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a b s t r a c t
A novel bacterial isolate with polysaccharides degrading activity was identiﬁed as Paenibacillus sp., and
named Paenibacillus sp. A59. Even though it is a strict mesophile, optimal xylanase activity of the crude
enzymatic extract was achieved between 50 ◦ C and 70 ◦ C and more than 60% of the activity was retained
after incubation for 48 h at 50 ◦ C, indicating thermotolerance of the enzymes involved. The extract was
also active on pre-treated sugarcane residue (SCR) and wheat straw, releasing xylobiose and xylose as
the main products, therefore conﬁrming its predominantly xylanolytic activity. By zymograms and mass
spectrometry of crude enzymatic extracts of xylan or SCR cultures, a 32 kDa GH10 beta- 1,4- endoxylanase
with xylanase and no CMCase activity was identiﬁed. We named this enzyme XynA and it was the only
xylanase identiﬁed under both conditions assayed, suggesting that it is a good candidate for recombinant
expression and evaluation in hemicelluloses deconstruction applications. Also, a protein with two S-layer
homology domains (SLH) and a large uncharacterized C-terminal domain as well as an ABC substrate
binding protein were identiﬁed in crude extracts of SCR cultures. We propose that Paenibacillus sp. A59
uses a system similar to anaerobic and other Gram positive bacteria, with SLH-domain proteins anchoring
polysaccharide-degrading enzymes close to the membrane and the substrate binding protein assisting
translocation of simple sugars to the cell interior.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction
Lignocellulosic biomass is the most abundant renewable
resource in nature. It has three major organic constituents:
the polysaccharides cellulose and hemicellulose and a nonfermentable polyphenolic fraction, lignin (Chen 2014). Depending
on the biomass source, it may also contain different amounts of
pectin, nitrogenous compounds and ash. The complex arrangement
of these molecules in plant cell walls requires the synergic action of
multiple enzymes for efﬁcient biochemical conversion of polymers
into monomeric sugars, the bottleneck for current bioconversion
technologies (Himmel et al., 2007; Van Dyk and Pletschke 2012).
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The most abundant polysaccharide component, cellulose, is
a linear homopolymer of d-glucopyranose units linked by ␤-1,4
bonds which are deconstructed mainly by the action of endo
1,4 ␤-d-glucanases (EC 3.2.1.4), exoglucanases or cellobiohydrolases (EC 3.2.1.91) and ␤-glucosidases (EC 3.2.1.21) (Sweeney
and Xu 2012). Xylan, the main hemicellulose in plants, is a
branched, heterogeneous polymer with a backbone of ␤-1,4linked d-xylopyranose units and different side chain residues such
as acetyl groups, arabinose, glucuronic acids, and some other
residues (Shallom and Shoham 2003). Because of its branched
nature, it is more easily attacked than cellulose, although due to
its heterogenity, its complete deconstruction requires the action
of multiple enzymes. Endo 1,4-␤-xylanases (EC 3.2.1.8) and ␤xylosidases (EC 3.2.1.37) are the main enzymatic activities required,
although ␣-l-arabinofuranosidases (EC 3.2.1.55), ␣-glucuronidases
(EC 3.2.1.139), acetyl xylan esterases (EC 3.1.1.72), and ferulic/coumaric acid esterases (EC 3.1.1.73) have also been shown
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to be important to efﬁciently depolymerize xylan (Dodd and Cann
2009).
Microbial cellulases and hemicellulases have potential applications in various industries which use lignocellulose as raw material,
such as biobleaching of pulp paper, ﬁbers and textiles, enhancement of feed digestibility and production of biofuels and chemicals.
Other lignocellulose-based products derived from microbial enzymatic hydrolysis are organic acids (citric, lactic, succinic) and
polysaccharides (chitosan, xhantan, bacterial cellulose) (Zamani
2015). For the biobleaching industry, enzymes with xylanase activity and no cellulase activity are necessary. Aerobic bacterial and
fungal cellulosic degraders utilize cellulose and hemicellulose
mainly through the production of extracellular enzymes that can
be recovered from culture supernatants. In particular, the diversity
of bacterial enzymes, some of which are tolerant of extreme pH
and temperature, can provide increased functions and synergy for
lignocellulose bioconversion (Maki et al., 2009).
Paenibacillus sp., reassigned from group 3 of Bacillus genus (Ash
et al., 1993), has been studied for its ability to hydrolyze a variety
of carbohydrates and the potential to produce many extracellular
enzymes for industrial applications (Asha et al., 2012). Members
of this genus have been described as facultative anaerobic, rod
