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Abstract

Background: Plant lignocellulosic biomass can be a source of fermentable sugars for the production of second
generation biofuels and biochemicals. The recalcitrance of this plant material is one of the major obstacles in its con-
version into sugars. Biomass is primarily composed of secondary cell walls, which is made of cellulose, hemicelluloses
and lignin. Xylan, a hemicellulose, binds to the cellulose microfibril and is hypothesised to form an interface between
lignin and cellulose. Both softwood and hardwood xylan carry glucuronic acid side branches. As xylan branching may
be important for biomass recalcitrance and softwood is an abundant, non-food competing, source of biomass it is
important to investigate how conifer xylan is synthesised.

Results: Here, we show using Arabidopsis gux mutant biomass that removal of glucuronosyl substitutions of xylan
can allow 30% more glucose and over 700% more xylose to be released during saccharification. Ethanol yields
obtained through enzymatic saccharification and fermentation of gux biomass were double those obtained for non-
mutant material. Our analysis of additional xylan branching mutants demonstrates that absence of GIcA is unique

in conferring the reduced recalcitrance phenotype. As in hardwoods, conifer xylan is branched with GlcA. We use
transcriptomic analysis to identify conifer enzymes that might be responsible for addition of GlcA branches onto xylan
in industrially important softwood. Using a combination of in vitro and in vivo activity assays, we demonstrate that a
white spruce (Picea glauca) gene, PgGUX, encodes an active glucuronosyl transferase. Glucuronic acid introduced by
PgGUX reduces the sugar release of Arabidopsis gux mutant biomass to wild-type levels indicating that it can fulfil the
same biological function as native glucuronosylation.

Conclusion: Removal of glucuronic acid from xylan results in the largest increase in release of fermentable sugars
from Arabidopsis plants that grow to the wild-type size. Additionally, plant material used in this work did not undergo
any chemical pretreatment, and thus increased monosaccharide release from gux biomass can be achieved without
the use of environmentally hazardous chemical pretreatment procedures. Therefore, the identification of a gym-
nosperm enzyme, likely to be responsible for softwood xylan glucuronosylation, provides a mutagenesis target for
genetically improved forestry trees.
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Background

The growing population demands that plant biomass use
becomes as efficient as possible, especially in large-scale
applications: as a food and feed resource, and production
of lignocellulosic biofuels and renewable materials [1-3].
Increasing the yield of sugars from both hemicelluloses
and cellulose in the cell wall is important for the develop-
ment of economic biorefineries and for use of improved
plant biomass as an animal feed.

The intricate assembly and cross linking of lignin and
polysaccharides within the cell wall renders the polysac-
charides largely inaccessible to degradation [4]. Biomass
digestion can be achieved by the use of expensive acid
or alkali pretreatment, steam explosion or organic sol-
vents [5], but these are not yet widely commercially via-
ble processes. Consequently, there is considerable effort
to increase the yield of sugar from biomass by breeding
improved biomass crops, advancing pretreatment pro-
cesses and improving enzyme cocktails. Despite substan-
tial advances in all these areas, the lack of understanding
of the molecular basis of recalcitrance prevents a targeted
approach to improvement of saccharification. Cellulose is
naturally resistant to enzymatic attack, but in the cell wall
it is protected by hemicelluloses and lignin, which are
removed in pretreatment processes to allow enzymatic
saccharification of the cellulose [6]. Experiments using
genetically modified plants and studies of genetic diver-
sity have implicated lignin as one of the main cell wall
components that influence digestibility [7-9].

