Bane

/

I\

=y

Engineering the cell wall by reducing
de-methyl-esterified homogalacturonan improves
saccharification of plant tissues for bioconversion

Vincenzo Lionetti*', Fedra Francocci®', Simone Ferrari®', Chiara Volpi®', Daniela Bellincampi®', Roberta Galletti®,

Renato D’Ovidio®, Giulia De Lorenzo? and Felice Cervone®?

?Istituto Pasteur Fondazione Cenci Bolognetti, Dipartimento di Biologia Vegetale, Sapienza Universita di Roma, Piazzale Aldo Moro 5, 00185 Rome,
Italy; and PDipartimento di Agrobiologia e Agrochimica, Universita della Tuscia, Via San Camillo de Lellis, s.n.c., 01100 Viterbo, Italy

Edited by Frederick M. Ausubel, Harvard Medical School and Massachusetts General Hospital, Boston, MA, and approved November 23, 2009

(received for review July 10, 2009)

Plant cell walls represent an abundant, renewable source of biofuel
and other useful products. The major bottleneck for the industrial
scale-up of their conversion to simple sugars (saccharification), to
be subsequently converted by microorganisms into ethanol or
other products, is their recalcitrance to enzymatic saccharification.
We investigated whether the structure of pectin that embeds
the cellulose-hemicellulose network affects the exposure of
cellulose to enzymes and consequently the process of saccharifica-
tion. Reduction of de-methyl-esterified homogalacturonan (HGA)
in Arabidopsis plants through the expression of a fungal poly-
galacturonase (PG) or an inhibitor of pectin methylesterase (PMEI)
increased the efficiency of enzymatic saccharification. The im-
proved enzymatic saccharification efficiency observed in trans-
formed plants could also reduce the need for acid pretreatment.
Similar results were obtained in PG-expressing tobacco plants
and in PMEl-expressing wheat plants, indicating that reduction
of de-methyl-esterified HGA may be used in crop species to
facilitate the process of biomass saccharification.

biofuel | pectin | plant cell wall | pectin methylesterase inhibitor |
polygalacturonase

lant biomass has been a source of energy for most part of

human history and, due to the increasing demand for renew-
able materials and industrial products, is reconsidered today as a
possible strategic resource. Plant cell walls comprise a significant
proportion of the lignocellulosic biomass (1) and are a potentially
abundant substrate for bioconversion to ethanol and other in-
dustrial products (2). They are composed of a heterogeneous
polysaccharidic matrix associated with components like lignin
and proteins. Saccharification, a key process for the production
of ethanol, is the degradation of the wall polysaccharides into
fermentable sugars. Enzymatic hydrolysis is the most promising
and environmentally friendly technology available for saccharifi-
cation (3, 4), but the recalcitrance of cell walls to hydrolysis is the
major bottleneck for the industrial scale-up of this process (2).
Thermochemical pretreatments using high temperature, toxic
acids, peroxides, and ammonia, often along with some form of
mechanical disruption, are currently required to make biomass
accessible to cell wall-degrading enzymes and represent up to
30% of the cost of biofuel production (2).

Modification of the cell wall structure may be useful for redu-
cing pretreatments and improving the overall saccharification
process. For example, it has been shown that reducing the lignin
content in transgenic alfalfa plants improves saccharification
efficiency, although it can reduce biomass yield (5). A cell wall
component that, particularly in dicots, is critical for tissue integ-
rity and accessibility to cell wall-degrading enzymes is the
cohesive pectin matrix embedding the cellulose-hemicellulose
network, which in turn contains the major strength-conferring
elements. It is well known that intermolecular bonds of pectin,
mediated by acidic homogalacturonan (HGA), influence wall
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plasticity (6) and cell adhesion (7). HGA is synthesized and
secreted as a highly methyl-esterified polymer (8) and is de-
methyl-esterified in muro by pectin methylesterases (PME:s).
These enzymes produce long stretches of free carboxylic residues
that are necessary for Ca’"-mediated crosslinks of HGA into
rigid “egg-box” structures (9) and, in lignified tissues, could en-
hance the formation of benzyl-uronate crosslinks (10). Here we
show that plants with a reduced content of de-methyl-esterified
HGA can be obtained by expressing in planta a fungal polygalac-
turonase (PG) or by overexpressing plant inhibitors of endoge-
nous PMEs. We also show that these modified plants exhibit an
increased efficiency of enzymatic saccharification, thus reducing
the need for thermochemical pretreatments.

