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The diversity and specificity e
of the extracellular proteome in the cellulolytic
bacterium Caldicellulosiruptor bescii is driven

by the nature of the cellulosic growth substrate
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Abstract

Background: Caldicellulosiruptor bescii is a thermophilic cellulolytic bacterium that efficiently deconstructs lignocel-
lulosic biomass into sugars, which subsequently can be fermented into alcohols, such as ethanol, and other products.
Deconstruction of complex substrates by C. bescii involves a myriad of highly abundant, substrate-specific extracel-
lular solute binding proteins (ESBPs) and carbohydrate-active enzymes (CAZymes) containing carbohydrate-binding
modules (CBMs). Mass spectrometry-based proteomics was employed to investigate how these substrate recognition
proteins and enzymes vary as a function of lignocellulosic substrates.

Results: Proteomic analysis revealed several key extracellular proteins that respond specifically to either C5 or C6
mono- and polysaccharides. These include proteins of unknown functions (PUFs), ESBPs, and CAZymes. ESBPs that
were previously shown to interact more efficiently with hemicellulose and pectin were detected in high abundance
during growth on complex C5 substrates, such as switchgrass and xylan. Some proteins, such as Athe_0614 and
Athe_2368, whose functions are not well defined were predicted to be involved in xylan utilization and ABC transport
and were significantly more abundant in complex and C5 substrates, respectively. The proteins encoded by the entire
glucan degradation locus (GDL; Athe_1857, 1859, 1860, 1865, 1867, and 1866) were highly abundant under all growth
conditions, particularly when C. bescii was grown on cellobiose, switchgrass, or xylan. In contrast, the glycoside hydro-
lases Athe_0609 (Pullulanase) and 0610, which both possess CBM20 and a starch binding domain, appear preferential
to C5/complex substrate deconstruction. Some PUFs, such as Athe_2463 and 2464, were detected as highly abundant
when grown on C5 substrates (xylan and xylose), also suggesting C5-substrate specificity.

Conclusions: This study reveals the protein membership of the C. bescii secretome and demonstrates its plasticity
based on the complexity (mono-/disaccharides vs. polysaccharides) and type of carbon (C5 vs. C6) available to the
microorganism. The presence or increased abundance of extracellular proteins as a response to specific substrates
helps to further elucidate C. bescii's utilization and conversion of lignocellulosic biomass to biofuel and other valuable
products. This includes improved characterization of extracellular proteins that lack discrete functional roles and are
poorly/not annotated.
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Background

Microbial utilization of lignocellulose requires cel-
lulases and xylanases that synergistically unravel and
hydrolyze the carbohydrate content of plant biomass
within the lignin matrix [1, 2]. Microcrystalline cellu-
lose is the most recalcitrant component, and is most
effectively deconstructed with either non-complexed
cellulases [3] or self-assembled cellulases/CAZymes
on protein scaffolds known as cellulosomes [4]. While
the fungal responses to simple and complex C6 and
C5 substrates have been studied extensively [3, 5-9],
only relatively few comprehensive studies have been
performed with cellulolytic bacteria [10, 11]. Some
organisms, such as the bacterium Caldicellulosiruptor
bescii (previously Anaerocellum thermophilum), secrete
multi-functional cellulases that contain both binding
and catalytic domains [10, 12] for this purpose [13].
The cellulose deconstruction mechanism of C. bescii
is distinct from either that of the fungal free or non-
complexed cellulases and Clostridial cellulosomes [14].
C. bescii is a Gram-positive, anaerobic, thermophilic
bacterium that grows optimally at 78 °C, with a tem-
perature maximum as high as 90 °C, and can ferment
crystalline cellulose and xylan as well as untreated plant
biomass (including poplar and switchgrass) [15, 16].
These untreated lignocellulosic substrates are attacked
primarily by an array of glycoside hydrolases (GHs)
that includes several large, multi-domain carbohydrate-
active enzymes (CAZymes) [17], as well as other acces-
sory enzymes and substrate binding proteins that are
integral to the deconstruction process.

