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Xylans, including methylglucuronoxylans (MeGX,,) and methylglucuronoarabinoxylans (MeGAX,)), are the predominant poly-
saccharides in hemicellulose fractions of dicots and monocots available for conversion to biofuels and chemicals. Paenibacillus
sp. strain JDR-2 (Pjdr2) efficiently depolymerizes MeGX,, and MeGAX,, and assimilates the generated oligosaccharides, resulting

in efficient saccharification and subsequent metabolism of these polysaccharides. A xylan utilization regulon encoding a cell-
associated GH10 (glycoside hydrolase family 10) endoxylanase, transcriptional regulators, ABC (ATP binding cassette) trans-
porters, an intracellular GH67 a-glucuronidase, and other glycoside hydrolases contributes to complete metabolism. This
GH10/GH67 system has been proposed to account for preferential utilization of xylans compared to free oligo- and monosaccha-
rides. To identify additional genes contributing to MeGX,, and MeGAX,, utilization, the transcriptome of Pjdr2 has been se-
quenced following growth on each of these substrates as well as xylose and arabinose. Increased expression of genes with differ-
ent substrates identified pathways common or unique to the utilization of MeGX,, or MeGAX,. Coordinate upregulation of
genes comprising the GH10/GH67 xylan utilization regulon is accompanied with upregulation of genes encoding a GH11 en-
doxylanase and a GH115 a-glucuronidase, providing evidence for a novel complementary pathway for processing xylans. Ele-
vated expression of genes encoding a GH43 arabinoxylan arabinofuranohydrolase and an arabinose ABC transporter on
MeGAX,, but not on MeGX,, supports a process in which arabinose may be removed extracellularly followed by its rapid assimi-
lation. Further development of Pjdr2 for direct conversion of xylans to targeted products or introduction of these systems into
fermentative strains of related bacteria may lead to biocatalysts for consolidated bioprocessing of hemicelluloses released from

lignocellulose.

lant biomass represents a source of lignocellulosic materials

for production of alternative sources of energy. This renew-
able resource is primarily composed of polymeric cellulose, hemi-
celluloses, and lignin and therefore does not compete with agri-
cultural commodities used for human and animal nutrition.
Lignocelluloses in their native state are recalcitrant to bioprocess-
ing and require suitable pretreatment followed by enzyme-medi-
ated saccharification to generate fermentable sugars (1). Micro-
bial fermentation of carbohydrates derived from lignocellulose
generates biofuels and chemicals (2-6), thereby reducing the need
for nonrenewable sources of energy. Strains of the yeast Saccharo-
myces cerevisiae and bacteria, e.g., Escherichia coli, Klebsiella oxy-
toca, and Zymomonas mobilis, have been developed for the pro-
duction of ethanol from hexoses and pentoses derived from
cellulose and hemicellulose fractions comprising lignocellulosic
biomass (2—4, 7). Strains of E. coli, K. oxytoca, and Bacillus coagu-
lans have been developed for commercial production of chemical
feedstocks, e.g., D- or L-lactic acid, for production of bioplastics (2,
6, 8). Processes using these biocatalysts requires the addition of
cellulases and hemicellulases for saccharification to release fer-
mentable sugars, with the enzymes representing a major cost for
production of desired biofuels and chemicals (2). Consolidated
bioprocessing (CBP) by cellulolytic Clostridium thermocellum has
provided an approach for direct conversion of cellulose to useful
products without the addition of commercial enzymes and its
associated cost (9). Systems for CBP involve a single biocatalyst to
process both cellulose and xylan or participation of cocultures of
cellulolytic and xylanolytic bacteria. With respect to this ap-
proach, cellulolytic Caldicellulosiruptor and xylanolytic Thermo-
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anaerobacter species have been evaluated for consolidated biopro-
cessing of lignocellulose (10, 11).

Hemicelluloses of angiosperms are predominantly complex
polysaccharides referred to as xylans which differ in composition
depending upon their source. Methylglucuronoxylans (MeGX,,)
comprise the xylans in dicots, including hardwoods, whereas
methylglucuronoarabinoxylans (MeGAX,,) comprise the xylans
in monocots, including grasses. Hardwood MeGX,, is typically a
linear polymer of 3-1,4-linked xylopyranose units variably mod-
ified with «-1,2-linked 4-O-methylglucuronate and acetyl esters
at the C-2 and C-3 positions on xylose. Depending on the species,
from 6 to 10% of the xylose residues may be modified with meth-
ylglucuronate (MeG). MeGAX, from grasses is also modified with
methylglucuronates although to a lesser extent than the MeGX,,
from hardwoods. MeGAX,, commonly has 10% or more of the
xylose residues substituted with a-1,2- or a-1,3-linked L-arabino-
furanose units, some of which are modified with ferulate and p-
coumarate esters. These ester linkages may be hydrolyzed during
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alkaline pretreatment that is used to solubilize the MeGAX,, and
render it accessible to endoxylanases for digestion (12-16). The
mild thermochemical pretreatment (17) followed by enzymatic
saccharification involving endoxylanases, 3-xylosidases, a-glucu-
ronidases, a-L-arabinofuranosidases, and acetyl esterases comple-
menting each other may efficiently and completely convert the
complex xylans to monomeric sugars (12, 13, 18-20). These sug-
ars can be completely metabolized by suitable bacterial biocata-
lysts for fermentation to produce biofuels and chemicals.

An aggressively xylanolytic bacterium, Paenibacillus sp. strain
JDR-2 (Pjdr2), with a sequenced genome (21) has a defined sys-
tem for MeGX,, and MeGAX,, utilization (19, 20, 22, 23). This
system includes a xyn10A, gene (earlier referred to as xynA, [23])
encoding a cell-associated multimodular GH10 (glycoside hydro-
lase family 10) endoxylanase (Xyn10A,) and an agu67A gene (ear-
lier referred to as aguA [19]) encoding an intracellular GH67
a-glucuronidase (Agu67A). The xynl10A; gene along with an al-
douronate utilization gene cluster encoding transcriptional regu-
lators, ATP binding cassette (ABC) transporters, and intracellular
glycoside hydrolases, including a GH10 xylanase (Xyn10A,) (ear-
lier referred to as XynA, [19]), a GH43 B-xylosidase (Xyn43B,)
(earlier referred to as XynB [19]), and a GH67 a-glucuronidase
(Agu67A) collectively comprise a xylan utilization regulon (22). A
distally located abf51B gene (earlier referred to as abfB [20]) en-
coding a GH51 «-L-arabinofuranosidase (Abf51B) along with
neighboring genes encoding transcriptional regulators is prefer-
entially upregulated in response to growth on MeGAX,, compared
to growth on MeGX, (20). Recombinant forms of Xynl0A;,
Agu67A, Xynl0A,, and Abf51B from Pjdr2 have been assigned
functional roles based on biochemical characterization. To fur-
ther define this GH10/GH67 xylan utilization system, this study
investigates the transcriptome of Pjdr2 cultured on polysaccha-
rides from a representative dicot and monocot, sweetgum MeGX,
and sorghum MeGAX,, respectively, and also their constituent
monosaccharides, including arabinose and xylose. The genome of
this bacterium includes several genes encoding carbohydrate ac-
tive enzymes (CAZy) (24) that contribute to xylan depolymeriza-
tion, such as glycoside hydrolases (GHs) and carbohydrate es-
terases (CEs), as well as ABC transporters for assimilation of a
variety of oligosaccharides, including oligoxylosides (XOS), oli-
goarabinoxylosides (AXOS), and aldouronates (MeG-linked
XOS). These studies have identified additional genes that contrib-
ute to systems for xylan depolymerization and assimilation of the
generated oligosaccharides for intracellular metabolism and con-
version to desired products.