Results and Discussion

To test whether the content of acidic HGA and/or the methyl-
esterification status of HGA affects the susceptibility of plant cell
walls to enzymatic saccharification, we analyzed Arabidopsis
plants expressing a mutated version of the Aspergillus niger pgall
gene encoding a PG with reduced specific activity (PG plants)
(11, 12), and plants overexpressing AtPMEI-2, an endogenous
inhibitor of PMEs (PMEI plants) (13, 14). Leaf material from
untransformed [wild-type (WT)] plants, from two independent
lines (PG26 and PG57) with high levels of PG expression, from
one line (PG106) with low levels of PG expression (Fig. S1), from
two independent lines (PMEI7 and PMEI9) expressing high
levels of PMEI, and from one line (PMEILS) with low levels
of PMEI (13) was treated with Celluclast 1.5 L, a commercial pre-
paration which contains mostly cellulose-degrading activities.
Large differences were observed in the enzymatic saccharifica-
tion efficiency (reducing sugars released as a percentage of total
sugars in the tissue) among the various lines. After 24 h of incu-
bation, saccharification efficiency in the two independent lines
with high levels of PG expression was up to 2-fold higher than
in either WT or PG106 plants, whereas it was about 60% higher
in highly expressing PMEI lines than in the respective control
lines (Fig. 14 and B). Notably, enzymatic treatment of leaves
from lines with higher saccharification efficiency also showed a
remarkable tissue maceration (Fig. 1C). No significant tissue
maceration or release of sugars were detected when leaf material
from both transformed and control plants was incubated in the
absence of enzymes, indicating that the expression of pgall or
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Fig. 1. Saccharification of leaf material from Arabidopsis PG or PMEI

plants. Leaf material from untransformed Arabidopsis plants (WT) and from
transgenic PG (A) and PMEI (B) plants were treated with Celluclast, and
saccharification efficiency was measured after 24 hours. (C) Tissue maceration
of representative samples of WT (Left) and transgenic (Right) PG57 and
PMEI7 leaf material after 24 h of enzymatic saccharification. (D) Enzymatic
saccharification efficiency of leaf tissue from WT, PG, and PMEI plants after
dilute acid pretreatment. Numbers indicate different independent trans-
genic lines. Bars represent average saccharification efficiency +£SEM (N > 6).
Different letters indicate statistically significant differences, according to
ANOVA followed by Tukey’s test (P < 0.05). These experiments were repeated
at least twice with similar results.

AtPMEI-2 does not per se determine disassembly of the tissue
and/or saccharification but rather promotes the ability of exogen-
ous enzymes to hydrolyze the substrate in fresh tissues. No sig-
nificant differences in the amount of total sugars, of alcohol
insoluble solid (AIS), and of starch could be detected in leaf
material of WT, PG, or PMEI plants with high levels of expression
of the transgene (Table S1). Sugars present in the enzymatic
digests of Arabidopsis leaf material treated with Celluclast
comprised glucose and low amounts of xylose (Table S2). The in-
creased level of glucose but not xylose in the digests of transgenic
plants, as compared to WT plants, suggests that the expression of
PG or PMEI mostly increases the accessibility of cellulose to
hydrolytic enzymes. Note that no significant differences in enzy-
matic saccharification efficiency were observed when WT, PG,
and PMETI leaves were pretreated with dilute acid (1.3% sulphu-
ric acid) at 110°C, a treatment that is known to remove mostly
cell wall matrix components and to increase cellulose susceptibil-
ity to enzymes (15, 16) (Fig. 1D). We concluded that high expres-
sion of PGs or PMEIs in plants may reduce the need of acid
pretreatments in biomass bioconversion.

Taken together, the above results indicate that cell wall recal-
citrance is reduced in plants expressing PG or PMEI, likely due to
a modification of pectin composition and/or architecture. Levels
of de-methyl-esterified HGA regions of Arabidopsis plants ex-
pressing PG and PMEI were therefore investigated in chelating
agent-soluble solid (ChASS) fractions, which contain mainly
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Fig. 2. Immunodot analysis of pectin in PG and PMEI plants. ChASS fractions
were extracted from leaves of untransformed and transgenic Arabidopsis PG
(A) and PMEI plants (B) and of untransformed and transgenic wheat AcPMEI
plants (C). Numbers indicate different independent transgenic lines. The
indicated amounts (in pg) of ChASS fraction were applied at a single point
to a nitrocellulose membrane. Specific HGA epitopes were detected by using
PAM1 and JIM5 monoclonal antibodies.