shaped, endospore-forming bacteria, primarily isolated from soil
and lignocellulosic sources such as decomposing plant materials
and humus-enriched soils (Priest, 2009).
In this study we isolated and characterized a cellulolytic,
xylanolytic Paenibacillus sp. strain. Our main objectives were to
evaluate its potential as a source of enzymes for degradation
of lignocellulosic biomass, identify key enzymes responsible of
hydrolytic activity and contribute to understanding its polysaccharide degrading system.
2. Materials and methods
2.1. Culture media
Isolates were grown on modiﬁed minimal medium (MM)
(Hankin and Anagnostakis, 1977; Ghio et al., 2012), 0.1% yeast
extract (YE) (Bacto), supplemented with 1% carboxymethyl cellulose (CMC) (low viscosity, SIGMA) or 0.5% beechwood xylan (XY)
(SIGMA), as indicated. Agar plates of MM-0.1%YE-0.01% Trypan Blue
(SIGMA), 1.5% agar (Bacto) with 1% CMC or 0.5% XY were used for
testing cellulolytic or xylanolytic activity, respectively. Congo Red
staining was performed as previously reported (Teather and Wood
1982). Selected bacterial isolates were cryopreserved at −80 ◦ C
with 20% glycerol. Other cellulosic substrates used were: Whatmann N◦ 1 ﬁlter paper strips (1 × 5 cm) (FP), Avicel (AV) (Fluka),
sugarcane agricultural residue (SCR) ground to 5 mm particles, SCR
pre-treated by steam explosion (197.5 ◦ C, 4.02 min) (SCRse), and
wheat straw pre-treated by extrusion (WSe). For anaerobic assays,
a rumen ﬂuid medium (RFM) (Dehority 1969) was used, supplemented with cellulosic substrates as indicated.
2.2. Microscopy
Morphology and Gram reactivity of the isolated bacteria were
observed using an Olympus optical microscope. Spore formation,
cell size analysis and bacterial growth on cellulosic substrates
were visualized in a scanning electron microscope (SEM) model
FEI Quanta-250 (FEI Co., Netherlands), at the Microscopy Laboratory, CICVyA- INTA. Bacterial cultures grown in Luria Bertani (LB)
for 48 h or MM with XY, SCRse or WSe for 72 h were harvested
by centrifugation (1000 × g), ﬁxed with 2.5% glutaraldehyde for
24 h at 4 ◦ C, washed three-times with sodium phosphate buffer
0.1 mol l−1 (pH 7) and stained with osmium tetroxide for 1 h. Then,
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three washes with water and several steps of dehydration were
performed using graded series of ethanol solutions (30–80%). The
samples were sputter-coated with gold.
2.3. Physiological and biochemical characterization
Oxygen requirement was determined by growth in closed
tubes gassed with carbon dioxide (Grubb and Dehority 1976).
Temperature, pH and saline resistance were determined by
growth in MM-0.1%YE-0.2%glucose. Biochemical tests were performed by classical methods (Mac Faddin 2003). Starch agar
(0.2% soluble starch) and milk agar (2% skim milk) were used
for testing amylase and caseinase activity (Logan and De Vos,
2009). MM agar plates supplemented with 1% pectin from citrus
peel (SIGMA), 0.001% 4-methylumbelliferyl-␤-d-glucuronide (4MUG) (SIGMA), 2% colloidal chitin (SIGMA) (Hsu and Lockwood
1975) and 2 mmol ml−1 2,2-azino-bis(3-ethylbenzothiazoline-6sulphonic acid) (ABTS) (SIGMA) with 0.2 mmol l−1 copper sulphate
were used for testing pectinase, ␤-glucosidase (cellobiosidase),
chitinase and lacasse activities, respectively.
2.4. 16S rRNA gene sequencing and phylogenetic analysis
Total genomic DNA from isolated bacteria was extracted using
the Wizard Genomic DNA Extraction kit (Promega). The full
length sequence of the 16S rRNA gene was ampliﬁed using
27f (AGAGTTTGATCMTGGCTCAG) and 1492r (GGTTACCTTGTTACGACTT) universal primers (Lane 1991), with GoTaq (Promega)
[95 ◦ C, 4 min, 30 cycles of (30 s, 95 ◦ C; 30 s 56 ◦ C; 2 min, 72 ◦ C),
10 min, 72 ◦ C]. Ampliﬁcation products were puriﬁed and cloned in
pGEM-T Easy (Promega). Six clones were fully sequenced with an
ABI 3130xl Capillary DNA sequencer (Applied Biosystems, USA) at
the Genomics Unit-INTA. Sequences were analyzed with BioEdit
software (v 7.2.5) and compared to GenBank Database (http://
www.ncbi.nlm.nih.gov/) and Ribosomal Database Project (http://
rdp.cme.msu.edu/). Sequence of Paenibacillus sp. A59 16S rRNA
gene was deposited in GenBank under the accession number
KT461879. GyrB gene sequence was retrieved from the full genome
sequence of Paenibacillus sp. A59 (Ghio et al., 2015). Phylogenetic
analysis of the 16S rRNA and gyrB gene were carried out in MEGA
(v 6) (Tamura et al., 2013) and Maximum Likelihood and Neighborjoining trees were constructed.
2.5. Enzymatic activity determinations
Bacterial cell-free culture supernatants were obtained by centrifugation of cultures grown on different cellulosic substrates at
10000 × g, 4 ◦ C for 20 min. When insoluble substrates were used,