In this work, we focussed on xylan, the major hemi-
cellulose in secondary cell walls of eudicot angiosperms
such as poplar, and an important hemicellulose in coni-
fer cell walls, constituting up to 30 and 15% of dry mate-
rial, respectively [10]. It is built of a B (1, 4)-linked xylose
backbone that carries acetyl and [methyl]glucuronic
acid ([Me]GlcA) branches in hardwoods and arabinose
and MeGIcA substitutions in softwoods. In Arabidop-
sis thaliana, a model for hardwood secondary cell walls,
xylan acetylation is believed to be catalysed by several
acetyltransferases, of which TBL29/ESK is responsible
for transfer of over 50% of acetyl groups [11]. The addi-
tion of a-1-2 linked GlcA branches to xylosyl residues
is catalysed by GlucUronic acid substitution of Xylan
(QGUX) enzymes [12, 13]. The average degree of xylan
glucuronosylation is 1 in every 8 xylosyl residues in
angiosperms [14]. The frequency of [Me]GIcA in gymno-
sperms is higher, around 1 in every 6 xylose units [15].
GUX1/GUX2-deficient Arabidopsis thaliana plants
(gux1/2) were shown to have no [Me]GlcA decorations
on their secondary cell wall xylan [12]. GUX3 is respon-
sible for glucuronosylation of xylan in primary walls
[16]. GUX1, GUX2, and GUX4 enzymes show activity
in vitro [13]. GlcA branches are 4-O-methylated by the
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activity of GXM enzymes [17, 18]. In our previous work,
we demonstrated that extracted, deacetylated xylan from
gux1/2 plants can be completely digested by just two
enzymes: a Xylanase and a [-xylosidase [12]. This is due
to simplification of this xylan substrate as xylosidases
are inhibited by the presence of [Me]GlcA on wild-type
xylan; complete digestion requires the additional action
of a-glucuronidases [12, 19]. Commercial cocktails there-
fore contain xylan glucuronidases. Similarly, acetyla-
tion inhibits digestion of xylan, necessitating addition of
acetyl esterases to cocktails [20].

Several attempts to modify xylan branching in vivo
have had varying but limited success in improving cellu-
lose and xylan digestibility. Reducing acetylation of xylan
by about 50% caused strong dwarfing in the tbl29/esk
mutant, and did not improve saccharification [11]. On
the other hand, there was a small improvement in sac-
charification in the growth-suppressed esk/kak plants
[21]. Similarly, partial in muro deacetylation of xylan with
acetyl esterases in Arabidopsis showed modest increases
in cellulose digestion [22]. Manipulation of GlcA meth-
ylation, by reducing it from 70 to 30% in the gxml
mutant, has also been reported to show a small increase
in xylose release [17]. Attempts to remove [Me]GIcA in
muro using a glucuronidase did not substantially change
[Me]GlcA levels, or saccharification [23]. The gux1/2
mutants show a small improvement in extractability of
xylan with sodium hydroxide [12], but is not yet clear to
what extent removal of [Me]GIcA branches could affect
saccharification of cell walls.

We report here that both cellulose and xylan are much
more easily digestible by the commercial enzymatic cock-
tail Cellic® CTec2 in non-pretreated cell wall biomass of
gux1/2 plants than those of WT plants. Simultaneous
saccharification and fermentation experiments demon-
strated that sugars in the gux1/2 biomass can be more
efficiently converted to ethanol. To transfer this knowl-
edge to industrially relevant plants, we identify and char-
acterise a conifer GUX enzyme.

Results

Biomass lacking GlcA branches on xylan has reduced
recalcitrance

To investigate the effect of modifying xylan decorations
on recalcitrance, we performed saccharification experi-
ments of modified stem biomass from A. thaliana. We
studied plants with alterations in all the secondary cell
wall xylan decorations: reduced acetylation (tb/29/esk,
11), without methylation of GlcA (gxm1/2/3, [24]) and
without any [Me]GIcA sugar decorations (gux1/2, [12]).
The reduced acetylation mutant is severely dwarfed
[11], but the gxmi/2/3 and gux1/2 mutants grow with-
out yield penalty (Additional file 1: Figure S1, Additional
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file 2: Figure S2). First, we measured sugar release from
alcohol insoluble residues (AIR), a standard cell wall
preparation involving milling in ethanol. Experiments
used AIR without any further chemical pretreatment to
avoid reducing any differences in biomass recalcitrance
between plant genotypes. After enzymatic saccharifica-
tion of AIR with the Cellic® CTec2 enzyme cocktail, we
observed increased release of both glucose (Fig. 1a) and
xylose (Fig. 1b) from the gux1/2 biomass in compari-
son with wild-type (WT). Remarkably, over 700% more
xylose was released from gux1/2 AIR (Fig. 1b). On the
other hand, no statistically significant difference in sugar
release was observed from either tbi29 or gxml/2/3
plants in these saccharification conditions. Use of a feed-
stock without chemical pretreatment could reduce the
environmental impact of biofuel production. Therefore,
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we next evaluated if the saccharification phenotype is
also observed for wet-milled stems without any chemical
pretreatments. After saccharification of WT and gux1/2
milled stems, we observed double the release of glucose
from the mutant biomass (Fig. 1c). Similarly to AIR sac-
charification, xylose release from gux1/2 milled stems
was improved five-fold (Fig. 1d). Thus, the [Me]GlcA
decorations are critical for recalcitrance of biomass, and
have an exceptionally large impact on xylose release.

