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Lignin plays important biological functions in plant cell walls, but also contributes to the recalcitrance of

the walls to deconstruction. In recent years, genetic modification of lignin biosynthesis pathways has

become one of the primary targets of plant cell wall engineering. In this study, we used a combination of

approaches to characterize the structural and compositional features of wild-type Arabidopsis and

mutants with distinct lignin monomer compositions: fah1-2 (Guaiacyl, G-lignin dominant), C4H-F5H (Syr-

ingyl, S-lignin dominant), COMT1 (G/5-hydroxy G-lignin dominant), and a newly developed med5a

med5b ref8 (p-hydroxyphenyl, H-lignin dominant) mutant. In order to understand how lignin modifi-

cation affects biomass recalcitrance, substrate reactivity and lignin fractionation, we correlated these pro-

perties with saccharification efficiency after ionic liquid (IL) pretreatment. Results showed that the

cleavage of β-O-4 linkages in the H- or S-lignin mutants was greater than that in G-lignin mutants.

Furthermore, density functional theory (DFT) based calculations indicate higher chemical reactivity of the

linkages between H- and S-lignin monomers, a possible cause of the reduced recalcitrance of H- or

S-lignin mutants. Glycome profiling was conducted to study the impact of lignin modification on overall

composition, extractability, integrity and lignin-associated features of most major non-cellulosic cell wall

glycans in these mutants. This study provides insights into the role of lignin monomer composition on the

enzymatic digestibility of biomass and the effect of lignin modification on overall wall structure and

biomass pretreatment performance.

1. Introduction

Lignins are heterogeneous phenylpropanoid-derived polymers
that are integrated with cellulose and hemicelluloses to form

plant secondary cell walls where they provide strength and
rigidity of water-conducting and supportive tissues. Lignin is
synthesized from coniferyl alcohol, sinapyl alcohol, and rela-
tively small amounts of p-coumaryl alcohol, which upon
polymerization form G, S and H units in lignin.1,2 It is believed
that the presence of lignin hinders fermentable sugar extrac-
tion from the bulk of plant biomass by blocking enzyme
access to cellulose and hemicelluloses.3 Therefore, genetic
manipulation of lignin biosynthesis is being investigated as a
strategy to reduce recalcitrance of bioenergy crops.4,5 Multiple
strategies have been explored to modify the lignin biosynthesis
pathways, including: (1) decreasing lignin content, which
however, often poses a challenge in crops or trees, because of
the potential for severe effects on biomass yield and integrity
in vessels;6 (2) relocating lignin deposition so that lignin depo-
sition is reduced in tissues other than vessels such that vessel
integrity is maintained;7,8 (3) altering the relative proportions
of lignin building blocks;4,9 and (4) introducing readily cleav-
able linkages into the backbone of the lignin polymer or alter-
ing linkages between lignin and polysaccharides.10,11
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The effects of lignin on enzymatic digestibility have received
extensive attention. In general, it has been observed that the
lower the lignin content of plant biomass, the higher the fer-
mentable sugar release during enzymatic saccharification.12–15

Besides lignin content, there are a few other lignin-related
factors that can influence digestibility, such as lignin compo-
sition (S/G ratio), the location of lignin deposition and its
structure in biomass, and the linkages within lignin-carbo-
hydrate complexes (LCCs). Lignin S/G ratios have been identi-
fied as one structural feature that impacts the recalcitrance of
plant biomass, with higher S/G ratios leading to greater sugar
release yields after pretreatment.16–18 Others have argued that
factors beyond lignin content and S/G ratio may significantly
influence biomass recalcitrance and sugar release. For
example, a recent study on a collection of Populus trichocarpa
samples has identified several unusual phenotypes that did
not follow the dependency of sugar release performance on
lignin content.19 These contrasting observations suggest that
multiple factors influence biomass recalcitrance to conversion
and digestibility. Thus, further investigations into the mole-
cular features that define the impact of lignin on biomass
recalcitrance are warranted.

Arabidopsis is a powerful model system for plant cell wall
research. In this species, as well as in others, manipulations of
lignin composition and deposition have, in some cases,
resulted in stunted growth and developmental abnormalities
via mechanism(s) that is/are currently poorly understood.8 For
instance, disruption of the gene encoding the phenylpropa-
noid biosynthetic enzyme p-coumaroyl shikimate 3′-hydroxyl-
ase (C3′H), required for the production of G- and S- (but not
H-) lignins, results in dwarfing and sterility leading to the sug-
gestion that H-lignin may not be sufficient for normal plant
growth and development. Surprisingly, a recent study showed
that the growth and fertility of a C3′H-deficient Arabidopsis
mutant could be rescued to near wild-type levels by disrupting
two subunits of the Mediator complex without restoring C3′H
function.9 These mutant plants contain lignin that is com-
posed almost entirely of H subunits, indicating that H-lignin is
sufficient for relatively normal growth and development, at
least in Arabidopsis. This work demonstrated that manipu-
lation of H-lignin levels may be a promising strategy for devel-
oping biofuel-suitable feedstocks.

Efficient utilization of lignocellulosic biomass usually
requires pretreatment to loosen the cell wall structure by
means of partially or fully dissolving/removing some com-
ponents of the biomass. The ability of certain ionic liquids
(ILs), e.g. 1-ethyl-3-methylimidazolium acetate [C2C1Im][OAc],
to solubilize cellulose and/or lignin provides a highly effective
pretreatment method and enables the possibility of lignin
upgrading and valorization to improve overall biorefinery econ-
omics.20,21 Recent studies have demonstrated the preferential
breakdown of G- and S-lignin during IL pretreatment using
[C2C1Im][OAc] is dependent on both pretreatment conditions
and the type of biomass feedstocks.17,22 The mechanism of
lignin solubilization and depolymerization during IL pretreat-
ment is not well understood, and there are several gaps in the

current understanding on how the composition and relative
abundances of the phenylpropanoids in lignin affect the mode
of depolymerization, cellulose reactivity and cellulase accessi-
bility and their correlations with saccharification efficiency.