cultures were ﬁrst clariﬁed by ﬁltering through 1.2 m glass-ﬁber
discs (Schleicher & Schuell). The intracellular fraction was obtained
by re-suspension of the cell pellet in sodium phosphate buffer pH
6.5, followed by sonication (6 pulses of 10 s, 75 W), and cell debris
was removed by centrifugation. Sodium azide (0.4%) was added
to all extracts to inhibit bacterial growth. Total protein content
was measured by Bradford using Bio-Rad dye reagent and a bovine
serum albumin (BSA) standard curve for quantiﬁcation.
Xylanase and endoglucanase activities were determined in
microtube assays by combining 0.1 ml of cell-free culture supernatant and 0.1 ml of XY (1%) or CMC (2%) respectively in
phosphate-citrate buffer (pH 6) and incubating for 1 h at 50 ◦ C.
Reducing sugars released were measured by dinitrosalicylic acid
(DNS) (Miller, 1959) using glucose or xylose standard curves. For
all enzymatic assays, one international unit (IU) was deﬁned as
the amount of enzyme that released 1 mol of product per minute
under the assay conditions. Speciﬁc activity was calculated per mg
of total protein (mIU mg−1 ).
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The effect of pH on xylanase activity was studied using sodium
phosphate-citrate (3.3–8) and glycine-NaOH (8.7–12) buffers at
50 ◦ C and the effect of temperature was evaluated by incubation at
pH 6, between 30 ◦ C and 80 ◦ C. Thermal stability of the enzymatic
extract was determined by incubation at 50 ◦ C for 48 h and testing
residual enzymatic activity in samples taken at regular time points.
Percentage of residual activity was calculated considering the highest value as 100%. Beta-glucosidase and ␤-xylosidase activities
were determined using 4-nitrophenyl ␤-d-glucopyranoside or 4nitrophenyl ␤-d-xylopyranoside (SIGMA), respectively. Reactions
were performed by combining 0.1 ml of intracellular or cell-free
supernatant fraction and 0.1 ml of each substrate in 5 mmol l−1
acetate buffer, pH 6, and incubation at 50 ◦ C for 20 min. Reactions
were stopped with 500 l of 2% sodium carbonate and absorbance
was determined at 410 nm. A p-nitrophenol (pNP) curve was used
as a standard.
2.6. Identiﬁcation of sugars released from xylan and
lignocellulosic biomass
HPLC analysis of hydrolysis products was carried out on an Agilent 1100 series HPLC with RI detector and an Aminex HPX-87P
analytical column (BioRad), at 80 ◦ C. The isocratic mobile phase
consisted of water at a ﬂow rate of 1 ml min−1 . Concentration of
sugars (mg ml−1 ) was calculated using standard curves of pure
compounds (SIGMA). To determine sugars released from xylan,
hydrolysis was carried out at pH6 in sodium phosphate-citrate
buffer for 1 h, with 1% beechwood xylan as substrate. The enzymatic
extract was a cell-free supernatant from a 72 h MM-XY culture, supplemented when indicated with recombinant GH43 ␤-xylosidase
(1.8 mIU) (Campos et al., 2014). The xylan conversion rate was
calculated as the ratio of mg of xylose released and initial mg of
anhydrous xylose (xylose in xylan).
To evaluate bioconversion of lignocellulosic biomass, 2% (w/v)
steam-exploded SCR (SCRse) or extruded wheat straw (WSe) in
phosphate-citrate (pH6) buffer were used as substrates in 24 h
or 72 h hydrolysis reactions. Enzymatic extract corresponded to
a combined mixture (1:1) of supernatants from 72 h MM-XY and
MM-CMC bacterial cultures. Substrates, buffers and enzymatic
extracts by themselves were used as control.
2.7. Statistical analysis
Signiﬁcant differences of enzymatic activity assays were determined by analysis of variance (ANOVA) followed by Tukey’s test
(p < 0.05) using InfoStat Software (Di Rienzo et al., 2011).
2.8. Two-dimensional gel electrophoresis, zymography and mass
spectrometry
For two-dimensional electrophoresis, a 100 ml culture grown
in MM-0.1%YE-0.5%SCR for 72 h was ﬁrst clariﬁed through a glass
ﬁber ﬁlter (1.2 m), then centrifuged twice at 10000 × g, 20 min at
4 ◦ C and the supernatant was ﬁltered through a 0.2 m polyethersulfone (PES) ﬁlter unit (Thermo Scientiﬁc) to obtain a cell-free
extract. Proteins were precipitated by a TCA modiﬁed method
(Ben Guerrero et al., 2015). A second protein precipitation step
and removal of interfering substances was done using 2D cleanup kit (GE Healthcare). Proteins were resuspended as indicated
by manufacturer and separated by isoelectric focusing (IEF) on an
immobilized pH gradient (IPG) strip (7 cm, pH 4–7; Inmobiline dry
strip, GE Healthcare), in an Ettan IPGphor 3 System (GE Healthcare). For the second dimension, the strip was equilibrated in buffer
containing: 50 mmol l−1 Tris–HCl (pH 8.8), 6 mol l−1 urea, 30% glycerol, 2% SDS, and 1% DTT; loaded onto SDS-PAGE 10% and run at
80 V for 5 h. Spots were cut from the gel and analyzed by pep-