A possible explanation for the gux saccharification phe-
notype is an increased amount of xylan in the stems of
these plants. Some literature sources suggest an increase
in xylose measurement for gux1/2 by monosaccha-
ride analysis [23]. We were unable to observe the same
phenotype in our previous work [12]. However, this
potential increase cannot fully explain the several-fold
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Fig. 1 Biomass lacking xylan—-[Me]GIcA decorations has reduced recalcitrance and is a superior feedstock for bioethanol production. Average
p-glucose (a) and p-xylose (b) release following saccharification of WT, tb/29, gxm1/2/3 and gux1/2 AIR. p-glucose (c) and o-xylose release (d) from
WT and gux1/2 milled dried stems. Ethanol concentration after 96 h of simultaneous saccharification and fermentation of WT and gux1/2 biomass
(e). Ethanol yields were standardised for the readings from a fermentation reaction which did not include saccharification enzymes (Additional
file 7: Table S1). Error bars represent standard deviation of three matching WT and mutant biological replicates of biomass, *p value <0.05; **p
value <0.01; ***p value <0.001
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improvement in xylose yields observed in this work.
Another possible explanation for increased xylose release
from gux1/2 might be insufficiency of glucuronidase
activity in the enzyme mix used for saccharification. In
this case, glucuronosylated oligosaccharides might accu-
mulate in a reaction when WT feedstock is used, and
such oligosaccharides would not be measured when
xylose release is quantified. However, GH115 glucuroni-
dase [19] treatment of Cellic® CTec2 digested biomass,
followed by second saccharification step, did not increase
xylose release (Additional file 3: Figure S3). Therefore, the
major improvement in xylan digestion in gux1/2 biomass
is likely to reflect alterations to the molecular architec-
ture of the secondary cell walls.

To test if the improved monosaccharide yield can
enhance bioethanol production, we carried out simul-
taneous saccharification and fermentation (SSF) experi-
ments using wet-milled stems as a feedstock and
transgenic Escherichia coli capable of ethanol production
[25]. We used an E. coli strain that can utilise pentoses
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and produce ethanol. Thus, it is well suited to metabolise
xylan saccharification products. Fermentation of simulta-
neously saccharified gux1/2 biomass had double the yield
of ethanol compared to ethanol from WT biomass SSF
(Fig. 1e).

Gymnosperm genomes encode putative GUX enzymes

Xylan in hardwoods and softwoods contains patterned
[Me]GIcA branches [15]. Conservation of this decora-
tion suggests it plays an important function in all vascu-
lar plants [15]. Therefore, removing glucuronosylation
from commercially relevant plants such as trees, includ-
ing conifers that produce softwoods, could facilitate pro-
cessing of wood into materials and biofuels. To identify
possible conifer GUX glycosyltransferases, we exam-
ined sequences from the P glauca transcriptome and
found a read (PgGUX, clone: GQO03239_L13, GeneBank:
BT111578.1) encoding a protein with up to 73% similarity
to Arabidopsis GUX enzymes. Analysis of transcriptomic
data from the OneKP project [26-29] identified reads
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matrix analysis for the gymnosperm and angiosperm GUX enzymes. A similarity score is indicated for each pair. Red colour denotes highest similar-
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encoding putative GUX enzymes of other gymnosperm
species (Additional file 4: Table S2). A phylogenetic anal-
ysis of these newly identified gymnosperm putative GUX
proteins showed that they are in a separate clade (Fig. 2a)
and that they share a high degree of sequence similarity
(Fig. 2b). Analysis of Picea abies transcriptome heat-map
suggests that mRNA encoding a PgGUX homologue is
enriched in wood supporting its function in xylan bio-
synthesis (Additional file 5: Figure S4) [30].