The objectives of this study are to: (1) characterize and
compare the chemical composition and abundance of lignins
present in untreated and IL-pretreated Arabidopsis genotypes
that vary in their lignin structures using wet chemistry
methods. These genotypes include COL (wild type), and the
fah1-2 (G-lignin dominant), C4H-F5H (S-lignin dominant),
COMT1 (G/5-hydroxy guaiacyl lignin dominant) and the newly
developed H-lignin dominant med5a med5b ref8 mutants; (2)
monitor overall changes in wall structure and integrity using
ELISA-based glycome profiling of non-cellulosic cell wall
glycans; (3) monitor sugar yields during enzymatic hydrolysis
of untreated and pretreated Arabidopsis samples and correlate
these to lignin content and lignin monomer compositions;
and (4) investigate changes in lignin inter-unit linkages,
including β-aryl ethers (β-O-4), phenylcoumarans (β-5), resinols
(β–β), and dibenzodioxocins (DBZO), lignin subunit compo-
sitions [guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H)],
and p-hydroxycinnamoyl ferulate (FA) and p-coumarate (pCA)
contents of different Arabidopsis genotypes before and after IL
pretreatment.

2. Results and discussion
2.1 Characterization of untreated Arabidopsis genotypes

Modification of the lignin biosynthetic pathway can be
expected to not only change lignin content and composition,
but also to affect other cell wall components in the plant
biomass, such as cellulose and non-cellulosic matrix polysac-
charides such as hemicelluloses and pectins. We determined
the lignin content of five unpretreated Arabidopsis genotypes
as measured by the two-step acid hydrolysis (Klason) lignin
method and the acetyl bromide lignin method. We also ana-
lyzed the G-, S-, H-lignin subunit contents, using derivatization
followed by reductive cleavage (DFRC) methods. Table 1 shows
the composition of the unpretreated Arabidopsis samples. As
the lignin biosynthesis pathways were genetically modified in
the tested mutants, significant variations in Klason lignin
content were observed across different genotypes. The fah1-2
mutant has the greatest Klason lignin content (24.5%), fol-
lowed by the med5a med5b ref8 mutant, wild type and the
COMT1 mutant; while the C4H-F5H mutant contained the
least amount of lignin (11.9%). It has been shown that C4H-
F5H up-regulated (S-lignin dominant) transgenic poplar con-
tains increased levels of acid-soluble lignin and reduced levels
of acid-insoluble (Klason) lignin in comparison to the wild-
type trees.18 Similarly, we observed a decrease in apparent
lignin content using standard Klason lignin methods. It was
also noticed that the sum of Klason lignin plus ethanol extrac-
tives23 in the C4H-F5H line and the wild type are almost identi-
cal. The decrease in Klason lignin content in the C4H-F5H line
is possibly due to the loss of extractable/soluble lignin during
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the two-step sulfuric acid hydrolysis. However, the determi-
nation of acid-soluble lignin using the two-step sulfuric acid
hydrolysis method can be very challenging especially for
genetically modified plant materials. For comparison, lignin
content was also determined by an acetyl bromide (AcBr)
method24 and results indicate that the discrepancy between
Klason lignin and AcBr lignin could be accounted for, at least
in part, by the extracted lignin. Thus, the acetyl bromide
method may provide more representative estimations on the
total lignin contents of genetically modified Arabidopsis
samples.

Compositional analyses of the lignins present in the
different Arabidopsis genotypes were determined by DFRC
method as described in previous studies25,26 (Table 2). COL
(wild type, WT) contains predominantly G-lignin (68%) and
S-lignin (31%), with a small amount of H-lignin (1.3%). In con-
trast, the C4H-F5H double mutant contained lignin that was
almost exclusively composed of S-subunits (92%). The fah1-2
and COMT1 mutants both contain lignin composed primarily
of G-lignin or 5-hydroxyl G-lignin. Although the COMT1
mutants showed a similar G-lignin content as the fah1-2
mutant, the ratio of eluted guaiacyl/5-hydroxyl guaiacyl mono-
mers during pyrolysis was different as identified by the
pyrolysis-GC/MS analysis, indicating the partial substitution of
guaiacyl monomers with 5-hydroxy guaiacyl lignin monomers
in the COMT1 mutant (Fig. S1†). The newly developed med5a
med5b ref8 mutant contains ∼89% H-lignin, and small
amounts of S- and G-lignin types. Although lignin content and

extractability varied, the glucan and xylan contents, as deter-
mined following two-step acid hydrolysis protocol, in COL and
the fah1-2, C4H-F5H, and COMT1 mutants are similar. In con-
trast, the med5a med5b ref8 mutant has much lower glucan
and xylan contents than the other mutants.

2.2 Glycome profiling of lignin biosynthetic mutants

Changes in the overall non-cellulosic glycan composition and
glycan extractabilities in the walls of various lignin bio-
synthetic mutants were examined by glycome profiling of cell
walls isolated from each plant line. In these analyses, three
independent biological replicates of each line were used and
the data were represented as heatmaps generated from the
average values of the raw data as shown in Fig. 1. Analyses of
these averaged glycome profiling data delineated statistically
significant changes in the extractabilities of cell wall glycans in
the lignin biosynthetic mutant lines indicating an overall
change in the cell wall architecture in these plants that result
from changes in their lignin compositions. Compared to the
wild-type lines, in general, all lignin biosynthetic mutant lines
exhibited significant differences in their respective glycome
profiles. The major variations observed are demarked in the
figure as colored dotted blocks and arrows (Fig. 1). An
enhanced abundance of xylan epitopes (comprised of both
unsubstituted and substituted xylans) recognized by the xylan-3
through -7 groups of monoclonal antibodies (mAbs) (yellow
dotted blocks) was observed in the carbonate extracts from all
mutants lines. A similar enhancement in the abundance of