tide mass ﬁngerprinting (MALDI TOF/TOF mass spectrometry) at
the Analytical Biochemistry and Proteomic Unit Service, Pasteur
Institute, Uruguay (http://www.pasteur.edu.uy).
For zymography, SDS-PAGE 10–0.2% XY was used (Romano et al.,
2013). Parallel SDS-PAGE was run and single bands were cut and
analyzed at LANAIS-PROEM, University of Buenos Aires (http://
iquiﬁb.org/lanais), in a mass spectrometer MALDI TOF/TOF plus
(ABI) and, for those peptides with higher signal, MS/MS spectra
was obtained. The identity of each peptide was inferred using the
MASCOT server (www.matrixscience.com) and against the recently
obtained draft genomic sequence of Paenibacillus sp. A59 (Ghio
et al., 2015).

3. Results
3.1. Isolation, identiﬁcation and phenotypic characterization of a
(hemi) cellulolytic bacterial strain
A cellulolytic, xylanolytic isolate, which we named A59, was
obtained from a previously characterized bacterial consortium
(Ghio et al., 2012) and was determined to be the organism responsible for the cellulose and xylan degrading activity of the consortium.
By 16S rRNA gene sequence analysis, it was identiﬁed as a member of the Paenibacillus genus, with 99% identity to Paenibacillus
taichungensis BCRC 17757, Paenibacillus tundrae A10b, Paenibacillus
pabuli (strains HSCC 492 and JCM 9074) and Paenibacillus xylanilyticus XYL14, with a sequence coverage of over 98%. The high
level of sequence similarity observed does not exclude a possible relationship at the species level with any one of these taxa.
Phylogenetic analysis based on 16S rRNA gene, by both Neighborjoining (Fig. 1) and Maximum Likelihood methods (not shown),
showed that strain A59 formed a cluster with P. taichungensis BCRC
17757 (gi|343199050|) and P. pabuli HSCC 492 (gi|343200166|) supported by a bootstrap value of 0.93, not being able to determine
whether it was a new species or a new strain belonging to either of
them. Due to the difﬁculty to distinguish between closely related
species by 16S rRNA gene analysis in Bacillus species, the gyrB gene
(coding for the ␤ subunit of DNA gyrase) is an alternative phylogenetic marker (Wang et al., 2007). Paenibacillus sp. A59 gyrB gene
sequence showed a low similarity with the most closely related
species (83–93%). Also, the phylogenetic analysis based on this gene
placed strain A59 on a separate branch with 0.99 bootstrap support
(Fig. 1), suggesting it is a novel species of Paenibacillus genus.
Physiological and biochemical assays supported the classiﬁcation reported above. Paenibacillus sp. A59 formed circular, convex
and moderate size white colonies in LB agar plates and cells were
Gram positive rod-shaped. Terminal or sub-terminal endospores
and swollen sporangia were observed by SEM and the average
cell size was determined in 2.2 m length by 0.65 m width (not
shown). Optimal culture conditions were at moderate temperatures, 30 ◦ C in aerobiosis, although growth was also observed in
anaerobiosis at 48 h (facultative anaerobe). Even though it was isolated from a pH 7 soil sample, it showed high tolerance to a wide
range of pH and high salinity, being able to grow in culture from
pH 5 to 10 and up to 7% NaCl (Table 1). It was able to degrade a
variety of carbohydrates, such as starch, pectin, glucuronides (4MUG) and chitin as well as proteins such as casein (Fig. S1), while
no hydrolysis of gelatin and urea as well as no oxidation of ABTS
was observed.
It showed good growth on carboxymethyl cellulose (CMC) and
xylan (XY), reaching 7 × 1011 and 3 × 1011 CFU ml−1 , respectively.
As expected, lower growth occurred when grown on crystalline cellulose, such as Avicel, or ﬁlter paper (7 × 108 and 2 × 108 CFU ml−1
respectively). It was also able to grow on pretreated sugar cane
residue (SCRse) or wheat straw (WSe). Under anaerobic conditions
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Fig. 1. Phylogenetic relationship of Paenibacillus sp. A59 with other species of the genus based on 16S rRNA (Neighbor-Joining) (a) and gyrB gene sequences (maximun
likelihood) (b), using Bacillus thuringiensis as outgroup (MEGA 6.0). The percentage of replicate trees (higher than 0.5) in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is shown next to the branches. Scale bars represent nucleotide substitution per site.