PgGUX can decorate acetylated xylan in vitro

To detect any PgGUX xylan glucuronosyltransferase
activity, the enzyme was expressed as a myc-tagged
protein in the tobacco Nicotiana benthamiana (Addi-
tional file 6: Figure S5). As a control for any endogenous
tobacco glucuronosyltransferase activity, GTL6/MUCI10
(a Golgi-localised glucomannan galactosyltransferase,
[31, 32]) was similarly expressed. Intact polymeric xylan
from gux1/2 lacking any [Me]GlcA decorations was
used as an acceptor. Since this xylan is insoluble without
acetylation, microsomes extracted from tobacco express-
ing PgGUX or the control GTL6 were incubated with
acetylated gux1/2 xylan and the reaction products were
deacetylated and analysed by PACE using digestion with
a GHI11 xylanase. A GlcA-xylotetraose (UX,) product,
indicating xylan glucuronosyltransferase activity, was
observed for microsomes from PgGUX overexpressing
plants incubated with the xylan acceptor in the presence
of UDP-GIcA (Fig. 3).

PgGUX s an active conifer xylan glucuronosyltransferase

in vivo

Having established that PgGUX is active on acetylated
xylan in vitro, we tested whether we could use it to
introduce xylan decorations in vivo. The PgGUX coding
sequence was placed under the control of the second-
ary cell wall specific Arabidopsis IRX3 promoter. The
construct was transformed into Arabidopsis gux1/2/3
plants which lack [Me]GlIcA branches on both primary
and secondary cell wall xylan [16]. Use of these mutant
plants ensured that any [Me]GlcA detected in the trans-
genic plants would be generated by the PgGUX enzyme.
The degree of xylan glucuronosylation was evaluated by
analysis of xylanase GH11 digestion products by PACE
(Fig. 4a), as described [33]. In all three homozygous
transgenic gux1/2/3 lines expressing PgGUX, [Me]GlcA
decorations were reintroduced (Fig. 4a, b). Thus, the
cloned PgGUX enzyme is an active conifer glucuronosyl-
transferase in vivo.

To evaluate the recalcitrance of stem biomass from
plants expressing PgGUX, we performed saccharification
of AIR. In PgGUX lines, the monosaccharide release was
reduced to levels measured for WT (Fig. 4c), indicating
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Fig. 3 PgGUX has xylan glucuronosyltransferase activity in vitro. The
assay was performed with UDP-GIcA, acetylated xylan without [Me]
GlcA decorations, and microsomes from N. benthamiana express-
ing PgGUX or the control GTL6 protein. Products of the in vitro
glucuronosylation were digested with xylanase GH11 and analysed
by PACE. The enzyme generates xylose, xylobiose, plus the UX, oligo-
saccharide if any GIcA is present on the xylan [12]. Average degree of
glucuronisation was 10.9%. *Denote a background bands

that the reintroduced glucuronosylation of the xylan is
able to restore recalcitrance to the cell walls as effectively
as native decorations.

Discussion

Numerous studies have genetically modified plant cell
walls to decrease recalcitrance but the improved sacchar-
ification has been moderate, or offset by yield penalties
[34-36]. Arabidopsis without glucuronic acid decorations
on xylan (gux1/2) shows no yield penalty (Additional
file 2: Figure S2, [12, 16]). Here, we have demonstrated
an exceptional increase in sugar release during enzy-
matic saccharification specifically for this xylan branch-
ing mutant. Moreover, there is a substantially improved
SSF ethanol yield from chemically unpretreated gux1/2
biomass.