Table 1 Chemical composition of Arabidopsis samples before and after IL pretreatmenta

Sample ID COL C4H-F5H med5a med5b ref8 fah1-2 COMT1
Genotype Wild type (WT) S H G G/G′

Untreated Glucan, % 24.7 ± 1.1 23.5 ± 0.5 14.7 ± 0.6 25.7 ± 1.2 25.4 ± 0.3
Xylan, % 11.7 ± 0.5 12.7 ± 0.3 8.3 ± 0.7 12.6 ± 0.9 12.4 ± 0.7
Klason lignin, % 17.4 ± 1.0 11.9 ± 1.1 19.0 ± 0.9 24.5 ± 1.3 14.7 ± 0.6
AcBr lignin, % 28.5 ± 6.0 21.4 ± 5.6 20.9 ± 6.5 24.3 ± 4.8 28.9 ± 4.6
Extractives, % 29.5 ± 2.3 35.5 ± 3.5 42.8 ± 2.1 26.4 ± 3.0 29.7 ± 1.9

Pretreated Solid recovery, % 59.9 ± 1.6 56.1 ± 0.2 37.4 ± 1.8 62.3 ± 0.7 61.5 ± 2.8
Glucan, % 38.5 ± 1.9 (7.2) 39.8 ± 2.1 (4.8) 35.1 ± 2.6 (5.2) 40.5 ± 3.2 (3.2) 40.7 ± 2.3 (1.2)
Xylan, % 14.0 ± 0.4 (26.7) 18.6 ± 0.7 (15.6) 10.6 ± 0.5 (47.1) 15.6 ± 1.1 (22.8) 14.7 ± 0.8 (26.4)
Klason lignin, % 20.0 ± 1.2 (24.0) 10.5 ± 0.9 (45.5) 13.7 ± 1.1 (70.4) 21.9 ± 2.0 (38.7) 17.5 ± 1.3 (19.3)

a Compositions reported for untreated sample are based on the dry weight of untreated biomass; solid recoveries are based on the dry weight of
untreated biomass, while the compositions for pretreated biomass are based on the dry weight of pretreated biomass; values in parentheses are
percentage removal of each component (glucan, xylan or lignin) during IL pretreatment based on its original amount in untreated biomass;
AcBr, acetyl bromide.

Table 2 Composition of H, G, S type lignin in untreated Arabidopsis genotypes

Sample ID COL (WT) C4H-F5H (S) med5a med5b ref8 (H) fah1 (G) COMT1 (G/G′)

Amount (mmol g−1 cell wall) H 0.9 ± 0.1 2.5 ± 0.3 33.5 ± 4.7 1.0 ± 0.6 0.8 ± 0.5
G 45.9 ± 4.8 3.0 ± 0.2 2.0 ± 0.2 47.2 ± 2.4 31.9 ± 8.3
S 20.7 ± 2.2 64.3 ± 10.1 1.2 ± 0.4 0.9 ± 0.3 0.5 ± 0.1
Total 67.6 ± 7.0 69.8 ± 10.1 28.3 ± 3.7 49.0 ± 3.1 33.3 ± 8.5

mol% H 1.3 ± 0.1% 3.6 ± 0.7% 88.9 ± 1.7% 1.9 ± 1.0% 2.6 ± 1.4%
G 68.0 ± 0.2% 4.4 ± 0.8% 7.0 ± 0.8% 96.4 ± 1.5% 95.8 ± 1.6%
S 30.7 ± 0.2% 92.0 ± 1.5% 4.2 ± 1.4% 1.7 ± 0.6% 1.6 ± 0.2%
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pectic backbone epitopes [recognized by the homogalact-
uronan backbone-1 (HG backbone-1) and RG-I backbone groups
of mAbs] and pectic arabonogalactan epitopes (recognized by
the RG-I/AG group of mAbs) was observed in the carbonate
extracts obtained from the mutant lines (light blue dotted
blocks).

Interestingly, in the case of C4H-F5H and med5a med5b ref8
lines, more intense binding of most xylan directed mAbs was
noted in the carbonate extract (green arrows) compared to
other mutant lines. In C4H-F5H and med5a med5b ref8 lines,
such increases in the binding intensities of xylan-directed
mAbs were also evident in the 1 M KOH and 4 M KOH extracts
(green arrows). A concomitant reduction in the abundance of
these xylan epitopes was noted in the chlorite extracts from
these two lines, potentially due to reduced interactions

between xylan and lignin in these lines (light blue arrows).
These results indicate more severe changes in the wall archi-
tecture in these two lines causing an enhanced extractability of
xylans from the walls in concert with potentially reduced
lignin–xylan associations. More subtle differences were also
evident in the glycome profiles of the other lignin biosynthetic
mutant lines. For instance, in the carbonate extract, a margin-
ally enhanced extractability of xyloglucan epitopes was evident
in COMT1, while med5a med5b ref8 did not exhibit any
changes in the extractability of xyloglucan epitopes (white
arrows). In addition, C4H-F5H showed a reduced abundance of
xyloglucan epitopes in the chlorite extract with a concomitant
increase of these epitopes in the 4 M KOHPC extract. Statistical
analysis of the averaged glycome profiling data validated the
conclusions drawn above (see ESI Table S1†), and showed

