenyl unit at 6./0y 128.0/7.17 ppm.
A very low amount of the H lignin unit was reported in WT
alfalfa lignin using thioacidolysis [37, 40]. The WT alfalfa
lignin was a typical guaiacyl-rich, guaiacyl-syringyl lignin
containing trace amount of p-hydroxyphenyl component,
which was consistent with previous reports [45]. Relatively

Fig. 3 Structures of identified
interunit linkages in alfalfa ball- OH
milled lignins. 4 3-O-4 ether
linkage, B phenylcoumaran (f3-
5/x-0-4), C resinol (3-p3), D
p-hydroxybenzoate, E cinna-
maldehyde, F' cinnamyl alcohol
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weak correlations from vinyl carbon—carbon double bond in
cinnamaldehyde (E in Fig. 3) were also observed for C,/H,
at 6o/0y 153.6/7.62 and Cg/Hp at 6./0y 128.2/6.75 ppm in
WT alfalfa lignins. Weak but diagnosable signals at /0y
128.3/6.45 and 6.25 ppm in WT alfalfa lignin were assigned
to C,/H, and Cg/Hy correlations arising from two olefinic
carbons in cinnamyl alcohol (F in Fig. 3). Correlation signals
attributed to C,¢/H, ¢ in p-hydroxybenzoate (D in Fig. 3)
around 6.0y 130.6/7.65 and 7.87 ppm were enhanced for
transgenic alfalfa lignins. Compared to WT, C3H and HCT
down-regulated alfalfa lignins showed significantly increased
correlation signals of p-hydroxyphenyl along with a substan-
tial decrease in the intensities of syringyl and guaiacyl
correlations. This suggested substantial differences in the
aromatic nature of the lignins in the WT and transgenic
alfalfa plants. The C3H and HCT gene down-regulated
transgenic alfalfa lignins were largely p-hydroxyphenyl (H)
rich lignin.

The aliphatic side-chain region of HSQC spectra
revealed detailed information regarding the types and
distribution of interunit linkages present in the lignins.
The cross-correlation signals from methoxyl group and f3-
O-4 interunit linkage were the most prominent ones for WT
and transgenic lignins. The C—H correlations in 3-aryl ethyl
(f-0-4) linkage (A in Fig. 3) were readily observed for
Cy/Hy, Cg/Hg, and C,/H, at 0./0y 71.4/4.76, 83.7/4.31,
and 59.8/3.28(3.62) ppm, respectively. The presence of
phenylcoumaran (B in Fig. 3) and resinol (C in Fig. 3)
substructure units was confirmed by their C/H correlations
at o-, f3-, and y-C positions (Fig. 2 and Table 1). This is
consistent with the previous report that alfalfa lignin is rich
in {3-aryl ethyl unit with modest amounts of phenyl-
coumaran and resinol units [45]. A correlation signal at
0/0p 61.7/4.09 ppm was assigned to C,/H, arisen from
side-chain end group of cinnamyl alcohol (F in Fig. 3); its
relative strong signal intensity was reported to attribute to
the sharpness caused by the relative invariance of proton
and carbon chemical shifts in such structures where the
bonding on the aromatic ring is well distant from the -
position [45].

The C3H and HCT transgenic alfalfa lignins showed
clear differences in relative signal intensities in the aliphatic
side-chain regions of HSQC spectra when compared to WT

OH OH
RO._O = =
n . N
C D E F
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lignin. The transgenic alfalfa lignins demonstrated a
decreased correlation intensity of methoxyl group (6./6y
55.7/3.70 ppm). Other noticeable changes in signal inten-
sities observed were from (3-O-4 ethyl linkage (A in Fig. 3),
phenylcoumaran (B in Fig. 3), and resinol (C in Fig. 3)
interunit substructures. C3H and HCT transgenic alfalfa
plants had a decreased (3-O-4 ethyl linkage and enlarged
phenylcoumaran and resinol substructure signal intensities
in the ball-milled lignins. Volume integration of correlations
in HSQC spectra was applied to semiquantitatively estimate
relative abundances of interunit linkages in lignins. The
relative abundance of alfalfa lignin interunit linkages was
indicated in Fig. 4. The (3-O-4 linkages were observed to
decrease in relative abundance in the C3H- and HCT-deficit
lignins. The C3H4a lignin showed a greater reduction in
[3-O-4 linkages than C3H9a. C3H and HCT gene down-
regulations led to enhanced relative abundance of phenyl-
coumaran and resinol in the alfalfa lignins (Fig. 4). C3H
transgenic alfalfa lignin had an increase in relative level of
phenylcoumaran unit by ~1-fold in C3H9a, ~1.5-fold in
C3H4a, while HCT transgenic lignin increased by ~2-fold.
Relative abundance of resinol was increased by ~1-fold in
C3H9a, ~1.6-fold in C3H4a transgenic lignin, and nearly
2-fold in HCT transgenic lignin.