MATERIALS AND METHODS

Preparation of xylans. MeGX,, from sweetgum (Liquidambar styraciflua)
wood and MeGAX,, from stalks of sorghum [Sorghum bicolor (L.) Mo-
ench| were prepared by alkaline extraction as previously described (20,
23). The phenol-sulfuric acid assay (25) was used for determination of
total carbohydrate concentration.

Growth studies of Paenibacillus sp. strain JDR-2. Paenibacillus sp.
strain JDR-2 (Pjdr2) was previously isolated from decaying sweetgum
wood in our laboratory (19, 21-23). Pjdr2 was stored, resuscitated, and
cultured to prepare initial inocula as described previously (20). To carry
out growth studies, Pjdr2 cells were harvested and suspended as 2% inoc-
ula into 20 ml ZH medium (Zucker-Hankin minerals [pH 7.4]) (26)
containing 0.5% yeast extract with either 0.5% sweetgum MeGX,,, sor-
ghum MeGAX,, arabinose, xylose, or no carbohydrate and cultured at
30°C in 250-ml baffled culture flasks with shaking at 220 rpm using a G-2
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gyratory shaker (New Brunswick Scientific). Aliquots of cultures were
sampled at regular intervals, and growth was determined by measuring
the optical density at 600 nm (ODg,,) using a 1.00-cm cuvette and Beck-
man series DU500 spectrophotometer. The cultures were diluted to ob-
tain an ODyg, between 0.2 and 0.8 and corrected for dilution to generate
the growth curves. Culture supernatants were recovered by centrifugation
for determination of substrate utilization by measuring total carbohy-
drate remaining using the phenol-sulfuric acid assay (25) with xylose as
the standard.

Preparation of RNA. Pjdr2 was cultured on different substrates as
described above. Cells for RNA isolation and purification were harvested
from triplicate cultures at estimated early mid-exponential growth phase
by centrifugation at 4,300 X g for 10 min at 4°C. Culture purity was
verified by streaking onto xylan agar plates. The procedure derived from
the RNAprotect Bacteria Reagent Handbook (Qiagen) (27) was used for
preparing RNA from cell lysates. RNeasy column elution was followed by
RNA treatment with DNase using the TURBO-DNA free kit following the
prescribed protocol (Ambion). RNA concentrations were determined by
absorbance at 260 nm (A,), and the A,,/A,q, ratio was determined to
estimate the purity of the RNA. RNA quantification was carried out using
the Qubit fluorescence dye-based system (Life Technologies). Analysis of
RNA quality was performed with an Agilent bioanalyzer available through
the Interdisciplinary Center for Biotechnology Research (ICBR) at the
University of Florida. Quantitative reverse transcription-PCR (qRT-
PCR) was performed using the QuantiTect SYBR green RT-PCR kit (Qia-
gen) as described earlier (20) to characterize the RNA preparation with or
without reverse transcriptase.

RNA sequencing. RNA sequencing was carried out by the members of
the Joint Genome Institute (JGI), U.S. Department of Energy, Walnut
Creek, CA, using the following protocols. The rRNA was removed from 1
g of total RNA using Ribo-Zero rRNA removal kit (Epicentre). The
cDNA libraries were generated using an Illumina mRNA sample prepara-
tion kit. The rRNA-depleted RNA was fragmented using divalent cations
and high temperature. The fragmented RNA was reverse transcribed us-
ing random hexamers and Superscript II (Invitrogen) followed by sec-
ond-strand synthesis. The fragmented cDNA was treated to allow end pair
A-tailing adapter ligation and 10 cycles of PCR. Libraries were quantified
using KAPA Biosystem’s next-generation sequencing library qPCR kit
and run on a Roche LightCycler 480 real-time PCR instrument. The quan-
tified libraries were then prepared for sequencing on the Illumina HiSeq
sequencing platform utilizing a TruSeq paired-end cluster kit, v3, and
Ilumina’s cBot instrument to generate clustered flow cells for sequencing.
Sequencing of the flow cells was performed on the Illumina HiSeq2000
sequencer using a TruSeq SBS sequencing kit, v3, for 200 cycles, following
a2X100 indexed run recipe.

Transcriptomic analysis. The filtered raw data files containing RPKM
(reads per kilobase per million reads sequenced) values were analyzed
using ArrayStar software from DNAStar. The results from all growth con-
ditions (in triplicate cultures) studied were mapped to the annotated ge-
nome and normalized together for comparisons. The mapped and nor-
malized conditions were then grouped and averaged to represent the
corresponding growth conditions. Analysis of variance (ANOVA) was
performed to access data quality per gene over all data sets. Statistical
analysis for comparisons of two conditions was performed with the mod-
erated ¢ test, and adjusted P values were calculated using the false discov-
ery rate (FDR) (Benjamini-Hochberg) method (28). Growth on 0.5%
yeast extract without carbohydrate served as a control (YE control) for
growth on different carbohydrates with 0.5% yeast extract. The expression
of genes discussed in this study is based upon fold difference relative to YE
control. Data with P values less than 0.05 were considered within the
significant levels. Protein BLAST from NCBI (http://www.ncbi.nlm.nih
.gov/) and IMG database (http://img.jgi.doe.gov/) were used to evaluate
the candidate genes of interest and assign functional roles and names. In
this study, all the genes in Pjdr2 are identified by their locus tags refer-
enced as Pjdr2_XXXX, where XXXX represents a four-digit gene number.
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FIG 1 Growth of Paenibacillus sp. strain JDR-2 (Pjdr2) on xylans and mono-
saccharides. Growth studies were performed by determining the optical den-
sity (OD) at 600 nm of 20-ml cultures in 250-ml baffled flasks at 30°C with
gyratory agitation at 220 rpm. ZH medium containing 0.5% yeast extract was
supplemented with 0.5% of either sorghum MeGAX,, (closed circles), sweet-
gum MeGX, (closed triangles), arabinose (open circles), or xylose (open tri-
angles) or without carbohydrate as YE control (open squares). Comparison of
Pjdr2 growth yields (top) and growth rates during exponential phase (bottom)
on different carbohydrate substrates. The rate of growth was determined as the
slope (K) with R? values within the range 0.9400 to 0.9950. Time is shown in
hours.

The raw data files for this study are available for access from the JGI
database using the following link: http://genome.jgi.doe.gov
/Paespnscriptome/Paespnscriptome.info.html.