In our work, we evaluated the impact of all modifica-
tions of dicot secondary cell wall xylan branching on bio-
mass recalcitrance. No significant recalcitrance reduction
was observed in plants with decreased xylan acetylation
or methylation using our conditions, which is consistent
with the no to moderate phenotypes previously reported
with different saccharification conditions [11, 17].
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gux1/2/3 and two lines of PgGUX AIR. Error bars represent standard deviation of three biological replicates, *p value <0.05

We found that gux1/2 is unique among xylan decora-
tion mutants in yielding a strong improvement in sugar
release following enzymatic saccharification. The effect
is especially marked for xylan, where most of the xylan
becomes enzymatically digestible without any chemical
cell wall pretreatments. These observations strongly indi-
cate GUX genes as prime candidates for designing bio-
mass for biorefining. The molecular origins of biomass
recalcitrance are not fully understood, but are thought
to involve protection of the cellulose from enzyme attack
through sheathing in hemicellulose and embedding in
lignin [37-40]. The molecular dynamic simulations and
acetylation pattern of xylan of the gux1/2 mutant suggest

that xylan is able to interact with cellulose microfibrils
[41]. The unexpected sensitivity of recalcitrance to the
presence of [Me]GlcA on xylan could be due to other
factors, such as alteration of xylan linkages to lignin via
a proposed [Me]GIcA ester [42, 43]. Alternatively, lack
of [Me]GIcA on xylan may impact the relative position-
ing of cellulose microfibrils and lead to changes in lignin
deposition patterns [44] which may result in reduction of
biomass recalcitrance.

Softwood, an abundant biomass resource, has a sim-
ple pattern of [Me]GlcA decorations [15]. This suggests
a possible lower complexity of the xylan biosynthesis
machinery than in eudicots, which could be an advantage
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when engineering the conifer genome. We used a syn-
thetic biology approach to characterise the xylan glucu-
ronosyltransferase from P. glauca (PgGUX). PgGUX was
able to glucuronosylate xylan in vitro and in the gux1/2/3
mutant Arabidopsis thaliana. The efficiency of in vitro
GIcA transfer by the PgGUX (Fig. 3) was comparable
to degree of xylan glucuronisation in planta (Fig. 4b),
showing unprecedented yield for a plant polysaccharide
in vitro glycosylation reaction. Importantly, the [Me]
GlcA decorations introduced by the PgGUX enzyme
suppressed the improved saccharification phenotype
observed in gux1/2/3 plants, indicating that xylan glucu-
ronosylation by PgGUX is functional.

Identification of a gymnosperm GUX enzyme is a
major advance in the study of softwoods as a biomass
resource and can contribute to the development of trans-
genic conifers more suited for biofuel production and
biorefining. Not only the digestibility of cellulose can be
improved in GUX-deficient Arabidopsis, but also their
altered cell walls promote especially a more efficient uti-
lisation of hemicelluloses, which form up to one-third of
dry biomass. Additionally, many paper and pulp produc-
tion processes remove hemicelluloses from wood using
thermo-chemical treatment. It is likely that the efficiency
of more environmentally benign pulping processes,
such as enzymatic hemicellulose degradation, would
be improved in GUX-deficient plants. Being a relatively
simple alteration itself, GUX removal could be combined
with other biomass modifications, further improving the
quality of the lignocellulosic feedstock.