pectin, by immunodot assay, using the monoclonal antibodies
PAM1, which specifically recognizes large de-methyl-esterified
blocks of HGA (at least 30 continuous GalA units) (17), and JIMS5,
which binds pectin with a low degree of methyl-esterification
(18). This analysis revealed that Arabidopsis plants expressing
high levels of PG or PMEI have lower levels of PAM1-binding
epitopes, and therefore a reduced quantity of long stretches of
unesterified HGA, than WT plants or plants with low trans-
gene expression (Fig. 24 and B). JIMS-binding epitopes were
also less abundant in plants highly expressing PG and PMEI as
compared with WT plants or plants with low transgene expres-
sion, confirming a higher degree of HGA methyl-esterification
in PG and PMEI plants (Fig. 24 and B).

After proving the concept that Arabidopsis plants expressing
PG or PMEI are more susceptible to enzymatic saccharification,
we tested whether the expression of these proteins also increases
saccharification efficiency in crop species more suitable for indus-
trial bioconversion. Indeed, two tobacco lines expressing high
levels of pgall (PG7 and PG16), previously described as exhibit-
ing a reduced content of de-methyl-esterified blocks of HGA
(11), showed a three times higher saccharification efficiency than
WT plants (Fig. 34) and increased levels of glucose in the hydro-
lysate (Table S2), yet have a similar content of total sugars and
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Fig. 3. Saccharification of leaf material from tobacco PG and wheat
PMEI plants. (A) Leaf material from tobacco untransformed (WT) and PG-
expressing plants was treated with Celluclast, and saccharification efficiency
was measured after 24 h. (B and C) Leaf material from untransformed
(WT) and transgenic wheat plants overexpressing AcPMEI was treated with
a mixture of Macerozyme R-10 and Celluclast 1.5 L without pretreatment (B)
or after dilute acid pretreatment (C), and saccharification efficiency was
measured after 24 h. Numbers indicate different independent transgenic
lines. Bars represent average saccharification efficiency +SEM (N > 6). These
experiments were repeated at least twice with similar results. Different
letters indicate statistically significant differences, according to ANOVA
followed by Tukey's test (P < 0.01).
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AIS per leaf fresh weight (Table S1). Commelinid monocots,
which include most energy crops currently used or under
development, like switchgrass (Panicum virgatum), Miscanthus
(Miscanthusxgiganteus), sorghum (Sorghum bicolor), and maize
(Zea mays), have a lower content of HGA as compared to dicots
(19). Therefore, we tested whether transformation with a PMEI
could also affect saccharification in wheat (Triticum durum
L. cv. Svevo), a commelinid grass. We used a kiwifruit (Actinidia
chinensis) PMEI isoform (AcPMEI) (20), which has stronger
inhibitory activity on endogenous wheat PMEs as compared to
Arabidopsis PMEIs: 15 ng of AcPMEI or AtPMEI-2 resulted
in 100% or 75% inhibition of the PME activity present in 9 pg
of wheat leaf total proteins, respectively. Two T2 independent
wheat lines (AcPMEI151 and AcPMEI69) expressing high levels
of AcPMEI and showing about 90% reduction of endogenous
PME activity (Fig. S2) were selected. Consistently, PAM1 and
JIM5-binding epitopes were much less abundant in the ChASS
fractions of plants expressing AcPMEI compared to WT plants,
indicating a lower level of de-esterified HGA in pectins (Fig. 2C).
As in Arabidopsis PMEI plants, no significant differences in total
sugar, AIS fraction, and starch per leaf fresh weight were
observed between transformed and WT plants (Table S1). Treat-
ment of wheat leaf tissues with Celluclast alone resulted in a low
level of soluble sugars released and no significant differences in
the saccharification efficiency between WTand transgenic plants;
instead, when Celluclast was used in combination with Macero-
zyme, a commercial cocktail of cell wall-degrading enzymes
reported to facilitate cellulase-mediated hydrolysis of cellulose
in tissues of monocots such as corn cobs and stover (2, 21), a
35-40% increase in saccharification efficiency was observed in
transgenic plants as compared with WT plants (Fig. 3B). Deter-
mination of glucose and xylose in the enzymatic hydrolysates
indicated a greater release of both monosaccharides from PMEI
expressing plants as compared with the control WT plants
(Table S2), suggesting that both cellulose and hemicellulose
are more easily digested in transformed plants. As in the case
of Arabidopsis, a dilute acid pretreatement resulted in WT plants
a degree of saccharification similar to that observed in PMEI
plants without pretreatment (Fig. 3C).