RESULTS AND DISCUSSION

Growth of Pjdr2. Rapid and efficient growth of Pjdr2 was ob-
served when polysaccharides such as sweetgum MeGX,, or sor-
ghum MeGAX|, were used as the substrates compared to mono-
saccharides such as arabinose or xylose (Fig. 1). The growth yields
and growth rates on the polymeric xylans were on average 1.7- and
3.1-fold greater than on monosaccharides, indicating that these
polysaccharides are preferred growth substrates for Pjdr2 com-
pared to arabinose or xylose. The substrates were almost com-
pletely utilized with approximately 10% remaining in the medium
as observed in previous studies (20, 23). Phase-contrast micros-
copy confirmed sporulation by Pjdr2 upon reaching stationary
phase (data not shown). The transcriptome of Pjdr2 following
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growth on these substrates has confirmed the presence of a
xylan utilization regulon comprising the GH10/GH67 system
previously defined by qRT-PCR studies (20, 22) and identified
additional genes and gene cassettes that likely contribute to the
utilization of MeGX,, and/or MeGAX,,, as shown in Table 1 and
Fig. 2A.

Expression of genes encoding glycoside hydrolases and a car-
bohydrate esterase during xylan utilization by Pjdr2. Following
growth of Pjdr2 on sweetgum MeGX,, and sorghum MeGAX,,
certain genes encoding glycoside hydrolases and a single carbohy-
drate esterase were upregulated. These genes encode glycoside
hydrolases belonging to families GH10, GH11, GH67, GH115,
GH43, and GH51 that are expected to play a role in xylan utiliza-
tion in line with their reported functions. Candidate genes that
belong to the potential xylan utilization systems were identified by
increased transcript levels relative to the YE control condition and
are listed in Table 2. Included in these findings are all genes pre-
viously assigned a functional role in xylan utilization by Pjdr2 (19,
20, 22,23) as well as numerous other genes identified by transcrip-
tomic analysis. The xylan-inducible genes Pjdr2_0221 encoding
the extracellular multimodular cell-associated GH10 Xynl10A;,
Pjdr2_1323 encoding the GH67 Agu67A, Pjdr2_1324 encoding
the GH10 xylanase Xyn10A,, and also Pjdr2_3599 encoding the
GH51 Abf51B (upregulated only on MeGAX,,) have functional
roles defined by biochemical characterization (19, 20, 22, 23). The
Pjdr2_1325 gene encoding a putative GH43 B-xylosidase Xyn43B,
has also been previously shown to be highly upregulated on xylans
and is part of the aldouronate utilization gene cluster (22). The
expression of abf51B, which was previously shown to be enhanced
by qRT-PCR when grown on MeGAX, versus MeGX,, supple-
mented with 0.1% yeast extract (20), could not be interpreted due
to high P values (Table 2).

Following growth of Pjdr2 on xylans compared to the YE con-
trols, significant upregulation of genes encoding endoxylanases
with signal peptides for secretion was observed. Pjdr2_0221 (en-
coding cell-associated GH10 Xyn10A,) and Pjdr2_4664 (encod-
ing GH11 Xyn11) were expressed, respectively, at levels 17- and
7.1-fold higher on MeGX,, and 9.6- and 50.9-fold higher on
MeGAX,, than the YE controls, supporting their contribution to
the extracellular depolymerization of xylan (Table 2). The se-
creted endoxylanase Xynl1l shares 81% identity with the GH11
endoxylanase XynA from Bacillus subtilis 168 which is well defined
and characterized for depolymerization of xylan to MeGX, (aldo-
pentauronate) and oligoxylosides (15). This extracellular Xyn11
may depolymerize xylan to MeGX, and oligoxylosides (15, 29, 30)
(Table 1 and Fig. 2B). MeGX,, in which MeG is a-1,2 linked to the
penultimate xylose at the nonreducing terminus of the B-1,4 xy-
lotetraose, is not a substrate for the GH67 a-glucuronidase (12,
14, 31, 32).

Another gene, Pjdr2_4267 (encoding a putative GH43 arabi-
noxylan arabinofuranohydrolase Axh43) shows 7.2-fold-higher
relative expression on sorghum MeGAX, while repressed on
sweetgum MeGX,, (Table 2). Axh43 shares 53% amino acid iden-
tity with the characterized enzyme XynD, arabinoxylan arabino-
furanohydrolase, from Bacillus subtilis 168 (18) and has a signal
peptide sequence and a carbohydrate binding module family 6
(CBMS®), as predicted by BLAST. The XynD from Bacillus subtilis
catalyzes the release of free arabinose from sorghum MeGAX,
(unpublished data). XynD has higher activity on arabinoxylans
compared to oligoarabinoxylosides (18) which are preferred sub-
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TABLE 1 Summarized candidate genes in xylan utilization systems

Paenibacillus Transcriptome for Xylan Utilization

Location or function

and family LT" Assigned protein product” Assigned name® Sp Suggested function
Extracellular
GHI11 4664 Endo-1,4-B-xylanase Xynll Yes Depolymerization of xylans to produce MeGX,,
XOS, and AXOS
GH10 0221 Endo-1,4- B-xylanase Xynl0A, Yes Depolymerization of xylans to produce MeGXs,
XOS, and AXOS
GH43 4267 Arabinoxylan arabinofuranohydrolase Axh43 Yes Release certain arabino linkages from the backbone
of MeGAX,,
Transport/assimilation
ABC 1320 Extracellular SBP UgpB Yes ABC transport of aldouronates such as MeGX,
(and MeGX,?)
1321 BPD transport system IMP LplB No ABC transport of aldouronates such as MeGXj
(and MeGX,?)
1322 BPD transport system IMP UgpE No ABC transport of aldouronates such as MeGX5
(and MeGX,?)
ABC 0728 Extracellular SBP Abc2x Yes ABC transport of XOS such as X, and X5
0729 BPD transport system IMP Abc2y No ABC transport of XOS such as X, and X;
0730 BPD transport system IMP Abc2z No ABC transport of XOS such as X, and X5
ABC 1809 BPD transport system IMP Abc3x No Multiple sugar transport system?
1810 BPD transport system IMP Abc3y No Multiple sugar transport system?
1811 Extracellular SBP Abc3z Yes Multiple sugar transport system?
ABC 0661 Extracellular SBP Abcdx Yes ABC transport of arabinose
0662 ABC ATPase Abcdy No ABC transport of arabinose
0663 IMP Abcdz No ABC transport of arabinose
ABC 5273 BPD transport system IMP Abc5x No ABC transport of AXOS such as AX, and AX5?
5274 BPD transport system IMP Abc5y No ABC transport of AXOS such as AX, and AX;?
5275 Extracellular SBP Abc5z Yes ABC transport of AXOS such as AX, and AX;?
ABC 5314 BPD transport system IMP Abcbx No Multiple sugar transport system?
5315 BPD transport system IMP Abc6y No Multiple sugar transport system?
5316 Extracellular SBP Abc6z Yes Multiple sugar transport system?
ABC 5596 BPD transport system IMP Abc7x No Unknown carbohydrate transport system?
5597 BPD transport system IMP Abc7y No Unknown carbohydrate transport system?
5598 Extracellular SBP Abc7z Yes Unknown carbohydrate transport system?
Intracellular
GH115 5977 a-Glucuronidase Agulls No Aldouronate (MeGX,) processing
GH67 1323 a-Glucuronidase Agu67A No Aldouronate (MeGX;) processing
GH10 1324 Endo-1,4-B-xylanase Xynl0A, No XOS (X;) processing
GH43 1325 Xylan 1,4-B-xylosidase Xyn43B, No XOS (X,) processing
GH43 0750 Xylan 1,4-B-xylosidase Xyn43B, No XOS (X,) processing
GH43 1907 Xylan 1,4-B-xylosidase Xyn43B, No XOS (X,) processing
GH51 3599 «-N-Arabinofuranosidase Abf51B No AXOS (AX,/AX;) processing
GH10 4260 Endo-1,4-B-xylanase Xynl0A, No AXOS (X;) processing
GH8 1182 Exo-oligoxylanase (reducing end) Xyn8 No XOS processing from reducing end
CE1 4290 Esterase Estl No Cleaving ester linkages