it grew on FP and XY as sole carbon sources, demonstrating its
versatility to use (hemi) cellulosic substrates in aerobiosis or anaerobiosis. Active division was observed in cultures of either LB or
MM with XY, SCRse or WSe and in some cases, polyhedral features
on the cell surface were observed, which correlate with previously
reported architecture of endospores coat (Comas-Riu and VivesRego 2002; Chada et al., 2003). Cells remained bound to xylan and
lignocellulosic substrates, even after several wash steps (Fig. 2).

3.1. Enzymatic activity of crude extracts
The use of crude enzymatic extracts is important when low cost
technologies are needed, such as biological pre-treatment and sacchariﬁcation of biomass for biofuels, biobleaching of paper, pulp
and fruit juice extraction, among others (Bhat, 2000). In order to
achieve maximal cellulolytic and xylanolytic activity in a crude
supernatant extract, bacteria were grown either in MM or LB with
CMC, XY or SCR as substrates supplemented with yeast extract as
nitrogen source. SCR has a heterogeneous composition: 32.6% cel-

lulose, 23.9% hemicellulose, 20% total lignin, 1.6% acetyl groups,
7.7% ashes and 15.9% extractives (Ballesteros, personal communication) and is therefore a good model for complex lignocellulosic
biomass substrates. Endoglucanase and xylanase activities were
tested in cell free culture supernatants, which indicate secreted
enzymes (hereon referred to as enzymatic extract). The highest xylanase activity was achieved when bacteria were grown in
MM-XY (3.66 IU ml−1 ), while the highest endoglucanase activity
was obtained in MM-CMC (0.46 IU ml−1 ) (Fig. 3). Also, enzymatic
extracts from MM-SCR cultures resulted in 2.51 IU ml−1 xylanase
activity, indicating this low cost substrate can be used to induce
xylanolytic activity. In all cases, maximum endoglucanase and
xylanase enzymatic activities were reached at 72 h of culture, which
corresponded to late log phase of growth. Even though a higher cell
count and protein content was obtained when grown on LB rather
than MM, enzymatic activity was lower and similar to that obtained
in LB cultures without cellulosic substrates (data not shown). It is
remarkable that even though cell density was similar in cultures
grown on MM-CMC or MM-XY (CMC culture: 7 × 1011 CFU ml−1 ;
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Fig. 2. Scanning electron micrographs of Paenibacillus sp. A59 grown on: (a) LB (48 h, 30 ◦ C), (b) MM-0.5% beechwood xylan (72 h, 30 ◦ C), (c) MM-0.5% pre-treated sugarcane
residue (SCRse) (72 h, 30 ◦ C) and (d) MM-0.5% pre-treated wheat straw (WSe) (72 h, 30 ◦ C).

Table 1
Physiological and biochemical characterization of Paenibacillus sp. A59.
Morphology
Gram staining
Average cell size
Endospore formation
Sporangium
Motility
Oxygen requirement
Catalase test
Citrate utilization
Growth

Hydrolysis of

Temperature (◦ C)
NaCl (%)
pH
CMC
Xylan
Skim milk
Soluble starch
Pectin from citrus
Urea
Gelatin
4-MUG
ABTS
Colloidal chitin

Rods
Positive
2.2 m length x 0.6 m width
Terminal or sub-terminal
Swollen
+
Facultative anaerobe
+
−
30–37
2–7
5–10
+
+
+
+
+
−
−
+
−
+

XY culture 3 × 1011 CFU ml−1 ), there was a signiﬁcant difference in
total secreted proteins (0.01 mg ml−1 in CMC and 0.1 mg ml−1 in
XY), indicating higher induction of protein secretion by a hemicellulosic substrate, such as xylan.
As expected, ␤-glucosidase and ␤-xylosidase activities were
detected mainly in intracellular extracts. Maximal ␤-glucosidase
activity was achieved when bacteria were grown on CMC
(10.8 mIU ml−1 ± 0.8) and the highest ␤-xylosidase activity was

achieved when grown on XY (12.3 mIU ml−1 ± 0.6), corresponding
to speciﬁc activities of 0.85 IU mg−1 and 0.61 IU mg−1 , respectively
(total intracellular protein content of 0.12 mg ml−1 for CMC culture
and 0.2 mg ml−1 for XY culture). Also, some ␤-xylosidase activity
(1.5 mIU ml−1 ± 1.1) was detected in supernatant from XY culture,
while no ␤-glucosidase activity was evidenced either in MM-XY
or MM-CMC culture supernatants. Based on its high xylanolytic
potential, temperature and pH dependence assays were carried
out in order to characterize the extracellular xylanolytic activity of Paenibacillus sp. A59. High relative activity (over 75%) was
achieved in a range from pH 5 to 11, with two peaks of optimal
activity at pH 6 and pH 10. Optimal temperature occurred between
50 ◦ C and 70 ◦ C, retaining more than 60% activity at 80 ◦ C (Fig. 4)
which is remarkable for a mesophile isolate. Moreover, the enzymatic extract retained more than 60% activity after 48 h at 50 ◦ C,
indicating thermal tolerance.
The main hydrolysis products released from beechwood xylan
with the crude enzymatic extract were xylobiose and xylose,
reaching an 8.8% conversion rate into xylose. The conversion rate
increased to 29.25% when a GH43 ␤-xylosidase was added (Campos
et al., 2014) (Fig. S2). These results indicated that the secreted
enzymes can fully degrade xylan although supplementation with
␤-xylosidases would improve conversion to xylose.
Whether this conversion would be also attained from complex lignocellulosic substrates was further evaluated. In order to
study degradation of the (hemi) cellulosic component of biomass,
an enzymatic extract of MM-XY and MM-CMC combined culture
supernatants was used. Sugarcane residue pre-treated by steam
explosion (SCRse) and wheat straw pre-treated by extrusion (WSe)
were subjected to 24 and 72 h hydrolysis. In both cases, the main
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Fig. 3. Optimization of culture conditions for endoglucanase and xylanase activities. Endoglucanase (a, c) and xylanase (b, d) activities of Paenibacillus sp. A59 cell free
supernatant from cultures in different media or at different time points. Each bar represents the mean ± S.D. (n = 3) of IU ml−1 . Bacterial growth curves in CFU ml−1 (XY)
or optical density (CMC) are also shown for each culture. Signiﬁcant differences were determined by analysis of variance (ANOVA) followed by Tukey’s test (* p < 0.05). LB
(Luria-Bertani broth), SCR (sugarcane residue), MM (minimal medium), CMC (carboxymethyl cellulose), YE (yeast extract) and XY (beechwood xylan).