Fig. 1 Glycome profiling of cell walls isolated from stems of Arabidopsis wild type (COL), fah1-2, C4H-F5H, COMT1 and med5a med5b ref8
mutants. Sequential extracts were prepared from cell walls of each plant line using ammonium oxalate, sodium carbonate, potassium hydroxide (1 M
KOH, 4 M KOH and 4 M KOHPC) and sodium chlorite as explained in the Methods section. These cell wall extracts were screened by ELISA using 155
plant glycan-directed mAbs (see ESI Table S1†). The resulting binding response data are represented as heatmaps with a bright yellow-red-black
scale indicating the strength of the ELISA signal (bright yellow-red and black colors depict strong, medium, and no binding, respectively). The mAbs
are grouped based on the cell wall glycans that they principally recognize as depicted in the panel at right-hand side of the figure. The gravimetric
amounts of materials present in each extract are depicted as bar graphs at the top of the heatmaps.
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significant variations on an extract-to-extract comparison
basis. Principal components analyses substantiated that the
variations noted in extract-to-extract comparisons among
various lines are due to the differences in the plant genotypes.
ANOVA delineated changes largely identical to the changes
observed in the glycome profiles depicted in Fig. 1. In summary,
the glycome profiling studies showed that altering the structure
and composition of the lignin components results in overall
changes in the structural architecture of cell walls. Changes in
the wall architecture in C4H-F5H and med5a med5b ref8 lines
cause an enhanced extractability of xylans from the wall in
concert with potentially reduced lignin–xylan associations.

2.3 Ionic liquid pretreatment of Arabidopsis samples

The significant compositional changes (Table 1) and altered
extractabilities of specific classes of non-cellulosic glycans
(Fig. 1) seen in the walls from the different untreated Arabi-
dopsis genotypes examined in this study led us to examine the
effects of pretreatment under mild conditions with an ionic
liquid, [C2C1Im][OAc], on biomass recalcitrance in these plant
lines. Table 1 shows the composition of both untreated Arabi-
dopsis and the pretreated materials recovered after mild IL pre-
treatment (120 °C for 1 h). After IL pretreatment, 56–62% of
the solids were recovered for COL, fah1-2, C4H-F5H, COMT1,
but solids recovery for the med5a med5b ref8 triple mutant
having an H genotype was much lower (37%). The acid-
insoluble lignin contents of the recovered biomass varied, with
pretreated fah1-2 having the highest lignin content (22%),
while pretreated C4H-F5H has the lowest lignin content (11%),
indicating significant lignin removal during IL pretreatment of
this mutant. Generally speaking, greater lignin removal was
observed for the C4H-F5H (S-lignin dominant) and med5a
med5b ref8 (H-lignin dominant) mutants, compared with wild
type and the G-lignin dominant mutants. Further, glycome
profiling analyses (Fig. 1) had indicated that the most signifi-
cant alterations in non-cellulosic glycan extractabilities occur
in these same mutants hinting that overall cell wall architec-
ture in these lines is more affected in comparison to other
genotypes. These results indicates that H- and S-type lignins
might be more labile to IL pretreatment, probably due to their
relatively linear structure and the lower average dissociation
energy of the inter-unit bonds in H- and S-lignin,27,28 and
perhaps also due to reduced associations between lignin and
non-cellulosic glycans in these plants.

2.4 Sugar yield from enzymatic hydrolysis of untreated and
pretreated Arabidopsis samples

The effect of IL pretreatment on enzymatic saccharification of
wild-type and mutant Arabidopsis biomass was examined
under low and high enzyme loadings (Fig. 2). Saccharification
of raw untreated Arabidopsis samples liberated approximately
20–35% of the glucose from biomass, except for the med5a
med5b ref8 (H-lignin dominant) mutant, from which 45% and
75% of the glucose was released at low and high enzyme load-
ings, respectively. Saccharification of IL pretreated Arabidopsis
led to 70–80% glucose yield at low enzyme loading of 3 mg

enzyme protein per g pretreated biomass in 72 h. In contrast,
at high enzyme loading of 10 mg enzyme protein per g pre-
treated biomass, nearly complete (>90% glucose yield) sacchar-
ification of IL-pretreated Arabidopsis was achieved within
24 h. The fah1-2 samples with G-lignin-rich walls gave a lower
glucose yield compared to other genotypes (p < 0.05), while
the glucose yield from saccharification of IL-pretreated S-rich
C4H-F5H were not significantly higher than those of other
genotypes (p > 0.05). These results agree with a previous study
showing enhanced saccharification of Arabidopsis that con-
taining S-rich lignin in comparison with that of a G-lignin
dominant genotype after liquid hot water pretreatment.25 The
surprisingly high sugar yield from saccharification of the
untreated med5a med5b ref8 (H-lignin dominant) mutant
poses the question whether the lignin content, and/or the
lignin type and lignin removal during IL pretreatment contrib-
ute dominantly to differences in sugar yields. Interestingly, the
saccharification results obtained here do not correlate with the
increased glycan extractability observed for both the med5a
med5b ref8 and C4H-F5H genotypes, which gave similar
glycome profiles (Fig. 1), but showed different saccharification
efficiencies after IL pretreatment (Fig. 2). Other studies have
documented a correlation between enhanced cell wall extract-
ability of non-cellulosic glycans and reduced recalcitrance,
including in some lignin biosynthetic mutants.29,30 These data
suggest that for the med5a med5b ref8 mutant, the type of
lignin had a greater influence on recalcitrance than did glycan
extractability, perhaps due to variations in lignin-wall glycans
crosslinks resulting from altered lignin compositions in these
two genotypes.

In order to further elucidate the effect of lignin removal
during IL pretreatment on sugar yield, we plotted the lignin
content in untreated Arabidopsis genotypes and lignin
removal during IL pretreatment as a function of the initial
hydrolysis rate for untreated biomass and pretreated samples,
respectively (as depicted in Fig. 3). For untreated Arabidopsis
lines, no positive correlation was observed between lignin
content and initial hydrolysis rate; however, it appeared that
lignin genotype has significant effect on digestibility. In agree-
ment with the overall high sugar yields shown in Fig. 2, the
med5a med5b ref8 (H-lignin dominant) mutant was more diges-
tible than wild type and the other mutants regardless of lignin
contents. Fig. 3b shows that IL pretreatment led to increases
in initial hydrolysis rate for all tested genotypes, and mini-
mized the differences between genotypes, although slightly
higher initial hydrolysis rates were achieved for the C4H-F5H
(S-lignin dominant) and med5a med5b ref8 (H-lignin dominant)
mutants. Thus, no positive correlation was observed between
initial hydrolysis rate and lignin removal during pretreatment.