@ LT, locus tag referenced as Pjdr2_XXXX with XXXX being a four-digit number. Only the four-digit number is shown in the table.

b Annotation for assignments derived from analysis of proteins and domains in the IMG database (http://img.jgi.doe.gov/) and protein BLAST from NCBI (http://www.ncbi.nlm
.nih.gov/). SBP, solute binding protein; IMP, inner membrane protein; BPD, binding protein dependent.

¢ The protein name assigned to the xylan utilization gene with those studied in our laboratory shown in bold type.

8P, signal peptide.

strates for processing by intracellular GH51 Abf2 from B. subtilis
168 (33). This suggests that similar to B. subtilis 168, Pjdr2 may
secrete Axh43 to bind to arabinoxylans and release certain arabi-
nose units from the backbone (Table 1 and Fig. 2B). In Pjdr2, the
AXOS that are generated by Xyn10A, are processed by intracellu-
lar Abf51B (20), and AXOS products generated by Xyn11 may be
intracellularly processed by Abf51B as well (Table 1 and Fig. 2B).

In addition to genes encoding enzymes for intracellular pro-
cessing described earlier, there are other genes of interest that
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encode enzymes lacking a signal peptide. Pjdr2_5977 encodes a
GHI115 a-glucuronidase Agull5 which is 45% identical to that
from Bacteroides ovatus (34). The expression of this gene is 52-fold
higher on MeGX,, and 32.8-fold higher on MeGAX,, than on YE
control (Table 2) and may be involved in processing aldouronates
such as MeGX, generated by GH11 digestion of xylan (34). Co-
regulated with the expression of genes comprising the GH10/
GHG67 system is the expression of xynll and also agull5. The
agul15 gene is highly expressed on xylans to a level similar to that
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TABLE 2 Expression of candidate genes encoding glycoside hydrolases and carbohydrate esterase by growth on xylans

Fold change” Linear RPKM value®
Family  LT“ Protein product Name” Sp¢  SG/YE SO/YE A/YE X/YE SG SO A X YE
CEl 4290  Esterase Estl No 3.6 8.5 1.2* 1.6 84.43 199.50 27.18  37.51  23.40
GHS 1182  Reducing end Xyn8 No 372 65.9 0.8 0.8% 280.68 498.05 5.69 5.80 7.56
exo-oligoxylanase
GHI10 0221  Endo-1,4-B-xylanase Xynl10A, Yes 17.0 9.6 0.2 0.2 100.79 57.13 0.91 1.01 5.93
GHI10 1324 Endo-1,4-B-xylanase Xynl0A, No  40.1 45.6 0.4 0.6 309.01 352.19 2.92 4.60 7.72
GH10 4260  Endo-1,4-B-xylanase Xynl0A, No 0.4 2.7 0.6 0.8 6.37 39.98 8.64 11.46  15.05
GHI11 4664  Endo-1,4-B-xylanase Xynll Yes 7.1 50.9 0.2 0.2 14.65 104.76 0.39 0.46 2.06
GH43 0750  Xylan 1,4-B-xylosidase Xyn43B, No 1044 107.8 NS 2.1 163.56 168.96 1.46 3.24 1.57
GH43 1325  Xylan 1,4-B-xylosidase Xyn43B, No 44.8 48.4 0.6 0.7 507.81 548.19 6.89 8.45 11.32
GH43 1907  Xylan 1,4-B-xylosidase Xyn43B, No  258.9 126.3 0.4 NS 327693 159793  5.35 13.11  12.66
GH43 4267  Arabinoxylan Axh43 Yes 0.1 7.2 0.3 0.3 2.79 196.78 9.15 7.86 27.35
arabinofuranohydrolase

GH51 3599  a-N-Arabinofuranosidase Abf51B No NS 1.4* 2.6 1.4* 13.06 19.04 34.08 19.03 13.18
GH51 3612  «-L-Arabinofuranosidase No 0.3 2.3 0.7 NS 1.35 12.65 3.87 491 5.38
GH67 1323  a-Glucuronidase Agu67A No 329 43.7 0.4 0.6 191.78 254.73 2.35 3.22 5.82
GHI115 5977  o-Glucuronidase Agull5 No  52.0 32.8 0.8 NS 268.82 169.43 4.06 4.46 5.17
GH2 2523  Mannosidase No 8.7 11.1 0.3 0.5 201.48 259.35 6.19 10.70  23.27
GH26 1350  Mannosidase Yes 3.0 3.2 3.3 4.8 27.76 30.35 30.88 4520 9.36
GH13 0774  a-Amylase Amyl3A;, Yes 28.7 24.2 0.2 0.3 283.56 239.33 1.53 2.92 9.88
GH13 0783  a-Amylase Amyl3A; No  69.1 53.9 14 1.3 359.64 280.47 7.31 7.00 5.21
GH13 5200 o-Amylase Amyl3A, Yes 4.1 2.7 0.2 0.3 28.60 19.13 1.30 1.82 6.97
GH73 3505  Glucosamidase No 4.3 NS 1.8 1.6 21.74 5.18 9.04 7.99 5.11
GH25 4070  1,4-B-N-Acetylmuramidase No 15.6 NS 7.7 3.3 6.58 0.65 3.26 1.39 0.42

“ LT, locus tag referenced as Pjdr2_XXXX with XXXX being a four-digit number.

® The name assigned to gene candidates with enzymes characterized in our laboratory shown in bold type.

¢ SP, signal peptide.

@ Transcript levels of candidate genes that were upregulated (underlined) and those that were expressed 4-fold greater (bold) than the yeast extract without carbohydrate (YE
control) growth are indicated. The substrates are shown as follows: SG, sweetgum MeGX_;; SO, sorghum MeGAX,; A, arabinose; X, xylose. Significance of fold change data is judged
by having a P value no more than 0.01. Data with P values between 0.01 and 0.05 are denoted with an asterisk, and those with P values greater than 0.05 are designated as not

significant (NS).