products released were xylobiose and xylose. Maximum quantities
of xylose were obtained in 72 h reactions from both WSe and SCRse
(0.25 and 0.20 mg ml−1 , respectively). The highest amounts of xylobiose (0.44 mg ml−1 ) and arabinose (0.17 mg ml−1 ) were obtained
from WSe at 72 h and mannose (0.21 mg ml−1 ) at 24 h (only from
WSe). Cellobiose was released from WSe (0.13 mg ml−1 ) and traces
were also detected from SCRse (0.02 mg ml−1 ), in both cases only
at 24 h hydrolysis, although no glucose was detected at any reaction time (Fig. 5), conﬁrming the predominant xylanolytic activity
of the enzymatic extract.
3.2. Identiﬁcation of secreted proteins
To identify the proteins responsible for the observed activity, the
MM-XY enzymatic extract was evaluated on xylan and CMC zymograms. Two bands of approximately 32 kDa and 75 kDa presented
xylanase and no CMCase activity and are therefore the potential
main enzymes responsible of xylanolytic activity of the enzymatic
extract. They were retrieved from a parallel Coomasie-stained PAGE
and identiﬁed by mass spectrometry as a GH10 ␤-xylanase and a
putative GH13 alpha-amylase, respectively (Fig. 6, Table 2).
The complete GH10 nucleotide and aminoacid sequence was
retrieved from the genome sequence of Paenibacillus sp. A59,
recently released by our group (Ghio et al., 2015). It corresponds to
a monocistronic gene, preceded by a predicted promoter (BPROMPrediction of bacterial promoters) (Solovyev and Salamov, 2011).

The protein (GenBank ID WP 053782506.1) has a putative 33
aminoacid N-terminal signal peptide and the theoretical molecular weight of the processed protein is 32 kDa, which is consistent
with the experimental data. Two highly conserved glutamate
residues involved in the catalytic site were identiﬁed at positions 137 (proton donor) and 242 (nucleophile), in accordance
with predicted retaining mechanism (Collins et al., 2005). It presented high similarity (90%) to an uncharacterized 1,4-␤-xylanase
from Paenibacillus PAMC 26794 (WP 017691540.1) and 85% similarity with XynA (CBA13561.1) from Paenibacillus barcinonensis
(Valenzuela et al., 2010) (Fig. S3). We have therefore named it XynA,
to maintain the nomenclature. On the other hand, the 75 kDa GH13
alpha-amylase (WP 053784175.1), presented only one matched
peptide with a low but acceptable score in MASCOT database and
against Paenibacillus sp. A59. As there are no GH13 described with
xylanolytic activity, recombinant expression of this protein is necessary to conﬁrm this activity.
To have an insight in which proteins are induced by complex
lignocellulosic substrates, secreted proteins of a SCR culture were
analyzed on CMC and xylan zymograms (Fig. 6c) and in 2D gel
electrophoresis (Fig. 6a). A group of undeﬁned bands of high molecular weight (>100 kDa) had endoglucanase and xylanase activities,
although they could not be resolved accurately enough to be identiﬁed. A band of approximately 32 kDa had only xylanase activity
and could correspond to XynA.
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Fig. 4. Xylanase activity of Paenibacillus sp. A59 cell free supernatant. Dependence of xylanase activity on pH (a), temperature (b) and thermal stability at 50 ◦ C (c), of enzymatic
extracts from 72 h MM-XY culture. Triplicates of each reaction were carried out and relative activities were calculated considering the highest activity (3.66 IU ml−1 ) as 100%.
This assay is one of three biological replicates with equivalent results.

Table 2
Secreted proteins of Paenibacillus sp. A59 grown on minimal medium with SCR or XY identiﬁed by MALDI TOF/TOF mass spectrometry.
Assay Spot/banda

Identiﬁcation

Genbank accesion
number

Matched peptides Matched peptide with
maximum ion score

Theoretical Ip/MM
(kDa)

Experimental
Ip/MM (kDa)

2D

SLH domain protein
1,4 beta-xylanase GH10
ABC substrate binding
Enolase
Endonuclease
Peptidase M4
Alpha-amylase
1,4 beta-xylanase GH10

WP
WP
WP
WP
WP
WP
WP
WP

3
3
3
3
3
2
1
4

5.36/127.5
7.15/32
4.69/67.23
4.66/45.77
4.85/98.43
4.86/55.8
6.22/78.2
7.15/32

5.5/130
4.0/32
4.5/60
4.5/40
4.5/30
5.5/25
nd/70
nd/32

1D
a

16
17
13
19
34
23
A
B

053782863.1
053782506.1
053781964.1
053782959.1
053784170.1
053783199.1
053784175.1
053782506.1

K.ATQISGNVYEVDFTANR.L
K.AEVTQWIQAAGQR.Y
K.ESTPSLLTGGVWTYPLAK.H
K.VQLVGDDLFVTNTER.L
K.GGSIFFIGDHYNADR.N
R.SLSNPTLYGQPDK.Y
R.WINNDVYVYER.K
K.AEVTQWIQAAGQR.Y

Spot numbers are depicted in Fig. 6a and band letters in Fig. 6b. nd: not determined, Ip: isoelectric point, MM: molecular mass.