We then investigated if the increased degree of saccharifica-
tion of PG and PMEI plants could also be observed in stems,
which are more lignified tissues with secondary walls, since
stem tissues are largely utilized for biofuel production (15). As
expected, the saccharification efficiency of stem material was
lower than that observed in leaves; however, Arabidopsis PG
and PMEI stems treated with Celluclast showed a 50% increase
of saccharification, compared to WT plants (Fig. 44). Similarly,
saccharification efficiency of wheat PMEI stems treated with
Celluclast and Macerozyme was about 2.5 times higher than in
WT stems (Fig. 4B). In addition, dilute acid pretreatment of
wheat stems did not result in significantly different release of total
reducing sugars after enzymatic saccharification of the residual
PMEI and WT biomass (Fig. 4C).

Our results show that the recalcitrance of cell walls to enzy-
matic saccharification is reduced in leaves and stems of both dicot
and monocot plants expressing PGs and PMETIs. It is likely that a
reduced content of egg-box structures or other crosslinks
mediated by de-methyl-esterified HGA is responsible for the
accessibility of cellulases and hemicellulases to their substrates,
resulting in increased saccharification efficiency. However, in the
case of PG plants, high expression of the transgene also causes a
reduced biomass yield both in tobacco (11) and in Arabidopsis
(Table 1). It is conceivable that the level to which the content
of de-methyl-esterified HGA may be reduced without affecting
plant performance and tissue integrity is critical to develop crops
with improved saccharification. Work is in progress to establish
a system to control the ectopic PG activity and to minimize the
effect of its activity on biomass production. This may involve the
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Fig. 4. Saccharification of stem material from PG and PMEI plants. (A) Stem
segments from Arabidopsis untransformed (WT), PG57, and PMEI7 plants
were treated with Celluclast, and saccharification efficiency was measured
after 24 h. (B and C) Stem segments from wheat untransformed (WT) and
PMEI151 plants were treated with a mixture of Macerozyme and Celluclast
without pretreatment (B) or after dilute acid pretreatment (C), and sacchar-
ification efficiency was measured after 24 h. Bars represent average sacchar-
ification efficiency £SEM (N > 6). These experiments were repeated at least
twice with similar results. Different letters indicate statistically significant
differences, according to ANOVA followed by Tukey’s test (P < 0.01). Total
sugars in stem material were the following (mgg~'fresh weight + SEM +):
Arabidopsis WT, 19.7 +0.5; PG57, 18.5+0.04; PMEI7, 22.5+ 1.6; wheat
WT, 57.0 + 4.8; PMEI151, 53.2 + 4; pretreated wheat WT, 64.1 + 3.3; and pre-
treated PMEI151, 64.8 + 2.4. Differences in sugar content between trans-
genic and parental lines were not statistically different, according to
Student’s t-test (P > 0.05).

Lionetti et al.

expression of PG under inducible or developmentally regulated
promoters at the end of the plant life cycle, or coexpression with
specific inhibitors. Instead, Arabidopsis plants overexpressing
PMETI show enhanced growth (Fig. 54) and a higher vegetative
biomass yield, with an increase of about 80 and 68% in rosette
leaf fresh weight and dry matter, respectively, compared to
WT plants (Table 1). The increase in biomass yield of PMEI
plants may be due to an enhanced cell expansion, as suggested
by previous results showing an increased root cell elongation
(13) and by comparison of cell size of transverse sections of
hypocotyls of etiolated WT and PMEI seedlings (Fig. 5B). It has
been suggested that higher levels of HGA methyl-esterification
without a reduction of total HGA promote cell expansion and
positively affect growth of dicot plants (13, 22). In contrast
to Arabidopsis, no significant difference in biomass yield was
observed between control and wheat plants expressing PMEI
(Table 1), suggesting that HGA methyl-esterification has a minor
impact on the biomass of monocots.