¢ RPKM (reads per kilobase per million reads sequenced) values for cultures grown on yeast extract without carbohydrate (YE control) or cultures grown on the following

substrates: SG, sweetgum MeGX;; SO, sorghum MeGAX_; A, arabinose; X, xylose.

of agu67A, and neither of these genes include sequences corre-
sponding to a signal peptide. GH115 a-glucuronidases from the
prokaryotic Gram-negative bacterium Bacteroides ovatus ATCC
8483 (34) and eukaryotic Pichia stipitis CBS 6054 (35) have been
shown to have a preference for the aldopentauronate generated by
GH11 endoxylanases. Agul15 from the Gram-positive bacterium
Pjdr2 also shows activity on MeGX, generated by Xyn11 digestion
of MeGX,, (unpublished data). A GH11/GH115 system in Pjdr2
may complement the defined GH10/GH67 system for complete
xylan utilization (Table 1 and Fig. 2).

Pjdr2_0750 encodes GH43 Xyn43B, and Pjdr2_1907 encodes
Xyn43B;, and both are expressed more than 100-fold on both
xylans (Table 2). These enzymes may contribute to oligoxyloside
processing. Pjdr2_4260 encodes GH10 endoxylanase Xyn10A, ex-

pressed 2.7-fold higher only in the case of MeGAX,, (Table 2). This
enzyme may work synergistically with intracellular arabinofura-
nosidases to generate oligoxylosides from AXOS (Table 1 and Fig.
2B). In addition to these genes, the translated sequence of
Pjdr2_3612 encoding GH51 arabinofuranosidase, with 2.3-fold-
higher expression only on MeGAX, (Table 2) as the substrate
shows 23% identity to a putative arabinofuranosidase from Geo-
bacillus stearothermophilus T6. The selective upregulation of this
gene on MeGAX,, but not on MeGX,, or arabinose suggests a role
in the processing of AXOS yet to be defined. Pjdr2_1182 encoding
a GH8 xylanase (Xyn8) which shares 62% identity with a charac-
terized GHS8 reducing end exo-oligoxylanase from Bacillus halo-
durans C-125 (36) was expressed 35-fold greater on both xylans
(Table 2). The GH8 enzyme from B. halodurans C-125 has been

FIG 2 (A) Summary of genes that are highly expressed with assigned functional roles contributing to the xylan utilization systems in the genome of Pjdr2. Genes
included on the basis of results of transcriptomic analysis following growth of Pjdr2 on either sweetgum MeGX,, (SG), sorghum MeGAX,, (SO), arabinose (A),
or xylose (X). The substrates preferred for upregulation are indicated adjacent to the corresponding gene or gene clusters inside the circle. Genes are identified
as Pjdr2_XXXX with XXXX being the four-digit number shown in the gray or white boxes; the genes encoding catalytic enzymes are shown in gray boxes, and
the genes encoding ABC transporters are shown in white boxes. The genes represented in the figure are not drawn to scale. (B) Model displaying the GH10/GH67
and GH11/GH115 systems in Pjdr2 for bioconversion of MeGX,, from dicots or MeGAX,, from monocots. X, 3-1,4-linked xylopyranosyl units (X, xylose; X,,
xylobiose, X;, xylotriose; X,, xylotetraose); MeG, a-1,2-linked 4-O-methyl-D-glucuronopyranosyl residues (MeG, methylglucuronate; MeGXs, aldotetrauro-
nate; MeGX,, aldopentauronate); A, a-1,2- and/or 1,3-linked L-arabinofuranosyl residues (A, arabinose; AX,, arabino-linked X,; AXj, arabino-linked X;). AX,
and AX; are generated significantly only in the case of MeGAX,. Enzyme candidates assigned a functional role based on biochemical characterization are
indicated in bold type.
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shown to hydrolyze xylose from the reducing terminus of xylo-
oligosaccharides (36). This suggests a role for the Pjdr2 Xyn8 in
hydrolyzing oligoxylosides and aldouronates to xyloses and
smaller aldouronates by acting from the reducing terminus (Table
1 and Fig. 2B).

Other genes relevant to the xylan utilization systems include
those encoding esterases. Pjdr2 has 21 genes encoding putative
carbohydrate esterases of CE1, -4,-7,-9,-12, -14, and -15 families;
of these 21 genes, only the Pjdr2_4290 gene (est1) encoding a CE1
esterase was upregulated 8.5-fold higher with MeGAX, as the sub-
strate, and it showed 3.6-fold-greater expression when grown on
MeGX,, and much lower expression when grown on arabinose
and xylose (Table 2). Est]l may be involved in cleaving coumaroyl
or feruloyl ester linkages from xylans which are more prominent
in the case of MeGAX,, than MeGX,,. The translated sequence of
est] shares 61% identity with the characterized feruloyl esterase
from Thermobacillus xylanilyticus (GenBank accession no.
ADK73591) (37). The feruloyl esterase from T. xylanilyticus ex-
hibited activity against methyl esters of hydrocinnamic acids and
feruloylated arabinoxylotetraose (37). It should be noted that the
preparation of MeGX,, and MeGAX,, for these studies included
alkaline extraction that was expected to hydrolyze feruloyl as well
as acetyl esters from these sources prior to the use as the substrates
for growth, although some may have been more resistant to hy-
drolysis and therefore may have remained and were processed by
Pjdr2.

Other genes encoding glycoside hydrolases upregulated
during growth on MeGX,, and MeGAX, include Pjdr2_2523
encoding a putative GH2 mannosidase or 3-galactosidase/[3-
glucuronidase orthologous to a putative GH from Thermoan-
aerobacter mathranii, and Pjdr2_1350 encoding a GH26 manno-
sidase orthologous to putative GHs from Paenibacillus, Bacillus,
and Bacteroides species (Table 2). Genes expressed on xylans also
include Pjdr2_0774 (encoding extracellular amylase Amy13A;)
and Pjdr2_5200 (encoding extracellular multimodular cell-asso-
ciated amylase Amy13A,) sharing 29% and 36% amino acid iden-
tity with extracellular amylase, AmyE (BSU03040), from Bacillus
subtilis, and the translated sequence of Pjdr2_0783 (encoding in-
tracellular amylase Amy13A;) thatis 47% orthologous to intracel-
lular amylase (BSU34620) from B. subtilis (Table 2). Although
these genes are expressed on xylans, their translated products are
primary candidates for starch utilization in Pjdr2 that will be eval-
uated further.

The Pjdr2_3505 and Pjdr2_4070 genes are upregulated signif-
icantly following growth on MeGX,, compared to other carbohy-
drates (Table 2). The Pjdr2_3505 gene encodes a GH73 mannosyl-
glycoprotein endo-3-N-acetylglucosaminidase that shares 29%
identity with GH73 glucosamidase from Bacillus subtilis 168
(BSU31120) which affects peptidoglycan structure during vegeta-
tive growth (38). The function of this gene is not established, al-
though its similarity to genes for which encoded proteins have
been determined suggests that it contributes to cell division- and
growth-related activities. The Pjdr2_4070 gene shares 30% amino
acid sequence identity with characterized GH25 proteins from
Bacillus anthracis (39) encoding a putative GH25 1,4--N-acetyl-
muramidase. The role of this gene is hypothetical and suggests
involvement in cell wall modification.