Results from this study do not appear to match some pre-
vious reports that the lower the lignin content of plant biomass,
the higher the fermentable sugar release during enzymatic
saccharification.12–14 However, a number of studies have shown
that lignin content is only one of the contributing factors to
biomass recalcitrance.19,31,32 Lignin-related factors, such as
lignin composition (S/G ratio), the spatial distribution of lignins
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in biomass, and the linkages within lignin-carbohydrate com-
plexes (LCCs) along with other non-lignin-related factors such
as cellulose crystallinity, biomass porosity, and extractable com-
pounds (e.g., pectins) all influence biomass recalcitrance and
affect sugar release during enzymatic saccharification.3,16–18,33

The effects of lignin content differences may have been evened
out by IL pretreatment due to the high effectiveness of certain
ILs to deconstruct biomass.17,25,34 Altogether, the results pre-
sented here suggest that when comparing wild type and geneti-
cally engineered transgenic Arabidopsis, the lignin genotype
overweighs lignin content in determining the recalcitrance/enzy-
matic digestibility of the biomass from this plant.

2.5 Lignin depolymerization during IL pretreatment

Pyrolysis-GC/MS analysis of untreated and pretreated Arabi-
dopsis samples revealed distinct chromatographic patterns
of lignin-derived compounds, but it is not clear from the

pyrolysis-GC/MS data alone how lignin was solubilized and
depolymerized during IL pretreatment (Fig. S1†). In order to
obtain additional information on this point, we monitored the
lignin molecular weight distribution during IL pretreatment
using gel permeation chromatography (GPC) of the extracted
lignin samples (Fig. S2†). The relative areas of excluded and
retained regions (AE/R) in the chromatograms were used as an
indicator of the size distribution of solubilized lignin after IL
pretreatment, as reported in Table 3. Lignin was extracted
from different streams during IL pretreatment and enzymatic
hydrolysis, including, L1: lignin from untreated biomass, L2:
solubilized lignin in [C2C1Im][OAc], L3: lignin remaining in
pretreated biomass. Lignin extracted from untreated Arabidop-
sis samples (L1) showed a strong signal in the excluded region
(t < 13.4 min) for all tested genotypes. The AE/R ranged from
2.8 to 5.5, suggesting that lignin of untreated Arabidopsis con-
sisted mainly of large molecular mass materials. It should also

Fig. 2 Enzymatic glucan digestibility of untreated and IL pretreated Arabidopsis genotypes including COL (wild type), fah1-2 (G-lignin dominant),
C4H-F5H (S-lignin dominant), COMT1 (G/5-hydroxy G-lignin dominant) and med5a med5b ref8 (H-lignin dominant) mutants at (a) 3 mg, and (b)
10 mg enzyme protein per g biomass for untreated Arabidopsis samples, and (c) 3 mg, and (d) 10 mg enzyme protein per g biomass for IL pretreated
Arabidopsis samples.
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be noted that the S- and H-genotypes exhibited lower AE/R than
those of wild type and G- or G/G′-genotypes (p < 0.05), indicat-
ing that lignins in the S- and H-genotypes tend to be small in
terms of the average molecular mass materials.

As for the lignin solubilized during IL pretreatment (L2), a
distinct signal in the retained region (t > 13.4 min) was
observed with AE/R in a range of 0.5 to 0.8 for different Arabi-
dopsis genotypes, suggesting that lignin was solubilized and
depolymerized in the liquid stream as previously observed.35,36

Interestingly, the AE/R for the S- or H-lignin dominant mutants
was higher than wild type Arabidopsis and the G-lignin domi-
nant mutants (p < 0.05), though the lignin removal for S- or
H-lignin dominant mutants was greater than for the others.
Due to the chemical nature of their corresponding building
blocks, sinapyl alcohol and p-coumaryl alcohol, the S- and
H-lignins show relatively linear structures and lower average
bond dissociation energies between inter-unit linkages. This
indicates that, under mild IL pretreatment conditions, the S-
and H-lignin structures were readily cleaved into relatively
large fractions before further depolymerization occurs. In con-
trast, for wild type or G-lignin dominant mutants, because the
lignin structures are relatively rigid, only small fractions were
cleaved off and become soluble, and, in turn, low AE/R were
observed on IL-solubilized lignins in these pants. The lignins
that remained in the pretreated solids (L3) underwent severe
depolymerization as indicated by the significantly smaller AE/R
compared with that of untreated substrates across all Arabi-
dopsis genotypes (p < 0.05).

2.6 2D HSQC NMR spectra of different regions for
Arabidopsis cell wall biomass

2D HSQC NMR spectra of the aliphatic, anomeric and aro-
matic regions for untreated and pretreated Arabidopsis cell
wall biomass are shown in Fig. S4.† The aliphatic regions of all
spectra showed the presence of major inter-unit linkages:
β-O-4 aryl ether (structure A), resinol (β–β, structure B), phenyl-
coumaran (β-5, structure C). Spirodienones were detected in all
samples. The aromatic regions of the spectra confirm the pres-
ence of all S, G and H subunits in wild-type Arabidopsis, while

Fig. 3 (a) Lignin content in untreated Arabidopsis genotypes including
COL (wild type), fah1-2 (G-lignin dominant), C4H-F5H (S-lignin domi-
nant), COMT1 (G/5-hydroxy G-lignin dominant) and med5a med5b ref8
(H-lignin dominant) mutants and (b) lignin removal during IL pretreat-
ment depicted as a function of enzymatic glucan digestibility. The error
bars represent the standard deviation of three replicates.