In conclusion, we suggest that PGs and, more in general, other
HGA-degrading enzymes such as pectate lyases may be used to
reduce the acidic HGA content in crop plants as well as in energy
plants and make them a better substrate for the production
of biofuel and other commercial products. The technology de-
scribed in this paper is in agreement with our vision of the cell
wall architecture and with the concept that HGA-mediated cross
links act as a glue for other cell wall polysaccharides. Our results
are also in agreement with our knowledge of the mode of action
of soft rot pathogenic microorganisms and, more generally, of
those microorganisms that, by growing on plant tissues, need to
saccharify the cell wall polysaccharides to use them as nutrients.
These microorganisms produce pectic enzymes before other cell
wall-degrading enzymes, and their action is a prerequisite for the
exposure of the plant polysaccharides to the hydrolytic machinery
of the pathogens. However, the use of microbial pectic enzymes
has to be further developed and implemented, because their
expression in planta without any kind of control is detrimental
for plant growth and tissue integrity (11). On the other hand,
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Fig. 5. Morphological analysis of Arabidopsis PMEI plants. (A) Photographs
of representative Arabidopsis untransformed (Left) and PMEI7 (Right) plants
grown for 30 days. (B) Transverse sections of hypocotyls of etiolated untrans-
formed (Left) and PMEI7 (Right) seedlings were photographed in light
microscopy. (Scale bar, 40 um.)
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Table 1. Effects of the expression of PG and PMEI on plant biomass

FW (mg) DW (mg) DW/FW

Arabidopsis WT 138 + 10 157 £0.2 0.11 £0.02
PG57 82 + 3* 8.1 +0.1* 0.10 = 0.02

PMEI7 253 + 18* 27.4 £ 1.8* 0.11 £ 0.02

Tobacco WT 40,550 + 50 1,465 = 15 0.04 + 0.00
PG16 6,100 + 500* 240 + 15* 0.04 + 0.00

Wheat WwT 2,785 + 569 875+ 186 0.31+0.12
PMEI151 3,107 £ 119 1,080 + 46 0.35 + 0.03

Fresh weight (FW) and dry weight (DW) of aerial vegetative parts of
Arabidopsis, tobacco and wheat untransformed (WT), and transgenic plants.
Data represent the average +SEM of at least six plants.

*Statistically significant differences between transgenic and WT parental
lines, according to Student'’s t-test (P < 0.001).

inhibitors of PME may be used to the same purpose since
their expression may reduce the stretches of acidic HGA in crop
and energy plants. This technology, unlike that involving PGs,
is readily available for application purposes, because plants
overexpressing PMEI have a normal growth and, in the case of
Arabidopsis, even exhibit an increased biomass. Furthermore,
since plants overexpressing PMEI display a higher resistance
to microbial pathogens (13, 23), crops with increased HGA
methyl-esterification may also possess this additional desirable
trait. Independently of the kind of genes that are used, we have
shown that a reduction of the acidic HGA content ultimately
determines an increased cell wall susceptibility to hydrolytic
degradation. As an alternative to genetic transformation, it is
conceivable that either natural variability or variability induced
by mutagenesis can be exploited to isolate genotypes with low
levels of unesterified HGA. For example, we have shown that
the antibody PAM1 can be used as a tool to detect mutants with
a low content of unesterified HGA. In addition, it may be useful
to develop a high-throughput screening of plants with lower
PME/higher PMEI levels or with higher levels of HGA-degrading
enzymes.

Materials and Methods

Generation of Transgenic Lines and Plant Growth. Generation of tobacco
(Nicotiana tabacum) Petit Havana-SR1 plants expressing PG and of Arabidop-
sis (Arabidopsis thaliana) Columbia-0 (Col-0) plants expressing AtPMEI-2 was
previously described (11, 13). Arabidopsis Col-0 plants expressing PG were
obtained using the pCAMBIA3300 vector (CAMBIA, Australia) harboring
the same 35S5-PG-NOS cassette previously described (11). Wheat (Triticum
durum cv. Svevo) transgenic plants expressing a full-length open reading
frame of AcPMEI (20) under the control of the maize Ubi-1 promoter (24)
were obtained as previously reported (25). Selection of wheat lines expres-
sing high levels of the transgene was performed by RT-PCR and radial gel
diffusion assay (Fig. S2). Total RNA was extracted by using RNeasy Plant
Mini kit (Qiagen SpA, Milano, Italy) following the manufacturer’s procedure.
Contaminating DNA was removed by using the DNA-free™ mix (Ambion Ltd.,
Huntingdon, UK), and RNA concentration was determined spectrophotome-
trically. RT-PCR experiments were performed by using the QuantyTect®
SYBR® Green RT-PCR (Qiagen) in a MyCycler™ thermal cycler (Bio-Rad Life
Science, Segrate, Italy) using oligonucleotides specific for AcPMEI (5'-CTTGTA
TCTTTGAGAACTGCAC-3’ and 5'-CCAAGAGAATCAATAGCATCAGC-3'). Ampli-
fication of a wheat actin gene (accession number AB181991) was used as
reference for transcript amplification by using the following primers: 5'-AA
GAGTCGGTGAAGGGGACT and 5-TTCATACAGCAGGCAAGCAC.