Expression of genes encoding xylan-inducible ABC trans-
porters in Pjdr2. Following growth of Pjdr2 on sweetgum
MeGX,, sorghum MeGAX,,, arabinose, or xylose, several gene sets
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encoding ABC transporters show a significant transcript increase
relative to the YE controls (Table 3). The contribution of genes
adjacent to agu67A in the aldouronate utilization gene cluster,
Pjdr2_1320 (encoding UgpB), Pjdr2_1321 (encoding LpIB), and
Pjdr2_1322 (encoding UgpE) have been studied previously on
MeGX,, and MeGAX,, by qRT-PCR (20, 22) establishing their role
in the assimilation of aldotetrauronate MeGX; generated by cell-
associated Xynl0A, and therefore contributing to the GH10/
GH67 system (Table 1 and Fig. 2). Transcriptomic analysis with
xylans as the substrates also revealed significant upregulation of
gene clusters, Pjdr2_0728, -0729, and -0730 (abc2x, abc2y, and
abc2z) were expressed 26.3- and 5.9-fold higher on MeGX,, and
MeGAX,, respectively, and Pjdr2_1809, -1810, and -1811 (abc3x,
abc3y, and abc3z) were expressed 10.6- and 34.7-fold higher on
MeGX,, and MeGAX,,, respectively (average fold changes shown)
(Table 3). These clusters of genes encode ATP binding cassettes
(ABC) and are predicted to be involved with sugar transport sys-
tems that may include transport of the different oligosaccharides
generated as products of xylan depolymerization. The well-de-
fined solute binding protein specific for xylobiose (X,) and xy-
lotriose (X;) from Streptomyces thermoviolaceus OPC-520 (40)
and Geobacillus stearothermophilus (41) share 30% and 49% iden-
tity, respectively, with amino acid sequences encoded by gene
clusters abc2x, abc2y, and abc2z. This cassette in Pjdr2 is likely
involved with transport of oligoxylosides such as xylobiose and
xylotriose (Table 1 and Fig. 2B).

Upregulation of genes Pjdr2_5273, -5274, and -5275 (abc5x,
abc5y, and abc5z) following growth of Pjdr2 on sorghum MeGAX,,
compared to all other carbohydrates suggests that these genes play
a role in the transport of oligoarabinoxylosides. The abc5z gene,
which is expressed 8.1-fold higher on MeGAX,, (Table 3) and
encodes a solute binding protein, has a translated sequence
23% and 25% identical to arabino-linked oligosaccharide
binding protein of ABC transporters from Bacillus subtilis
(AraN) (33) and Geobacillus stearothermophilus (AbnE) (42), re-
spectively. These genes are also predicted to be involved with sugar
transport systems. The ABC transporter Abc5x, Abc5y, and Abc5z
may contribute to oligoarabinoxyloside transport into the cell
(Table 1 and Fig. 2B).

The genes Pjdr2_0661, -0662, and -0663 (abc4x, abcdy, and
abcdz) are expressed 1,495.5- and 58.1-fold (averages) higher fol-
lowing growth of Pjdr2 on arabinose and sorghum MeGAX,, re-
spectively, but not on sweetgum MeGX,, (Table 3). The linked
gene Pjdr2_0664 is also upregulated on arabinose although ex-
pression on MeGAX,, cannot be interpreted due to a high P value.
These genes are predicted to belong to the ATP-dependent D-xy-
lose and L-arabinose uptake systems. The solute binding protein,
Abc4x, shares 71% amino acid identity with arabinose binding
protein and 37% amino acid identity with arabinan-derived oli-
gosaccharide binding protein of ABC transporters from Geobacil-
lus stearothermophilus (AraE and AbnE, respectively) (42). The
high sequence identity with the arabinose binding protein and the
greater upregulation by arabinose of the genes in this cluster com-
pared to MeGAX, indicate that the expression of this cluster may
be inducible by arabinose. This is the only set of genes commonly
expressed on both MeGAX,, and arabinose (Table 3). The Abc4x,
Abc4y, and Abc4z transporter may transport arabinose gener-
ated outside the cell by action of Axh43 on MeGAX,, (Table 1
and Fig. 2B).

Gene cassettes Pjdr2_0771, -0772, and -0773 are predicted to
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TABLE 3 Expression of candidate genes encoding ABC transport proteins by growth on xylans

Fold change® Linear RPKM value?
LT Protein product” SG/YE SO/YE A/YE X/YE SG SO A X YE
0661 Extracellular SBP 0.2 58.3 1,917.5 NS 0.87 226.77 7,460.49 4.82 3.89
0662 ABC transporter 0.2 27.6 1,267.8 NS 0.43 73.54 3,374.44 2.07 2.66
0663 Inner membrane 0.2 30.3 1,301.2 0.6* 0.52 101.12 4,343.48 2.04 3.34
translocator
0664 ABC periplasmic 0.3 NS 27.8 0.5 1.5 6.6 165.8 2.8 6.0
component
0728 Extracellular SBP 7.9 6.2 0.4 0.5 669.39 147.82 9.12 10.95 23.99
0729 BPD transport system IMP 21.3 4.8 0.6 0.6 295.87 67.04 8.47 8.89 13.87
0730 BPD transport system IMP 29. 6.8 0.8 0.8* 453.36 103.99 11.49 12.81 15.21
0771 Extracellular SBP 13.2 9.3 0.1 0.1 842.81 595.64 3.29 4.79 63.96
0772 BPD transport system IMP 14.2 9.9 0.1 0.1 177.17 122.81 1.29 1.40 12.46
0773 BPD transport system IMP 22.0 17.1 0.1 0.2 227.01 176.51 1.11 1.89 10.31
1320 Extracellular SBP (UgpB) 170.4 147.2 0.2 0.5 3,171.57 2,740.67 3.23 8.48 18.61
1321 BPD transport system IMP 158.8 126.3 0.3 0.4 791.00 629.36 1.41 2.12 4.98
(LpIB)
1322 BPD transport system IMP 141.1 149.9 0.6* 0.7 1,040.91 1,105.83 4.30 5.23 7.38
(UgpE)
1809 BPD transport system IMP 15.3 31.1 0.5 0.5 22.26 45.11 0.75 0.76 1.45
1810 BPD transport system IMP 24.5 53.2 NS NS 18.87 40.91 0.54 0.69 0.77
1811 Extracellular SBP 10.1 19.9 NS NS 86.58 170.32 7.69 9.31 8.56
3245 Periplasmic binding 1.6 12.7 12.3 14.0 72.49 581.88 560.14 638.30 45.72
protein
4270 Extracellular SBP 0.1 16.4 0.5 0.4 1.68 194.94 5.62 5.01 11.89
5273 BPD transport system IMP 0.6* 6.0 NS NS 0.83 8.21 1.09 1.36 1.38
5274 BPD transport system IMP NS 4.8 NS 1.6 1.34 6.96 1.81 2.31 1.44
5275 Extracellular SBP 0.2 8.1 0.4 0.5 0.32 11.61 0.51 0.67 1.44
5314 BPD transport system IMP 31.2 34.1 0.4 0.5 333.79 364.75 4.66 5.11 10.69
5315 BPD transport system IMP 325 30.7 0.4 0.4 292.54 277.08 3.53 3.55 9.02
5316 Extracellular SBP 28.2 29.4 0.2 0.2 723.90 755.00 4.82 5.74 25.65
5596 BPD transport system IMP 61.4 24.6 0.5 0.7 385.74 154.77 3.18 4.69 6.29
5597 BPD transport system IMP 42.5 15.7 0.3 NS 178.95 66.13 1.20 3.08 4.21
5598 Extracellular SBP 72.1 22.8 0.1 0.3* 654.34 206.97 1.02 3.10 9.08

“ LT, locus tag referenced as Pjdr2_XXXX with XXXX being a four-digit number.

b SBP, solute binding protein; IMP, inner membrane protein; BPD, binding protein dependent. The name of the candidates previously evaluated in our laboratory is shown in bold
type.