Table 3 Elution time and relative molecular mass of lignin extracted from different streams during IL pretreatment and enzymatic hydrolysis.
L1: lignin from untreated biomass, L2: solublized lignin in [C2C1Im][OAc], L3: lignin remaining in pretreated biomassa

Region Elution time (min) COL (WT) C4H-F5H (S) med5a med5b ref8 (H) fah1-2 (G) COMT1 (G/G′)

L1 Excluded (%) t < 13.4 84.7 73.7 78.9 81.7 82.2
Retained (%) t > 13.4 15.3 26.3 21.1 18.3 17.8
AExcluded/Retained (AE/R) — 5.52AA 2.81DA 3.74CA 4.47BA 4.61BA

L2 Excluded (%) t < 13.4 35.5 42.7 43.3 34.2 39.8
Retained (%) t > 13.4 64.5 57.3 56.7 65.8 60.2
AExcluded/Retained (AE/R) — 0.55CC 0.75AC 0.76AC 0.52CC 0.66BC

L3 Excluded (%) t < 13.4 63.8 52.3 56.6 61.6 58.8
Retained (%) t > 13.4 36.2 47.7 43.4 38.4 41.2
AExcluded/Retained (AE/R) — 1.76AB 1.10CB 1.31BB 1.60AB 1.43AB

a AE/R stands for the ratio of peak areas in the excluded and retained regions; the first letters (A, B, C) on the right of the AE/R data represent the
levels of significance within five Arabidopsis genotypes (among columns); the second letters (A, B, C) on the right of the AE/R data represent the
levels of significance within three lignin streams: L1, L2, and L3, (among rows); significance is determined based on the p-values generated by
Tukey’s studentized range (HSD) test.
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H, S, or G subunits dominate in the various mutants and
transgenic lines as expected.8,9,25 We further characterized and
compared the lignin inter-unit linkages and the S, G, H ratios
in both untreated and IL-pretreated Arabidopsis samples
(Fig. 4). Results of these analyses show that β-aryl ethers
(β-O-4, >85%) are the most abundant inter-unit linkages in
untreated Arabidopsis samples followed by phenylcoumaran
(β-5) or resinol (β–β) (<15% in sum) linkages depending on the
lignin genotypes. The relative abundance of β-O-4 linkages in
pretreated Arabidopsis samples decreased as a result of IL pre-
treatment, especially for the med5a med5b ref8 (H-lignin domi-
nant) mutant. Taken together, our results indicate that: (1) IL
pretreatment cleaves β-O-4 linkages to a greater extent than β-5

or β–β linkages; and (2) β-O-4 linkages in med5a med5b ref8
(H-lignin dominant) mutants are more vulnerable to IL pre-
treatment. No dibenzodioxocin (substructure D) was observed
in any pretreated Arabidopsis samples, suggesting the removal
of lignin branches. These results indicate that mixtures of
smaller, more linear molecules are produced by IL treatment
and this result is consistent with the GPC data (Table 3).

2.7 Chemical reactivity of inter-unit lignin linkages

Density functional theory (DFT) based calculations were
carried out to understand the stability and reactivity of inter-
unit lignin linkages upon manipulation of H, G and S units
by replacing S and G units with H unit to form β-O-4, β-5, and

Fig. 4 Schematic diagram of changes in lignin interunit linkages [(β-O-4) β-aryl ethers, (β-5) phenylcoumarans, and (β–β) resinols] of different Arabi-
dopsis genotypes including COL (wild type), fah1-2 (G-lignin dominant), C4H-F5H (S-lignin dominant), COMT1 (G/5-hydroxy G-lignin dominant) and
med5a med5b ref8 (H-lignin dominant) mutants before and after IL pretreatment.

Fig. 5 Electrophilicity index as a descriptor of chemical reactivity of lignin dimers linked by (β-O-4) β-aryl ethers, (β-5) phenylcoumarans, and (β–β)
resinols. See Fig. S4† for the optimized geometries of inter-unit lignin linkages.
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β–β linkages. The optimized most stable geometries of β-O-4,
β-5, and β–β linkages of lignin model compounds are shown in
Fig. S4.† The electrophilicity index was calculated as a descrip-
tor of reactivity that allows a quantitative classification of the
global electrophilic nature of a molecule within a relative
scale. As shown in Fig. 5, H-based lignin dimers have a higher
electrophilicity index, indicating that they are chemically more
reactive compared to other S- and G-lignin dimers. Replacing
an S or G unit by an H unit increases the reactivity for GH (β-5
and β–β linkages) and SH (β-O-4 linakge) lignin dimers.
Results show that H-based lignins are more chemically reactive
(less stable) than other type of lignins irrespective of chemical
pretreatment, a possible cause of the reduced recalcitrance of
H-type dominant lignin mutants.

3. Conclusions

The impact of lignin composition on biomass recalcitrance is
not fully understood, mainly due to the complications arising
from the remarkable variances in plant type, the origin and
maturity of plant materials, the cell-wall composition, and the
selection of pretreatment method. In this study, we selected a
diverse collection of Arabidopsis lines with distinct lignin
monomer compositions. For the first time, we are able to
characterize the structural and compositional features and
study the impact of lignin modification on lignin-carbo-
hydrate complex characteristics and the deconstruction of
cell-wall compounds using a mild [C2C1Im][OAc] ionic liquid
(IL) pretreatment, decoupling many interfering factors.
Glycome profiling revealed that altering the structure and
composition of lignin components results in overall changes
in the structural architecture of the cell walls, which in turn
leads to changes in the extractability of wall polymers. Lignin
composition significantly affects biomass recalcitrance, sub-
strate reactivity and lignin removal during IL pretreatment, all
of which are correlated with saccharification efficiency. Fur-
thermore, as revealed by chromatography and spectrometry
techniques, the variations in lignin monomer compositions
led to different modes of lignin dissolution and depolymeriza-
tion during [C2C1Im][OAc] IL pretreatment. More interestingly,
we found that the cleavage of β-O-4 linkages in the H-lignin
dominant mutant was greater than those in the G-lignin
dominant mutants, which can be explained by DFT-based
chemical reactivity calculations. This study provides insights
into the role of lignin monomer composition on the enzy-
matic digestibility of biomass and the effect of lignin modifi-
cation on cell wall architecture and biomass pretreatment
performance.