Arabidopsis plants were grown in a growth chamber at 22° C, 70% relative
humidity, with a 16 h light/8 h dark photoperiod (100 umolm=2s~" of fluor-
escent light). For measurements of rosette fresh and dry weight, plants were
grown for 15 days at 16 h light/8 h dark photoperiod and then for 15 days at
12 h light/12 h dark photoperiod (100 yumolm=2s~" of fluorescent light).
Tobacco plants were grown in a growth chamber at 23 °C and 60% relative
humidity, with a 16 h light/8 h dark photoperiod (130 yumol m=2s~"). Wheat
plants were grown in peat pots in growth chamber 14 h light/10 h dark
photoperiod (300 umolm=2s") at 24°C to stage 13, according to Zadoks
system (26), vernalized for 3 weeks at 4 °C and grown at 18°C for 10 days
and then at 24 °C with 50-60% relative humidity until maturation. Before
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saccharification experiments, all plants were maintained for 24 h in darkness
to minimize starch accumulation. For fresh and dry weight determination,
the aerial vegetative portion of plants at the same stage of development
of those used for saccharification experiments were weighed before and
after treatment at 80 °C for 3 (Arabidopsis), 6 (tobacco), and 48 h (wheat).

For histological analysis, hypocotyls from 7-day-old etiolated Arabidopsis
seedlings were fixed, dehydrated and embedded in hardgrade LR white resin
(London Resin Company, Berkshire, UK). Semithin transverse sections
(250 nm) were cut at the middle region of etiolated hypocotyls with a Reich-
ert-Jung Ultracut E ultramicrotome and mounted on glass microslides
previously coated with Vectabond reagent (Vector Laboratories). Sections
were examined by light microscopy on an Axioscop microscope (Carl Zeiss),
and photomicrographs were captured with a Canon Powershot G3 photo-
camera.

Enzymatic Saccharification and Acid Pretreatment. Leaves were collected from
30-day-old Arabidopsis, 60-day-old tobacco, or wheat plants at stage 69-71,
according to Zadoks system (26), corresponding to the formation of kernels.
For stem saccharification, entire floral stems were collected from 6-week-old
Arabidopsis plants, whereas the middle section of internodes 1, 2, and 3 was
used for wheat. Leaves or stems were sterilized in a 1% sodium hypochlorite
solution for 5 min and washed twice with sterile water; leaves were cut into
0.25-cm? square pieces, and stems were cut in 0.5-cm-long segments. Plant
material (100 mg of fresh weight) was incubated at 37°C up to 24 h in a
filter-sterilized solution containing 50 mM sodium acetate buffer, pH 5.5,
and enzymes. The following enzymatic preparations were used: for Arabi-
dopsis and tobacco, 0.5% (vol/ivol) or 1% (vol/vol) Celluclast 1.5 L (cellulase
from Trichoderema reseei ATCC 26921, 973 Endo-Glucanese Units/mL; Sigma,
St. Louis, MO; product number C2730, lot number 077K0737), respectively;
for wheat, a mixture containing 0.5% (vol/vol) Celluclast 1.5 L and 0.25%
(wt/vol) Macerozyme R-10 (pectinase and hemicellulase activity derived from
Rhizopus sp., Yakult Pharmaceutical Industry, Tokyo, Japan; lot number
202039). For acid pretreatments, plant material (100 mg fresh weight) was
incubated in 1.3% sulphuric acid (vol/vol) at 110 °C for 20 min, the hydroly-
sates were removed, and the residual plant material was rinsed twice with
distilled water before enzymatic saccharification.

Enzymatic saccharification efficiency was determined as percentage of
reducing sugars released on the total sugars measured in untreated plant
material or pretreated residual biomass.