DEPT NMR Analysis

The DEPT-135 NMR technique was employed to investi-
gate the structures of alfalfa ball-milled lignins, and the
resulting spectra are presented in Fig. 5. Only carbons
attached to protons were detected with the signals from the
methine and methyl carbons out of phase with the methy-
lene carbons. Consistent with the HSQC data, the WT alfalfa
lignin was a guaiacyl-syringyl type lignin as observed in
DEPT spectra, with guaiacyl unit showing three aromatic
carbons from 6-, 5-, and 2-position methane groups (CH) at
0118.6, 114.5, and 111.1 ppm and syringyl unit with two

100
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40
20

0

CTR1 C3H9a C3H4a HCT3a

Fig. 4 Relative percentages of interunit linkages in alfalfa ball-milled
lignins derived from side-chain regions of '*C/'H HSQC NMR
spectra. 4 (3-O-4 ether linkage, B phenylcoumaran, C resinol

substructure
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Fig. 5 DEPT-135 NMR spectra of alfalfa ball-milled lignins. G
guaiacyl, § syringyl, H p-hydroxyphenyl, C carbon atom, E
cinnamaldehyde

aromatic carbons from 6- and 2-position CH groups at
0103.8 ppm. A small peak at §128.1 ppm was attributed to
overlapped signals arising from 6- and 2-position CH
groups in p-hydroxyphenyl unit and side-chain olefinic
CsH groups in cinnamaldehyde (E in Fig. 3) as well as C,H
and CgH in cinnamyl alcohol (F in Fig. 3). A minor peak at
6193.3 ppm was diagnosed and assigned to the side-chain
v-C from CHO group in cinnamaldehyde, further confirm-
ing the existence of trace amounts of cinnamaldehyde unit
in alfalfa lignins. Similar to the observations in HSQC
spectra, the signals arising from aromatic carbons demon-
strated a dramatic change in monolignol composition of
lignin in C3H and HCT down-regulated alfalfa. Compared
to the control WT alfalfa lignin, the transgenic lignins
showed substantially greater portion of H unit signals at
0128 ppm (CH groups at aromatic Cg, position) and
0104 ppm (CH groups at Cy/5 positions), associated with
only weak signals remained from G and S units, which was
in agreement with the HSQC results that the C3H and HCT
gene down-regulated transgenic alfalfa lignins were p-
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hydroxyphenyl (H) rich lignins. HCT and C3H4a transgen-
ic alfalfa lignins were almost depleted of G and S lignin
signals. The peak at 653.5 resulted from side-chain carbon
(CgH) in phenylcoumaran and resinol substructures were
observed to increase signal intensities for C3H and HCT
transgenic lignins. This confirmed the HSQC results that
C3H and HCT gene down-regulation led to enhanced
relative abundance of phenylcoumaran and resinol in the
alfalfa lignins. It was also clearly evident that signal
assigned to y-CH, (6.=59.8 ppm) in (3-O-4 linkages
decreased its intensity for transgenic C3H and HCT plants.
The methoxyl group signal (6.=55.7 ppm) was also
observed to lessen its signal intensity for the transgenic
alfalfa lignins.