From the 2D gels, thirty ﬁve spots were analyzed by mass
spectrometry. Six major proteins were identiﬁed: the GH10
XynA previously identiﬁed by zymography, one predominant
unidentiﬁed high-molecular weight protein containing two Slayer homology (SLH) domains (the same identiﬁed in the xylan
supernatant), an ABC sugar type substrate binding protein, an
endonuclease, an enolase and a peptidase (Fig. 6, Table 2). All protein sequences, retrieved from the genome sequence, presented
predicted signal peptides which correlate with their localization
in the culture supernatant. Other analyzed spots were proteolytic
products of these proteins and several spots with different molecular weight and isoelectric point were identiﬁed as the same protein,

which might be due to the hydrolytic activity of proteases or posttranslational modiﬁcations (Finnie and Svensson 2002; Nouwens
et al., 2003).
The SLH-domain protein of high-molecular weight (127 kDa),
contains two N-terminal SLH domains of approximately 65
aminoacids and a large C-terminal uncharacterized region. While
proteins with SLH domains have been described as part of cellulosomes and in some cell-surface enzymes of Gram positive bacteria
(Desvaux et al., 2006; Blumer-Schuette et al., 2010), their role
in polysacharides deconstruction in aerobic bacteria is unclear. A
67 kDa solute-binding protein, with similarity to soluble proteins
from ABC type sugar transport system was also identiﬁed in the
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Fig. 5. Hydrolysis products released from pre-treated lignocellulosic biomass by Paenibacillus sp A59 crude enzymatic extract determined by HPLC. Hydrolysis reactions
were carried out at 50 ◦ C for 24 h (red line: A) and 72 h (blue line: B), using a combined (1:1) extract of supernatant from 72 h MM-XY and MM-CMC cultures. Substrates were
2% steam-exploded sugar cane residue (SCRse) or extruded wheat straw (WSe). Cb: cellobiose, Xb: xylobiose, Xyl: xylose, Ara: arabinose, Man: mannose. Reactions were
carried out in duplicate with equivalent results. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

enzymatic extract. Similar proteins have been proposed to serve as
receptors to initiate translocation of solutes through the membrane
(Tamn and Saier 1993).

4. Discussion
Lignocellulosic biomass is highly recalcitrant and its bioconversion is considered a way to transform low-value products derived
from lignocellulose into products of higher value such as biofuels, chemicals and paper, among others. Enzymatic lignocellulose
breakdown has been studied in the last years, focusing on microbial bioprospection in order to explore new and useful enzymatic
functions (Alper and Stephanopoulos, 2009). This study presents
the identiﬁcation of key secreted degrading enzymes of a novel
Paenibacillus isolate with hemicelluloytic activity.
The isolated strain, named A59, showed the main phenotypic
features of Paenibacillus genus and based on phylogenetic analysis,
we proposed it as a new species. P. pabuli and P. taichungensis were
the closest strains to A59 and shared all the tested physiological
and biochemical properties (Lee et al., 2008; Priest 2009). However,
even though chitinolytic enzymes from these species have been
characterized (Juarez-Jimenez et al., 2008; Chen et al., 2010), no
cellulolytic or xylanolytic activity has been reported for P. pabuli or

P. taichungensis so far. Therefore, results presented in this work help
to clarify the importance of this cluster as a source of carbohydrate
hydrolytic enzymes.
In recent years, other Paenibacillus strains have been isolated
mainly from soil, black liquor and compost samples and characterized for their ability to hydrolyze carbohydrates (Pason et al.,
2006; Giacobbe et al., 2014; Liang et al., 2014;). Contrarily to
some previously described cellulolytic Paenibacillus (Ko et al., 2010;
Asha et al., 2012), the strain described in this work (A59) did not
grow at temperatures over 45 ◦ C. However, the enzymatic extract
showed high thermal stability and an optimal temperature range
for its xylanolytic enzymes between 50 to 70 ◦ C, which is highly
remarkable for a mesophile isolate. Moreover, although it was isolated from a soil consortium at pH 7, high xylanolytic activity
was observed in a range between pH 6 to pH 10, indicating high
tolerance to various pH conditions, which is a desirable trait for
extracts acting on lignocellulosic biomass. Recently, a thermophilic
Geobacillus sp. crude extract revealed high thermostable xylanase
activity, presenting comparable and better results than commercial
enzymes (Bhalla et al., 2015).
Paenibacillus sp. A59 also showed a broad range of hydrolytic
activities since it was capable of degrading carboxymethyl cellulose, xylan, starch, pectin, casein and chitin. When grown on (hemi)
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Fig. 6. Analysis of secreted proteins of Paenibacillus sp. A59. (a) Two-dimensional gel electrophoresis of secreted proteins from a MM-0.5% SCR culture (72 h). (b) Zymogram of
xylanase activity (line 1) and 10% SDS-PAGE of secreted proteins (line 2), from MM-0.5% XY culture supernatant (72 h). (c) Zymogram of endoglucanase (line 1) and xylanase
(line 2) activity from MM-0.5% SCR culture. Letters A and B indicate bands analyzed by MALDI-TOF/TOF for protein identiﬁcation. M: molecular weight marker (Phage Ruler
pre-stained protein ladder, Thermo Scientiﬁc).