Sugar Determination. To determine the amount of sugars released after
enzymatic saccharification, the incubation medium was collected, centri-
fuged at 11, 000 x g for 10 min, and total reducing sugars in the supernatant
were determined as described (27). The glucose and xylose content of enzy-
matic hydrolysates was determined by hifh-performance anion-exchange
chromatography with pulsed amperometric detection (lon Chromatography
System 1CS3000, Dionex, CA, USA) with CarboPac PA20 column 3 x 150 mm
(Dionex, CA, USA). Before injection of each sample, the column was washed
with 200 mM NaOH for 5 min, then equilibrated with 10 mM NaOH for
10 min. Samples were subjected to an isocratic elution with 10 mM NaOH
at a flow rate of 0.4 mL min=" for 20 min. Monosaccharides were detected
by using a pulsed gold amperometric detector set on waveform A, according
to the manufacturer’s instructions. Peaks were identified and quantified by
comparison to a standard mixture of glucose and xylose (Sigma, St. Louis,
MO, USA). The determination of total carbohydrates in untreated and pre-
treated plant material was performed according to the Laboratory Analytical
Procedure of the National Renewable Energy Laboratory (http://www.nrel
.gov/biomass/analytical_procedures.html). Plant material (100 mg) or pre-
treated residue derived from 100 mg of plant material were first hydrolysed
in 72% (vol/vol) sulphuric acid at 30°C for 1 h and then in 4% (vol/vol)
sulphuric acid at 120 °C for 1 h. Total sugars were estimated spectrophoto-
metrically by using the phenol-sulphuric acid assay (28). AlS was obtained
as previously described (13), with minor modifications; leaves were frozen
in liquid nitrogen and homogenized by using a Retschmill machine (model
MM301; Retsch) at 25 Hz for 1 min. Ground tissue was washed twice in 70%
ethanol, vortexed and pelleted by centrifugation at 10, 000 x g for 10 min.
The pellet was washed twice with chloroform:methanol (1:1, vol/vol), vor-
texed, and centrifuged at 10, 000 x g for 10 min. The pellet was washed twice
with 80% acetone and, after centrifugation at 10, 000 x g for 10 min, was
air-dried and weighed. ChASS fractions were obtained by homogenizing
AIS material (100 mg for Arabidopsis and 150 mg for wheat) in a buffer con-
taining 50 mM Tris-HCl and 50 mM trans-1,2-cyclohexanediaminetetraacetic
acid (CDTA), pH 7.2, at 80 °C. After centrifugation at 10, 000 x g for 10 min,
samples were dialysed and freeze-dried. To determine starch content in the
AIS, the dried pellet was washed twice with 20 mM potassium phosphate
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buffer, pH 6.9, at 70 °C for 1 h, resuspended in 20 mM potassium phosphate
buffer, pH 6.9, containing 7 mM Nacl, 0.01% (wt/vol) NaN, and porcine Type
VII-A a-amylase (100 units g~' AlS; SIGMA, St. Louis, MO; product number
A2643), and incubated 48 h at 30 °C. After inactivation of the enzyme at
70°C for 10 min, the suspension was cooled, centrifuged at 8,000 x g for
20 min, and total sugars in the supernatant were determined with the
phenol-sulphuric acid assay as described above. Sugar content in AIS and
untreated and pretreated material and ChASS analysis were performed on
tissues of the same plants used for saccharification experiments.

Immunodot Assays. ChASS fractions (1-3 mgmL~" from Arabidopsis and
wheat, respectively) were applied as 1-pL aliquots to a nitrocellulose
membrane (Amersham, UK) in a 3-fold dilution series and allowed to air
dry. Membranes were blocked with 3% membrane blocking reagent powder
(Amersham, UK) in phosphate-buffered saline (PBS; Bio-Rad) for 1 h prior to
incubation for 1.5 h with primary antibodies. Specific epitopes were detected
by using PAM1ScFv (17) and JIM5 (29) monoclonal antibodies. After extensive
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washes in PBS, membranes were incubated with anti-rat secondary antibody
conjugated to horseradish peroxidase (Amersham, UK) for JIM5, and with
anti-His conjugated to horseradish peroxidase (Sigma) for PAM1. Membranes
were washed as described above prior to detection with ECL detection
reagent (Amersham, UK).

Protein Analysis. Extraction of leaf total proteins and immunoblot analysis
were performed as previously described (11). PG activity and PMEI activity
in total protein extracts were determined by radial gel diffusion assay, as
previously described (11, 13).
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