Quantitative °C NMR

The HSQC and DEPT-135 NMR spectra analyses provided
structural information about the alfalfa lignin in a qualita-
tive manner. '"H NMR can provide reliable quantitative
information about the molecular structures; however, the
extensive signal overlapping in a narrow chemical shift
range (i.e., 0—12 ppm) has limited its usage in analysis of
lignin. *C NMR spectroscopy is a useful technique espe-
cially for the characterization of lignin, offering improved

Hae  Hays,/Gs

M

11111:[111

HCT3a ‘

160 1 AD 'El B F'F' M

C3H9% ‘
WM
T T T T T T T T T T T T T T T T T T T T T T T T T

180 160 140 120 100 B0 ] F'F‘M
CTR1

Cy Cv
CHO|nE
G:Gs G, S Gy
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180 TR0 140 120 00 il (=} FF

Fig. 6 Quantitative *'C NMR spectra of ball-milled lignins isolated
from wild-type and transgenic alfalfa plants. H p-hydroxyphenyl unit,
G guaiacyl unit, S syringyl unit, OMe methoxyl group, C carbon atom
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Fig. 7 Monolignol units composition in alfalfa ball-milled lignins. G
guaiacyl, S syringyl, H p-hydroxyphenyl

chemical shift resolution (i.e., 0-220 ppm). The '*C NMR
spectra were recorded under quantitative conditions, and
signal intensity can be correlated to the amount of these
specific carbon atoms present in lignin. The quantitative
3C NMR spectra of alfalfa ball-milled lignin samples are
presented in Fig. 6.

Striking changes in the alfalfa lignin structures were
observed from the '*C NMR spectra after C3H and HCT
gene down-regulations. Coinciding with the observations
from HSQC and DEPT spectra, the most notable difference
observed was the substantial increase in the signal intensity
of the p-hydroxyphenyl (H) monolignol units for the C3H
and HCT genes down-regulated alfalfa, accompanied with a
large decrease in signal intensities of guaiacyl (G) and
syringyl (S) lignin structures. The H/S/G unit composition
in alfalfa lignin was estimated using '>C spectra analysis
and shown in Fig. 7. The alfalfa lignin had an H/S/G unit
ratio of 2.3:33:65 for WT ball-milled lignin (Table 2). After
C3H gene down-regulation, the H/S/G ratio was changed to
38:22:40 for C3H9a line (residual enzyme activity of 20%)
and to 68:17:15 for C3H4a line (residual enzyme activity of
4%), respectively. The H units increased approximately
16-fold when C3H gene activity was down-regulated to
20% and up to 29-fold when C3H gene activity down-
regulated to 4%. The H unit in HCT transgenic alfalfa ball-
milled lignin was observed to increase ~31-fold.

It was also evident that transgenic alfalfa lignins had a
significant decrease in signal intensities of methoxyl group
compared to the WT alfalfa lignin. The methoxyl group
content estimated using '°C NMR was shown in Fig. 8.
C3H gene down-regulation led to a reduction in methoxyl
content by ~55% for C3H9a and ~58% for C3H4a, respec-
tively, while HCT gene down-regulation decreased methoxyl
content by ~73% in the ball-milled lignin. Another promi-
nent change observed for the transgenic alfalfa lignins was
the reduced peak intensity at 659.7 ppm, which was
assigned to Cy in 3-O-4 linkages that was no carbonyl
group at o-C position. '*C NMR analysis estimated a
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Table 2 p-Hydroxyphenyl/syringyl/guaiacyl (H/S/G) data for control,
C3H, and HCT transgenic biomass

H S G

Alfalfa (M. sativa)®

CTRI1 2.3 33 65

C3H9a 38 22 40

C3H4a 68 17 15

HCT3a 74 9 17
Pinus radiate [56]

Control Trace >99

HCT deficit” 31 69

HCT deficit® 22.9 77.1
Tobacco (N. tabacum) [55]

Control 0.2 70.7 29.1

HCT infected? 8 62.6 29.6

2 Quantitative > C NMR analysis of ball-milled lignin
®RNAi-mediated silencing, measured using thioacidolysis
¢ RNAi-mediated silencing, measured using HSQC NMR