Conclusion

As the improvements in saccharification and fermenta-
tion are especially prominent in gux1/2 biomass without
chemical treatment, our findings will promote innovation
in more environmentally and economically sustainable
processes of biomass use. Moreover, efficient saccharifi-
cation without chemical pretreatment opens the possi-
bility of using sugars from recalcitrant biomass such as
wood as a feedstock for in vitro protein production, since
toxic inhibitors are avoided with this pretreatment. As
digestibility is improved in GUX-deficient plants, it may
become possible to broaden the biomass that can con-
tribute to animal feed, for example by using wood. With
the growing population and pressure on land utilisation,
such alternative uses of otherwise non-digestible biomass
will become more significant. It is important to appreci-
ate that different factors may determine recalcitrance of
hardwoods and softwoods. Thus, softwood derived from
conifers without functional copies of PgGUX homologues
will need to be evaluated. Nonetheless, the discovery of
[Me]GlcA importance for A. thaliana biomass recal-
citrance together with identification of the softwood
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glucuronosyltransferase should provide a strong incen-
tive for industrial and governmental organisations to
invest in work aiming at engineering conifer genomes.

Methods

Plant material used and AIR preparation

Arabidopsis thaliana plants of the Columbia-0 ecotype
were grown in a cabinet maintained at 21 °C, with a
16-h light, 8-h dark photoperiod. Mutant insertion lines
described in [12] (gux1/2) and [16] (gux1/2/3) were used
for saccharification and transformation experiments,
respectively. Alcohol insoluble residue (AIR) was prepared
from 5-cm-long sections of mature A. thaliana stem. All
AIR preparation was carried out as described in [12].

A. thaliana biomass saccharification using Cellic® CTec2
Novozymes Cellic® CTec2 (also available from Sigma-
Aldrich/Merck) was used for all saccharification and
fermentation experiments. Enzyme stock (35 pL) was
diluted to a total volume of 2.5 mL with 0.1M ammonium
acetate pH = 5.0 (AmAc) buffer. The enzyme sample was
cleared from residual sugars using PD-10 desalting col-
umn (GE Healthcare) and eluted using 3.5 mL AmAc
buffer, generating 1:00 (v/v) Cellic® CTec2 solution. AIR
aliquots (1 mg) were homogenised in 1 mL of AmAc
buffer. Homogenised AIR was amended with 25 puL 1:100
Cellic® CTec2 working solution.

For saccharification of dried stems 20 pL of 1:10 (v:v)
Cellic® CTec2 solution was used. The enzyme solution
was added to 1 mg stem material/ml 0.1 M AmAc buffer.
Stem suspension was generated by ball milling 8 mg of
the biomass in 8 mL buffer for three periods of 10 min at
25 Hz, with 10-min intervals between each ball milling.

For both AIR and dried stems, saccharification was
carried out for 24 h at 45 °C with 1400 rpm applied
for 30 s every 4 min. The reaction was terminated by
heat-treating the suspension at 100 °C for 10 min.
D-Glucose and D-Xylose release from the biomass was
quantified using commercial kits (Megazyme, catalogue
codes: K-XYLOSE and K-GLUHK-220A). Sugar concen-
tration for each experiment was standardised with read-
ings obtained from biomass and enzyme only controls.

Glucuronidase supplementation was performed by
incubating the products of Cellic® CTec2 saccharifica-
tion with 10 puL of 1 mg/mL Bacteroides ovatus GH115d
(Bo_03449).

Simultaneous saccharification and fermentation (SSF)
experiments

50 mg dried stems of WT and gux1/2 plants were used
for each fermentation reaction. Stems were ball milled in
7 mL LB medium for 4 periods of 5 min at 20 Hz, with
5-min intervals between each ball milling cycle. The
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material was removed from ball milling vessel. To fully
recover the biomass, the vessel was washed with further
2.5 mL LB. The stem suspension was sterilised by heat
treatment at 85 °C for 10 min followed by cooling on ice.
Each fermentation reaction was amended with 250 pL
1:10 Cellic® CTec2 solution, prepared as described in
saccharification section, and 250 puL of TOP10 E. coli
inoculum bearing the BBa_K1122676 BioBrick (ODg, of
the inoculum was within 0.55-0.6 range). BBa_K1122676
encodes a Pyruvate decarboxylase and Alcohol dehydro-
genase from Zymonomas mobilis which allow ethanol
production in E. coli [25]. Biomass only reactions were
supplemented with 250 puL of AmAc buffer and the bacte-
rial inoculum. The plasmid was maintained by provision
of 25 pg/mL Chloramphenicol (Duchefa Biochemie). The
simultaneous saccharification and fermentation reactions
were carried out for 96 h. at 37 °C and 200 rpm. Fermen-
tation vessel was kept air-tight throughout the experi-
ment. Ethanol levels were analysed using a commercial
kit (Megazyme, catalogue code: K-ETOH).