¢ Transcript levels of candidate genes upregulated with 4-fold-greater expression (underlined) or 10-fold-greater expression (bold) than the yeast extract without carbohydrate (YE
control) growth are indicated. The substrates are shown as follows: SG, sweetgum MeGX_;; SO, sorghum MeGAX,; A, arabinose; X, xylose. The Results and Discussion section refers
to the data in this table as the average fold increases (average of expression levels of all three component genes of the ABC cluster on each substrate being considered). Significance

of fold change data is judged by having a P value no more than 0.01. Data with P values between 0.01 and 0.05 are denoted with an asterisk, and those with P values greater than

0.05 are designated as not significant (NS).

4 RPKM values for cultures grown on yeast extract without carbohydrate (YE control) or cultures grown on the substrates shown in footnote c.

encode a maltose/maltodextrin transport system and are upregu-
lated slightly more on MeGX,, than MeGAX,, (Table 3). These
genes are located adjacent to amyl3A; encoding an extracellular
amylase which is also upregulated on xylans (Table 2). On the
basis of its annotation and location adjacent to amyl3A,, this
gene cluster may encode an ABC transporter that may be as-
sociated with transport of starch-derived oligosaccharides
and will be considered for further investigation. Cassettes
Pjdr2_5314, -5315, and -5316 (abc6x, abc6y, and abc6z) and
Pjdr2_5596, -5597, and -5598 (abc7x, abc7y, and abc7z) are also
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expressed on xylans (Table 3) and are predicted to be involved
with transport of multiple or unknown carbohydrates, respec-
tively. The functional roles of these cassettes are yet to be investi-
gated.

Pjdr2_4270 encoding an extracellular solute binding protein
was expressed 16.4-fold greater following growth on sorghum
MeGAX,, but not on sweetgum MeGX,, (Table 3), suggesting its
potential role in transport of oligoarabinoxylosides. Pjdr2_3245
which encodes a predicted periplasmic binding protein was up-
regulated with an average 13-fold higher following growth of
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TABLE 4 Summarized candidate genes encoding transcriptional regulators expressed by growth on xylans

Fold change® Linear RPKM value?
LT*  Neighboring gene(s) Protein product” SG/YE SO/YE A/YE X/YE SG SO A X YE
0332 GntR family TR 9.7 6.0 NS NS 35.81 22.31 3.19 3.47 3.69
0665  abc4x, abedy, abedz Sensor with HAMP domain 0.2 NS 199 05 1.74 7.60 149.38 3.44 7.51
0666 AraC family TR 0.4 NS 11.8 0.7 5.44 16.87 168.52 9.22 14.29
0667 LysR family TR 0.7* 1.7* 7.2 NS 14.15  33.98 145.04 21.88  20.05
1270 Fur family ferric uptake regulator 1.6 11.2 134 9.6 14498 1,012.65 1,216.09 873.80 90.71
1318 Belongs to GH10/GH67  AraC family TR (YesN) 2.4 1.5% 0.2 0.3 3498 2195 3.52 3.63 14.64
regulon
1319 Sensor with HAMP domain (YesM) 1.9 NS 0.3 0.2 11.61 7.03 1.63 1.45 5.98
1442 LuxR family TR 7.1 0.6 2.5 11.8 229.43 18.14 80.42 378.98 32.17
1806 Pjdr2_1809,-1810,-1811 HxIR family TR 1.2* 2.7 1.9 2.5 119.27 263.88 184.06 236.80 96.22
(encoding ABC)
1808 AraC family TR 29 7.9 NS 1.9 29.48  79.99 11.22 19.70 10.19
3244 TetR family TR NS 6.8 9.4 16.2 27.82 156.13 216.67 372.79 2296
3598 abf51B ArsR family TR (ArsR) NS 1.8 1.0* 1.5* 5.97 8.52 4.82 6.91 4.77
4254  xynl0A;and xyn43B, AraC family TR 0.2* 32.0 0.4 0.6 0.34 49.90 0.56 0.99 1.56
4266 AraC family TR 0.1 2.4* 0.2 0.2 0.65 15.84 1.33 1.37 6.55
4268 AraC family TR 0.1 7.5 0.4 0.3 2.06 163.94 8.34 6.25 21.86
4269 Sensor with HAMP domain 0.1 10.1 0.5 0.4 1.61 136.44 6.08 5.38 13.54
4272 AraC family TR 5.2 17.0 0.7 0.8 55.35 179.91 7.38 8.27 10.56
5181 XRE family TR NS 1.8 1.3 1.8 30.78  44.19 31.18 46.09  25.00
5182 ROK family protein 5.4 7.3 1.2* 6.8 115.10 157.00 24.56 144.62 21.40
5887 Winged helix family two-component NS 4.0 5.6 3.1 32,61  175.80 249.47 136.09 44.45
TR
5888 Fur family ferric uptake regulator NS 4.3 5.7 3.1 28.27 119.64 158.95 86.81  28.13

@ LT, locus tag referenced as Pjdr2_XXXX with XXXX being a four-digit number.

b TR, transcriptional regulator. Name of the candidates previously evaluated in our laboratory are shown in bold type.

¢ Transcript levels of summarized genes upregulated (underlined) and those expressed 4- fold greater (bold) than the yeast extract without carbohydrate (YE control) growth are
indicated. The substrates are shown as follows: SG, sweetgum MeGX,; SO, sorghum MeGAX,; A, arabinose; X, xylose. Significance of fold change data is judged by having a P value
no more than 0.01. Data with P values between 0.01 and 0.05 are denoted with an asterisk, and those with P values greater than 0.05 are designated as not significant (NS).

4 RPKM values for cultures grown on yeast extract without carbohydrate (YE control) or cultures grown on the substrates shown in footnote c.

Pjdr2 on MeGAX,, arabinose, and xylose (Table 3) and is pre-
dicted to be involved with an iron complex transport system and
may be important for cell growth-related activities. Neither of
these two genes is found in a cluster encoding other ABC compo-
nents.