4. Experimental
4.1 Materials

The Arabidopsis fah1-2, C4H-F5H, med5a med5b ref8, and
COMT1 mutant lines were previously described.4,9 Plants were

grown in a greenhouse at Purdue University at a temperature
range of 22–25 °C under ambient lighting during the winter
of 2013 in standard potting mixture (Redi-Earth Plug and
Seedling Mixture; Sun Gro Horticulture, Bellevue, WA, USA).
For the glycome profiling experiments, dried stems were
harvested from fully mature Arabidopsis plants and ground by
a Wiley Mill through a 0.5 mm screen (Thomas Scientific,
Swedesboro, NJ). For the other experiments, the ground
stems were further separated by a vibratory sieve system
(Endecotts, Ponte Vedra, FL). The Arabidopsis stem fragments
falling between 20 and 80 mesh were collected for use in this
study. 1-Ethyl-3-methylimidazolium acetate was purchased
from BASF (Basionics™ BC-01, BASF, Florham Park, NJ) and
used as the IL for all pretreatments. Commercial enzyme pro-
ducts, cellulase (Cellic® CTec2, Batch#VCN10007) and hemi-
cellulase (Cellic® HTec2, Batch#VHN00002) were gifts from
Novozymes, North America (Franklinton, NC). The protein
contents of CTec2 and HTec2 were measured as 186.6 mg
ml−1 and 180.1 mg ml−1, respectively, as determined with the
Pierce™ bicinchoninic acid Protein Assay Kit (Thermo Scienti-
fic, Rockford, lL) using bovine serum albumin as protein
standard.37

4.2 IL pretreatment of Arabidopsis samples

A mild (120 °C for 1 h) IL pretreatment was used to process
five Arabidopsis samples in sealed glass tubes each containing
0.3 g biomass and 3 g of [C2C1Im][OAc] to give approximate
10% (w/w) biomass loading. After pretreatment, 8 mL of hot
water were thoroughly mixed with the pretreatment slurry for
cellulose regeneration. The mixtures of IL, water, and pre-
treated biomass were centrifuged to separate the solid and
liquid phases. An aliquot of each supernatant was taken for
lignin and sugar analysis. The remaining solids were washed
4 times with 10 mL of DI water and lyophilized in a FreeZone
Freeze Dry System (Labconco, Kansas City, MO) for com-
position analyses and saccharification tests.

4.3 Enzymatic hydrolysis of pretreated Arabidopsis samples

Enzymatic saccharification of untreated and IL-pretreated Ara-
bidopsis samples were run in duplicate by following the NREL
LAP 9 “Enzymatic Saccharification of Lignocellulosic Biomass”
protocol at NREL standard conditions (50 °C, 0.05 M citrate
buffer, pH 4.8).38 Citrate buffer (final molarity 50 mM),
sodium azide (antimicrobial, final concentration of 0.02 g L−1),
enzymes, and DI water were mixed with pretreated solids
to achieve a final solids loading of around 5% (w/w) [equi-
valent to 2.5% (w/w) glucan concentration]. CTec2 and HTec2
(Novozymes) were used at enzyme loadings of 3 and 10 mg
CTec2 protein per g pretreated biomass supplemented with
HTec2 at loadings of 0.07 and 0.26 mg enzyme protein per g
glucan, respectively. Aliquots of each supernatant were taken
at 2, 24, and 72 h of hydrolysis and were analyzed by HPLC for
monosaccharides as described in the Analytical Methods
section below. Enzymatic digestibility was defined as the
glucose yield based on the maximum potential glucose from
the glucans present in the biomass.
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4.4 Analytical methods

Klason lignin, glucan, and xylan contents in the untreated and
IL-pretreated Arabidopsis samples were determined using a
two-step acid hydrolysis process according to the NREL Labora-
tory Analytical Procedure.39 Monomeric sugars (glucose,
xylose) and cellobiose released into the acid hydrolyzates were
measured using an Agilent 1100 series HPLC equipped with a
Biorad Aminex HPX-87H ion exchange column and refractive
index detector, using 4 mM H2SO4 as the mobile phase at a
flow rate of 0.6 mL min−1 and a column temperature of 60 °C.
Solids remaining after two-stage acid hydrolysis as held in
Gooch crucible (medium porosity) were dried at 105 °C over-
night, weighed, heated in a muffle furnace at 575 °C for 4 h,
and weighed again. The mass of the oven-dried solids sub-
tracted by the mass of ash in furnace-burned sample corres-
ponds to the amount of Klason lignin (acid-insoluble lignin).
Lignin contents were also determined by the acetyl bromide
(AcBr) and DFRC method.24,26 The saccharification hydro-
lyzates were separated by centrifugation at 14 000g for 10 min
followed by syringe filtration. The amounts of cellobiose,
glucose, xylose, and arabinose released in the hydrolyzates
were measured by HPLC following the same procedure as
described above.

4.5 Sequential extraction and glycome profiling

Sequential cell wall extractions and glycome profiling of
various biomass samples were carried out as described pre-
viously.40 Plant glycan-directed mAbs41 were from laboratory
stocks (CCRC, JIM and MAC series) at the Complex Carbo-
hydrate Research Center (available through CarboSource Ser-
vices; http://www.carbosource.net) or were obtained from
BioSupplies (Australia) (BG1, LAMP). A description of the
mAbs used in this study can be found in the ESI, Table S1,†
which includes links to a web database, WallMabDB
(http://www.wallmabdb.net) that provides detailed information
about each antibody.