Virus induced gene silencing, measured using thioacidolysis

reduction of these 3-O-4 linkages by ~21% for C3H9a and
~61% for C3H4a transgenic alfalfa ball-milled lignin,
respectively. The HCT transgenic plant showed a reduction
of the (3-O-4 linkage level by ~40% when compared to the
WT control (Fig. 8). The peaks at 653.6 and 53.1 ppm were
assigned to Cg in resinol ((3-f3) and phenylcoumaran ({3-5)
groups, respectively [50-52]. It was observed that the
signal intensities of resinol and phenylcoumaran increased
after C3H and HCT gene down-regulation, confirming the
HSQC and DEPT results. Since the signals for resinol and
phenylcoumaran were not well resolved in the '*C spectra,
no quantitative comparison of these peaks was attempted.
As revealed in HSQC and DEPT spectra, a small peak of
cinnamaldehyde (5193.3 ppm) was also observed in '°C
spectra, with its amount being 0.02/Ar, 0.06/Ar, 0.03/Ar,
and 0.05/Ar for the WT, C3H9a, C3H4a, and HCT
transgenic alfalfa lignins, respectively.

Discussion

The NMR spectra analysis revealed that there were
substantial structural differences in the lignins isolated from
the WT and C3H and HCT gene down-regulated alfalfa
plants. The normal WT alfalfa lignin was a guaiacyl-
syringyl type lignin, while the C3H and HCT transgenic
plants had a rich p-hydroxyphenyl component as revealed
by HSQC, DEPT-135, and quantitative '>C NMR spectra.
Compared to the WT, the C3H and HCT transgenic alfalfa
plants demonstrated a reduction in methoxyl group and

[3-O-4 linkage, and an increase in phenylcoumaran and
resinol substructures in the ball-milled lignins.

The C3H gene down-regulated transgenic alfalfa lignins
were largely p-hydroxyphenyl-rich lignin. The observed
increase in H units in C3H transgenic alfalfa was in
consistence with the previous study by Ralph et al. [45]
that reported a massive rise of p-hydroxyphenyl unit in
acetylated lignins isolated from a heavily down-regulated
C3H-deficient alfalfa. In this study, NMR analysis of ball-
milled lignins isolated from two C3H transgenic lines with
a varying C3H gene activity demonstrated that the observed
monolignol changes in lignin structures were related to the
degree of C3H gene down-regulation. Compared to C3H9a
plant (residual C3H gene activity ~20%), the C3H4a line
(residual C3H gene activity ~4%) had more H units and
less G and S units in the ball-milled lignins (Table 2). The
C3H4a also exhibited a greater impact on lignin interunit
linkage distribution, including a reduction of (3-O-4 linkage
and increased phenylcoumaran and resinol content in the
alfalfa plant. A trace amount of spirodienone and dibenzo-
dioxocin substructures has been reported in WT alfalfa
lignins [45]; however, their presence was not apparent in
the HSQC spectra in this study.

Similar to C3H gene down-regulation, the HCT gene
down-regulation resulted in a significant increase of H units
and decrease of G and S units in the alfalfa ball-milled
lignin as well. This was not surprising as C3H and HCT
were in the synthetic pathway to both S and G lignin
monomer formation. The HCT-deficit alfalfa ball-milled
lignin also had a decrease in (3-O-4 linkage and methoxyl
group and an increase in phenylcoumaran and resinol unit
contents compared with the WT. Hoffmann et al. used virus
induced gene silencing to inhibit HCT accumulation in the
tobacco (Nicotiana tabacum) and observed a decrease in
syringyl units and an increase in p-hydroxyphenyl units in
the silenced plant (Table 2) [55]. The HCT silenced tobacco

1.5

EEL 1L

CTR1 C3H9a C3H4a HCT3a

C atom per Ar

Fig. 8 Methoxyl and (3-O-4 linkages content (expressed as C atom
per aromatic ring) in alfalfa ball-milled lignins (filled methoxyl, blank
3-O-4 without C, = O)