It has been proposed for Gram-positive bacteria such as B.
subtilis that one ATPase (also sometimes referred to as nucleotide
binding domain [NBD]) of an ABC transporter may be shared by
more than one ABC transport system (22, 43). The Pjdr2_0262
gene encoding an ABC transporter ATPase component sharing
28% amino acid sequence identity with a putative ABC trans-
porter ATPase from B. subtilis 168 (BSU03730) may be recruited
to provide ATP to other ABC transporters for assimilation of oli-
gosaccharides. Relative to YE controls, this gene has a transcript
level that is 2.6-fold higher on MeGX,, 2.8-fold higher on
MeGAX,, 7.3-fold higher on arabinose, and 4.8-fold higher on
xylose.
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Expression of genes encoding transcriptional regulators
during xylan utilization in Pjdr2. Most prominently upregulated
genes encoding transcriptional regulators (Table 4) were identi-
fied. These genes include the Pjdr2_0332 encoding GntR family
protein, which showed 9.7- and 6.0-fold higher expression on
MeGX,, and MeGAX,,, respectively. The Pjdr2_1270 gene encod-
ing Fur family protein was 11.2-, 13.4-, and 9.6-fold higher on
MeGAX,, arabinose, and xylose, respectively, and the Pjdr2_3244
gene encoding TetR family protein was 6.8-, 9.4-, and 16.2-, fold
higher on MeGAX,, arabinose, and xylose, respectively. The gene
Pjdr2_4272 encoding an AraC family protein with 5.2- and 17.0-
fold-higher expression on MeGX,, and MeGAX,, respectively, was
also identified (Table 4). The Pjdr2_5182 gene encoding a ROK
(repressor, open reading frame, kinase) family protein showed
5.4-, 7.3-, and 6.8-fold-higher expression on MeGX,,, MeGAX,,
and xylose, respectively, and the Pjdr2_5888 gene encoding Fur
family protein showed a 4.3- and 5.7-fold-higher expression on

February 2015 Volume 81 Number 4

Arelqgi dopisaq [eubia s,vasn- dol116iq Aq §T0Z ‘TT YoJeN uo /Bio wse wae//:dny woly papeojumod


http://aem.asm.org
http://aem.asm.org/

MeGAX, and arabinose, respectively. In Geobacillus stearother-
mophilus, the glucuronic acid utilization gene cluster includes a
regulatory gene encoding a product predicted to be a member of
the GntR family (44) which is highly expressed on xylans in Pjdr2,
supporting a role in the regulatory control of the xylan utilization
systems. When screened on the basis of their location on the ge-
nome and synteny with other genes in the xylan utilization sys-
tems, the level of expression of the Pjdr2_1318 gene encoding
YesN, AraC family, was 2.4-fold on MeGX,, and 1.5-fold on
MeGAX,, and the Pjdr2_1319 gene encoding YesM, the HAMP
(histidine kinase, adenylyl cyclase, methyl binding protein, phos-
phatase) sensor domain, was 1.9-fold on MeGX,, and an undeter-
mined value on MeGAX, due to a high P value. Both the yesN and
yesM genes as well as other genes in the aldouronate utilization
gene cluster showed coordinate upregulation when determined by
qRT-PCR in Pjdr2 (22).

Xylan utilization as previously defined in Pjdr2 utilizes a
GH10/GH67 system for the efficient processing of xylans such as
sweetgum MeGX,, and sorghum MeGAX, (19, 20, 22, 23). An
advantage of this system is its ability to assimilate MeGX; gener-
ated by the action of the extracellular cell-associated GH10 xyla-
nase, XynlOA;, on both MeGX, and MeGAX, and process
MeGX; with an intracellular GH67 a-glucuronidase, Agu67A, to
release xylotriose, which is then further processed to xylose (19),
as depicted in Fig. 2B. Key to this GH10/GH67 system is the spec-
ificity of the GH67 a-glucuronidase for the GH10 Xyn10A,-gen-
erated MeGX; product in which the nonreducing terminal xylose
of B-1,4-xylotriose is modified with an a-1,2-linked 4-O-methyl-
glucuronate. This allows the assimilation and subsequent metab-
olism of all of the oligoxylosides and aldouronates generated by
the cell-associated Xyn10A,. In the case of MeGAX,,, oligoarabi-
noxylosides released by Xyn10A, are assimilated by transporters
for processing, presumably by Abf51B, to release xylobiose and
xylotriose for further metabolism (20). This allows maximal uti-
lization of both arabinose as well as xylose in the hemicellulose
fractions of both dicots and monocots (20, 22). The surface layer
homology (SLH) domains on Xyn10A, contribute to association
with the bacterial cell surface. The carbohydrate binding modules
(CBMs) through their interactions with cellulose and xylans may
contribute to the generation of oligosaccharides at the cell surface
(Fig. 2B). Proximity to the substrate binding domain of the ABC
transporter complex may enable rapid assimilation of oligosac-
charides without diffusion into the medium (19, 23). GH10/
GH67 systems have been identified in other bacteria, including
Thermotoga maritima (45-47), and Thermoanaerobacterium sp.
strain JW/SL-YS485 (48, 49). Both of these organisms are under
investigation as biocatalysts for consolidated bioprocessing of
lignocellulosic biomass. Earlier studies carried out following
growth of Pjdr2 on xylose supplemented with 0.1% yeast extract
led to the expression of the GH10/GH67 system (20), which
was lower when 0.5% yeast extract was used in this study. This
suggests that larger amounts of yeast extract drive the growth of
Pjdr2 without the expression of xylan utilization genes on xy-
lose as a substrate.

The metabolic potential of Pjdr2 for direct conversion of xy-
lans and its ability to process aldouronates supports its further
development as a biocatalyst for direct conversion of the hemicel-
luloses to targeted products. The previously defined GH10/GH67
MeGX,, and MeGAX,, utilization systems (19-23) has here been
extended to a GH11/GH115 system for the utilization of xylans in
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Pjdr2 (Table 1 and Fig. 2). An alternative system containing GH11
and GH30 endoxylanases occurs in the Bacillus subtilis 168 and
related species that processes xylan to xylobiose and xylotriose,
and MeGXj. In this system, only the oligoxylosides are assim-
ilated and metabolized, and the aldouronate MeGX; accumu-
lates in the medium (15, 29, 30). In contrast, Pjdr2 contains
genes encoding ABC transporters for assimilation of aldouro-
nates (MeGX; and MeGX,) and genes encoding GH67 and
GHI115 a-glucuronidases for intracellular processing, which
make this bacterium uniquely efficient for xylan utilization
(19, 22, 23). These genes of interest may be introduced into
fermentative strains of related bacteria for complete conver-
sion of xylans to useful products.

The sequenced genome of Pjdr2 includes genes for efficient
utilization of a variety of polysaccharides, including soluble
B-glucans, starch, and arabinans, as well as xylans. For each of
these substrates, cell-associated enzymes with SLH domains
and CBMs for binding to polysaccharides are thought to play a
role and contribute to the preferential utilization of the poly-
saccharides compared to oligosaccharides derived from depo-
lymerization. Preliminary studies have demonstrated the for-
mation of lactate, acetate, and ethanol from starch and xylans
under oxygen-limiting conditions (unpublished results). The
efficient utilization of these polysaccharides by Pjdr2 supports
its further development as a biocatalyst for the direct conver-
sion of the hemicellulose fraction of energy crops and agricul-
tural residues to targeted products.
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