Statistical analysis of glycome profiling results was con-
ducted using JMP Genomics 6.1 (SAS Institute). For these ana-
lyses, various plant lines (wild type and mutants) and cell wall
fractions (oxalate, carbonate, 1 M KOH, 4 M KOH, chlorite and
4 M KOHPC) were considered to be fixed effects while biologi-
cal replicates were considered random effects.

4.6 Characterization of lignin in liquid and residual solids

To understand changes in lignin molecular weight distri-
butions during IL pretreatments, gel permeation chromato-
graphy (GPC) was performed on the lignin extracted from
untreated wild-type Arabidopsis (L1) by using an enzymatic
mild acidolysis (EMAL) process,42 the soluble lignin in pre-
treatment hydrolyzates (L2), and the insoluble lignin extracted
from the residual solids after enzymatic hydrolysis using the
EMAL process (L3). An aliquot of the lignin stream (10 μL for
L1 and 2 mg for L2 and L3, respectively) was dissolved in 1 mL
of N-methyl-2-pyrrolidone (NMP) and injected onto an Agilent
1200 series binary LC system (G1312B) equipped with a DA

(G1315D) detector, a PL-Gel™ 5 μm Mixed-D column (PL1110-
6504, 300 mm L × 7.5 mm i.d., resolving range of 200 to
400 000 MW, Agilent Technologies, Santa Clara, CA) at 80 °C
using NMP as the mobile phase at a flow rate of 0.5 mL per
min. Absorbance of materials eluting from the column was
detected at 290 nm (UV-A). Intensities were area normalized
and molecular mass estimates were determined after cali-
bration of the system with polystyrene standards.36,43

Untreated and IL-pretreated Arabidopsis samples were ana-
lyzed by pyrolysis-GC/MS analysis to reveal the changes in
lignin monomer compositions before and after IL pretreat-
ment following a method described in Varanasi et al.17 In
brief, roughly 1 mg of solids were loaded in a quartz tube and
sealed with glass wool. The quartz tube with sample was pyro-
lyzed at 550 °C for 10 seconds using a Pyroprobe 5200 from
CDS Analytical, Inc. (Chemical Data Systems, Oxford, PA, USA).
The pyrolysis products were then injected into a GC/MS
(Thermo Electron Corporation with Trace GC and Polaris-Q
MS, now merged by Thermo Fisher Scientific, Austin, TX)
equipped with a TR-SMS analytical column using helium as
the carrier gas. The pyrolysis-GC/MS spectra of untreated and
pretreated Arabidopsis samples are presented in Fig. S1.† The
areas under the peaks of the chromatograms were calculated
using the Qual browser software (1.4 SR1, Thermo Electron
Corporation, 1998–2003). Percentages of H, G, and S type
lignin were calculated based on the ratio of the summary peak
areas of identified individual lignin compounds.

4.7 2D 13C–1H HSQC NMR spectroscopy on untreated and IL
pretreated biomass

Untreated Arabidopsis samples were extracted by water and
80% (v/v) ethanol to remove extractives and ball milled as pre-
viously described.23 The milled samples (∼50 mg) were then
placed in NMR tubes with 600 μL DMSO-d6 using a minute
amount of [C2C1Im][OAc] as a co-solvent.44,45 The samples
were sealed and sonicated until homogenous in a Branson
2510 table-top cleaner (Branson Ultrasonic Corporation,
Danbury, CT) with the temperature of the bath closely moni-
tored and maintained below 55 °C. For IL-pretreated Arabidop-
sis, 200 mg sample was enzymatically hydrolyzed with a
combination of cellulase and hemicellulase (CTec2 and HTec2
in 10 : 1 v/v) at a dose of 20 mg enzyme protein per g pretreated
biomass in shaker at 50 °C for 96 h. The residual lignin-
rich samples were washed twice with 0.01 N hydrochloric
acid water solution (pH = 2) and three times with water
(10 mL each wash) and lyophilized in a FreeZone Freeze Dry
System (Labconco, Kansas City, MO). The dried sample was
milled with a bead beater and 15 mg of the milled sample was
added to 600 μL DMSO-d6 and sonicated until homogenous.
The homogeneous lignin solutions were transferred to NMR
tubes.

HSQC spectra were acquired at 25 °C using a Bruker
Avance-600 MHz instrument equipped with a 5 mm inverse-
gradient 1H/13C cryoprobe using a q_hsqcetgp pulse program
(ns = 200 for cell wall and 64 for lignin, ds = 16, number
of increments = 256, d1 = 1.0 s).46 Chemical shifts were
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referenced to the central DMSO peak (δC/δH 39.5/2.5 ppm).
Assignment of the HSQC spectra was described elsewhere.47

A semi-quantitative analysis of the volume integrals of the HSQC
correlation peaks was performed using Bruker’s Topspin 3.1
(Windows) processing software. A cosine squared function was
applied to both F2 (LB = −0.05, GB = 0.001) and F1 (LB = −0.01,
GB = 0.001) prior to 2D Fourier Transformation. Semi-quanti-
tative evaluation of interunit linkages in lignins has been typi-
cally expressed as number of specific interunit linkages per
100 aromatic (lignin) monomers or C9 units.

43,48

4.8 Density functional theory (DFT) calculation

The geometry optimizations of coniferyl, sinapyl, and p-cou-
maryl alcohol with inter-unit linkages, such as β-O-4, β-5, and
β–β linkages of lignin model compounds were performed
using density functional theory (DFT) with the M06-2X hybrid
exchange–correlation functional and the 6-31+G(2d,2p) basis
set.28 Frequency calculations were carried out to verify that the
computed structures corresponded to energy minima. In the
present study, the DFT-based global reactivity descriptor-elec-
trophilicity index was calculated to compare the chemical reac-
tivity of all the lignin compounds in this study.49
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