cellulosic substrates its secreted enzymatic extract had xylanase
and endoglucanase activities. The level of endoglucanase activity
observed was low although it was similar to that from other Paenibacillus isolates, such as Paenibacillus curdanolyticus B-6 (Pason
et al., 2006), Paenibacillus polymyxa BE-b40 (Gastelum-Arellanez
et al., 2014), Paenibacillus terrae ME27-1 (Liang et al., 2014) and P.
polymyxa EG2 and EG14 (Gorska et al., 2015). However, Paenibacillus sp. A59 presented high xylanase activity in its crude enzymatic
extract, in similar levels to Paenibacillus sp. strain 2S-6 (Ko et al.,
2011) and Paenibacillus campinansensis BL11 (Ko et al., 2010). Moreover, the enzymatic extract could deconstruct pre-treated complex
agricultural biomasses, such as sugarcane residue and wheat straw,
releasing di- and mono-saccharides, mainly from hemicelluloses,
conﬁrming its xylanolytic activity. Although enzymatic activity of
Paenibacillus has been previously described, there is little association of enzymatic activity and the key proteins responsible for
such activity. Secretome analysis of the crude extract of Paenibacillus sp. A59 revealed that the main enzyme with xylanolytic activity
in secreted extracts from xylan and SCR cultures was a 32 kDa GH10
endoxylanase which we named XynA, based on its high homology
to XynA from P. barcinonensis (Valenzuela et al., 2010). Enzymes
of this family have broad substrate speciﬁcity and versatility, being
able to attack not only linear xylans but also decorated heteroxylans
and short xylooligosaccharides generating small hydrolysis products (Pollet et al., 2010) and have shown potential for industrial
application in biomass deconstruction (Zheng et al., 2014).
Also, apart from XynA, a protein of unclear function with two
SLH domains and an ABC type substrate binding protein were identiﬁed in the secreted enzymatic extract of SCR cultures. SLH domain
proteins have been found as part of the cellulosome scaffold of
anaerobic cellulolytic bacteria (Desvaux et al., 2006) and in a few
glycosyl-hydrolases from Paenibacillus (Lee and Lee 2014; Ito et al.,
2003). Their role in polysaccharides degradation of aerobic bacteria is still not fully understood, although it is thought to anchor
polysaccharide degrading enzymes bearing SLH domains to the cell
surface. Secretome studies of Caldicellulosiruptor saccharolyticus, a
thermophilic cellulolytic anaerobe with no cellulosomal structure,
indicated an SLH domain protein as the most predominant protein
in the secreted extract which suggests a possible role of this protein

in a non-cellulosomal mechanism of substrate interaction with the
cell surface (Blumer-Schuette et al., 2010). Carbohydrate utilization
patterns studies in Caldicellulosiruptor genus also revealed an ABC
type sugar transporter as highly transcribed during growth on complex carbohydrates, along with glycoside hydrolases, suggesting a
role for these proteins in the uptake of the degradation products
(VanFossen et al., 2009; Blumer-Schuette et al., 2015). Furthermore,
proteome analysis of the soluble fraction of a switchgrass-adapted
consortium showed the presence of a carbohydrate ABC transporter
substrate-binding protein and an S-layer homology domain protein
from Paenibacillus genus as overrepresented proteins (D’haeseleer
et al., 2013).
By analysis of the full genome sequence of Paenibacillus sp. A59,
we have also identiﬁed other predicted xylanases such as a 20 kDa
GH11, a 40 kDa GH10 with no signal peptide and a 150 kDa GH10
with two family 4 9 CBMs, a family 9 CBM and three SLH domains.
A similar multidomain structure GH10 from Paenibacillus D22 was
recently characterized and named XynC (Lee and Lee, 2014). The
multidomain GH10 that we identiﬁed in Paenibacillus sp. A59 has a
43% identity with Paenibacillus D22 Xyn C, so we cannot conﬁrm at
this stage that it presents a similar function. Moreover, we have only
identiﬁed the 32 kDa GH10 XynA in the xylan and the SCR culture
supernatants. Its xylanase (with no CMCase) activity was conﬁrmed
by zymography, suggesting it may be the main xylanase responsible for the observed activity. As it did not present CMCase activity,
it is a good candidate for further characterization and potential use
in biobleaching industry and other hemicelluloses deconstruction
processes. The contribution of the other potential xylanases identiﬁed in the genome sequence, such as the GH10 multidomain, still
needs to be studied.
Also, consistently with the high intracellular ␤-xylosidase activity observed in this work, 12 predicted GH43 ␤-xylosidase coding
ORFs were identiﬁed in the genome sequence of Paenibacillus A59
(Ghio et al., 2015).
Therefore, based on the results found in this study, we propose
that Paenibacillus sp. polysaccharide degrading system involves
the interaction of SLH-domain proteins with the cell surface. In
cases in which these proteins present a catalytic domain, soluble sugars would be released in close proximity to the bacterial
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surface. Other SLH domain proteins, with no recognized catalytic
domain (such a as the one identiﬁed in this study), could interact
with hydrolytic enzymes, such as XynA. Soluble sugars released
by hydrolytic enzymes could then be translocated into the cell,
assisted by ABC-solute binding proteins. Further research is needed
to conﬁrm such interactions.
As a conclusion, we have isolated a novel Paenibacillus species
and fully characterized its xylanolytic activity, identifying key proteins involved in xylan deconstruction. Results obtained in this
study indicate the high potential of the Paenibacillus genus as source
of xylanolytic and other carbohydrate degrading enzymes and contribute to understanding the mechanism of the polysaccharide
degrading system of this recently reclassiﬁed genus.
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