Molecular phylogeny analysis of GUX amino acid
sequences

The coding sequences of A. thaliana GUX 1, 2 and 3 were
used to identify putative GUX encoding transcripts from
Populus trichocarpa using data available via the NCBI
BLAST service. The same Arabidopsis CDSs were used
as a query to identify transcripts encoding putative GUX
enzymes from Coniferophyta and Gnetophyta transcrip-
tomic data available via 1000 Plant Genome BLAST ser-
vice [26]. PgGUX transcript and amino acid sequences
were retrieved from GeneBank. All amino acid sequences
were reconstructed from transcripts with ExPASy trans-
late tool and aligned using Multiple Sequence Com-
parison by Log-Expectation (MUSCLE) algorithm. A
maximum likelihood phylogenetic tree was constructed
using MEGA 6 software [45].

Molecular cloning and generation of transgenic A. thaliana
lines

The gene encoding the P glauca enzyme with a 3xMyc
C-terminal tag was synthesised by GeneScript. Gateway
cloning was used to insert the gene into the p3KC binary
vector [46]. Protein expression was driven by a 1.7 kbp
promoter sequence of A. thaliana IRX3 gene. A. thaliana
gux1/2/3 plants were transformed using the floral dip
method [47]. Kanamycin resistant plants were screened
for the construct using PCR (Forward primer: 5'-ACTCC
CAGTTGGATCCTGTG-3’, Reverse primer: 5-TCCAT
AAGCTGGAAGGT-3’). Three independent gux1/2/3
lines homozygous for the pIRX3:PgGUX-Myc:NosT con-
struct were derived and analysed in this study.
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Expression of PgGUX in Nicothiana benthamiana
PgGUX-3xMyc was amplified from the synthetic construct
using Q5 DNA Polymerase (NEB, Forward primer: 5-AT
GAGGCCCTCTTCAGGAGTTC-3/, Reverse primer: 5'-
TCAAAGCAAATCCTCTTCTGAGATCAGT-3’). PCR
product was ligated into Nrul (NEB) digested pEAQ-
HT N. benthamiana overexpression vector [48] using T4
DNA ligase (Thermo-Fisher Scientific). The construct
was transformed into competent AGL-1 Agrobacterium
tumefaciens and infiltrated into N. benthamiana leaves
according to a published protocol [49]. Leaves were har-
vested 3 days following the infiltration and the mem-
branes fraction enriched for PgGUX was collected as
described in [13]. Same protocol was followed for GTL6-
3xMyc overexpression.

Western blot analysis of PgGUX and GTL6 enriched
membranes fraction

Protein concentration in the membranes fraction was
quantified using modified Bradford reagent (Expe-
deon). Each well of SDS-PAGE (10-15% gradient, Bio-
Rad) was loaded with 2.5 or 5 pg of PgGUX or GTL6
enriched N. benthamiana leaf membrane protein. Fol-
lowing the run, the gel was transferred onto nitrocellu-
lose membrane using iBlot system (Life Technologies).
The membrane was blocked o/n in 5% milk in TBS
solution. The following day it was probed with 1:2000
anti-Myc primary antibody (rabbit polyclonal, Santa-
Cruz, Al4) and with 1:10,000 mouse anti-rabbit HRP
linked secondary antibody (Bio-Rad, 170-6515). Amer-
sham ECL prime HRP substrate (GE-Lifesciences)
was used to obtain signal from membrane bound
antibodies.