@ Springer



206

Bioenerg. Res. (2009) 2:198-208

had lower content of 3-O-4 units determined by thioaci-
dolysis analysis. Wagner et al. investigated the effects of
HCT silencing in tracheary element formation in Pinus
rediata callus cultures via RNA interference (RNAi) and
documented that the RNAi-mediated silencing of the
putative HCT gene had a strong effect on lignin monolignol
composition and interunit linkage distribution [56]. The
increase in p-hydroxyphenyl units from trace amounts in
WT controls to up to 31% in transgenic Pinus radiata was
identified using both thioacidolysis and two-dimensional
correlation NMR analysis (Table 2). The transgenic P
radiata also demonstrated an increase in resinols, a
reduction in dibenzodioxocins, and presence of glycerol
end groups in its acetylated enzymatic lignin [56]. The
HCT silencing led to an increase in H units in lignin in all
the three species studied. The depletion of G-type lignin in
P, radiate, S-type in N. tabacum, G- and S-type lignin in M.
sativa (this study), and the increase in H units in all the
three species as well as the observed changes in interunit
linkage distribution established that the HCT had a
substantial impact on lignin structures in both angiosperm
and gymnosperm species.

The C3H9a plant, with 20% residual C3H activity, was
of normal size and showed delayed flowering by only
1~2 days [39]. The HCT3a line was around 50% the height
of the control WT line when grown in parallel to early bud
stage and exhibited delayed flowing by about 1~2 days
[40]. The increase of H-type lignin and depletion of G- and
S-type lignin in alfalfa suggested that, without enough
access to the two primary monolignols, coniferyl and
sinapyl alcohols, the alfalfa plant incorporated a high level
of p-hydroxyphenyl alcohol into its lignin structure to help
maintain its growth phenotype.

The C3H and HCT down-regulated alfalfa plants
demonstrated an improved fermentable sugar yield when
subjected to enzymatic hydrolysis (supplementary Fig. 1)
[37]. Without pretreatment, a ~166% increase in sugar
production was observed for HCT transgenic alfalfa plant
[37]. The biomass sugar conversion performance was
considered to be related to lignocellulosic biomass recalci-
trant features, including lignin type/composition, lignin
content, cellulose crystalline/crystallinity, associated lignin—
carbohydrates complexes, and role of acetylated hemicellu-
lose structures. C3H and HCT gene down-regulation resulted
in a decrease in AcBr lignin content (supplementary Table 1).
HCT down-regulated plants showed the greatest reduction
in lignin content (approximately 50% reduction of AcBr
lignin). For the genetically engineered alfalfa plants through
lignin modification, the most notable changes occurred in the
reduction of lignin content and structures. The improved
sugar conversion performance for gene down-regulated
transgenic plants was therefore, at least partially, related to
the reduced lignin content and its structure modification in
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the transgenic plants. Reducing (3-O-4 ether linkage in plants
was proposed to reduce lignin—carbohydrate cross-linking
[45], which might contribute to lessen the carbohydrate—
lignin shield and facilitate the accessibility of enzymes to
cellulose and hemicellulose, thus reducing the recalcitrance
of biomass and enhancing cell walls enzymatic degradability.
The H lignin units were observed to account for ~38—68%
and ~74% in the C3H and HCT gene down-regulated alfalfa
plants. Nevertheless, the fate of H-type lignin and the kind of
role it played on reduced recalcitrance of biomass and
enhanced sugar release performance need further investiga-
tion. Plant lines with identical lignin contents but altered H
unit compositions would help to elucidate the contribution of
H lignin during enzymatic hydrolysis and produce insights
on future improvements in plant cell wall design for
enhanced sugar production for biofuels.

Conclusion

The down-regulation of C3H and HCT genes in alfalfa
produced plants with substantial structural differences in
their lignins. A significant increase in p-hydroxyphenyl unit
content was observed in the transgenic alfalfa ball-milled
lignins as well as a concomitant decrease of guaiacyl and
syringyl units. Methoxyl group and (3-O-4 linkage contents
in the alfalfa ball-milled lignins were observed to decrease
after C3H and HCT genetic engineering. '>*C NMR analysis
estimated that C3H gene down-regulation reduced the
methoxyl content by ~55-58% in the ball-milled lignin,
while HCT down-regulation decreased methoxyl content by
~73%. Compared to the WT, the C3H and HCT transgenic
alfalfa plants demonstrated an increase in relative level of
phenylcoumaran and resinol substructures in the ball-milled
lignins.
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