Glucuronosyltransferase activity assay

Acetylated heteroxylan lacking GlcA decorations was
extracted from guxlgux2 A. thaliana as previously
described [41]. Buffer exchange PD-10 columns (GE
Lifesciences) were used to remove xylan from DMSO and
elute it in water. Xylan aliquots were dried and used as
an acceptor for in vitro GlcA transfer reaction. Each reac-
tion mix was prepared as described in [16] with omis-
sion of UDP-Xylose. UDP-GIcA (5 mM) was replaced
with water in certain reactions to control for non-specific
glucuronosylation. Reaction was terminated with heat
treatment (100 °C, 10 min) and the polysaccharides were
extracted using methanol and chloroform as previously
described [16]. Extracted polysaccharides were pelleted
with 70% ethanol, washed in 100% ethanol and dried.
Dry pellet was deacetylated with 4 M NaOH and digested
with Neocallimastix patriciarum GHI11 as previously
described [12].



Lyczakowski et al. Biotechnol Biofuels (2017) 10:224

Polysaccharide analysis by carbohydrate gel
electrophoresis (PACE) of xylanase GH11 digestion
products

AIR material (0.5 mg) was digested with N. patriciarum
GHI11 enzyme overnight as described in [12]. Released
oligosaccharides were dried and derivatised with 8-ami-
nonapthalene-1,3,6-trisulphonic acid (ANTS; Invitrogen).
ANTS derivitasation, PACE running and visualisation
were performed as previously described [50, 51].

Statistical analysis and sampling

For the analysis of sugar release, fermentation efficiency
and degree of GIcA substitution all plants were grown in
three biological replicates. Each biological replicate con-
sisted of a pooled sample of 36 plants. For each biological
replicate, 3 technical replicates were analysed. Average
sugar release/ethanol for each biological replicate was
used for the statistical analysis with Student’s T test. The
variance between each WT and mutant pair was esti-
mated to be similar with Levene’s test.

Additional files

Additional file 1: Figure S1. Analysis of gxm 1/2/3 plants lacking meth-
ylation of GIcA. The triple mutant plants grow to the same height (A). The
xylan (B) and GIcA (C) content of gxm1/2/3 plants is not different when
compared to WT. Growth images and xylan quantitation are representable
for 3 biological replicates.

Additional file 2: Figure S2. Analysis of gux1/2 plant growth and
biomass production. Plant growth is not affected by removal of GIcA
branches from xylan. The graphs represent average height of 7 week old
plants (A, n = 36 for WT and 34 for gux1/2), average total plant mass (B,

n = 36 for WT and 34 for gux1/2) and average mass of 5 cm basal stem
sections (C, n = 36 for WT and 33 for gux1/2). Error bars represent standard
deviation. There is no statistically significant difference between the values
measured for the WT and the mutant plant (Student'’s t test).

Additional file 3: Figure S3. Sugar release from WT and gux1/2 biomass
for saccharification reactions supplemented with glucuronidase GH115.
Reaction scheme for GH115 supplementation (A) and D-Xylose release
from Col0 (WT) and gux1/2/3 biomass following supplementation (+) or
not (-) with GH115 (B). Sterilisation steps were carried out between dif-
ferent stages of the experiment to avoid microbial growth in the reaction
tubes. Reactions were performed in triplicate, and xylose measured after
stage 1 or stage 3.

Additional file 4: Table S2. Gene Bank and OneKP transcript catalogue
numbers. Those transcripts encode conifer GUX enzymes used to con-
struct the maximum likelihood phylogeny presented in Fig. 2a.

Additional file 5: Figure S4. Expression heat-map for the putative
conifer GUX. EXIMAGE feature of the Congenie datanase [30] was used

to visualise the expression of Picea abies gene MA_84103g0010 which
encodes a homologue of PgGUX. Reads encoding the enzyme are clearly
enriched in both late and early wood.

Additional file 6: Figure S5. Western Blot analysis of N. benthamiana
membrane fraction extracted from leaves enriched for GTL6 and PgGUX.
PageRuler™ Prestained Protein Ladder, 10 to 180 kDa (Thermo-Fisher
Scientific) was used as a molecular size marker.

Additional file 7: Table S1. Average ethanol production during Simulta-
neous saccharification and Fermentation experiments. This data was used
to generate Fig. Te.
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