The multi-domain architecture of these complex cel-
lulolytic proteins involves glycosyl hydrolase (GH)
domains interspersed with carbohydrate-binding mod-
ules (CBMs), which play a major role in localizing the
catalytic domain in close proximity to the substrate
[18]. The C. bescii genome encodes 52 annotated extra-
cellular GHs that aid in the deconstruction of the car-
bohydrate components of cell walls [19]. CelA has been
reported as one of the most abundant enzymes in this
group [10], and consists of three CBMs and two cata-
lytic domains (GH9 and GH48) with both endo- and
exoglucanase activities [20, 21]. Reduction in exog-
lucanase (GH48) activity during extracellular decon-
struction of substrates was reported when CelA was
deleted from the C. bescii genome [22]. Functional
analysis of the genomic region that includes six major

GH coding genes, identified as the glucan degradation
locus (GDL), revealed the important roles of glycoside
hydrolases in the deconstruction of plant biomass. In
particular, the synergistic activity of Athe_1867 (CelA),
Athe_1859, and Athe_1857 accounted for deconstruc-
tion of 92% of microcellulose (Avicel) [23] and a related
study shows similar pattern in vitro [24]. Transcriptom-
ics measurements of the growth of Caldicellulosiruptor
species on cellulose or switchgrass revealed that many
carbohydrate ABC transporters and multi-domain
extracellular GHs are differentially regulated [17]; in
fact, the expression of as many as 32 GHs responded
to growth on microcrystalline cellulose when compared
to glucose [25]. A previous proteomics study of the C.
bescii secretome revealed that the most abundant pro-
teins were multi-domain glycosidases, extracellular sol-
ute binding proteins (ESBPs), flagellin, putative pectate
lyases, and uncharacterized proteins with predicted
secretion signals [10]. However, the study was limited
to crystalline cellulose as the only growth substrate.

To date, most studies of C. bescii have focused on a
limited number of growth conditions [20, 26-29]. As
there is no comprehensive study examining C. bescii’s
growth on a variety of C5- and C6-substrates, the func-
tional roles of loosely characterized or uncharacterized
extracellular proteins critical to lignocellulose solubili-
zation remain undefined. To this end, we investigated
the extracellular proteome of C. bescii grown on six
different carbon sources, including substrates that are
mono-, di-, and polysaccharide in nature. Glucose and
xylose (monosaccharides), along with cellobiose (disac-
charide), were selected as “simple substrates,” whereas
crystalline cellulose (Avicel), xylan, and switchgrass
(polysaccharides) were selected as “complex substrates”
Comparisons between the extracellular proteins meas-
ured across substrate classes (i.e., simple vs. complex,
C5 vs. C6, pairwise comparisons between substrates)
were conducted to ascertain substrate-specific depend-
encies that both further inform the process of ligno-
cellulosic deconstruction and utilization by C. bescii
as well as lend additional functional information to
poorly characterized proteins involved in the process
(i.e., ESBPs that respond to specific substrates or sub-
strate classes). Additionally, a careful examination of
“proteins of unknown function” was undertaken to
determine which of these are highly growth substrate
dependent.
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Methods

Cultivation and sampling

Medium for the cultivation of Caldicellulosiruptor bescii
DSM6725 was supplemented with vitamins, trace ele-
ments, and 0.5 g L™! yeast extract, as described previ-
ously [15]. Medium was initially prepared without the
carbon source. Six different growth substrates were
picked to represent a range of simple to complex cellulose
substrates for differential proteome characterizations.
The carbon sources—glucose, cellobiose, crystalline cel-
lulose (Avicel PH-101, Sigma), xylose, birchwood xylan
(Sigma) or Switchgrass (sieved 20/80-mesh fraction;
BESC Alamo cultivar provided by Dr. Brian Davison, Oak
Ridge National Laboratory, Oak Ridge, TN), were then
added to the medium. The switchgrass samples were used
without chemical or physical pretreatment, other than
washing for 18 h with water at 78 °C, and will be referred
to as ‘unpretreated switchgrass’ [30]. The bottles contain-
ing media and growth substrates were then closed with
butyl rubber stoppers, and the headspace was replaced
with N,7/CO, (80/20). Growth experiments were per-
formed at 78 °C as closed cultures without pH control
(400 mL volume, shaken at 150 rpm). Growth was moni-
tored by cell counting using a Petroff-Hausser counting
chamber. To better provide for relative proteome com-
parisons across all samples, the bottles for each growth
condition were harvested from the incubator at similar
growth stage (all were mid-to-late exponential phase)
and all at similar cellular densities (0.5—1.5x 10® cells
mL ™). The culture was immediately (< 1 min) brought to
room temperature by pumping it through a glass cooling
coil bathed in an ice-water slurry, as previously described
[31]. Most of the insoluble substrate was removed by this
procedure. Cells and residual substrate were pelleted by
centrifugation at 6000x g for 5 min. Subsamples (50 mL)
of the supernatant containing the secreted proteins were
carefully decanted, frozen, and kept at — 80 °C until fur-
ther processing.

Fermentation product analyses

Fermentation products were determined by high-per-
formance liquid chromatography (HPLC) in the cul-
ture supernatants after removal of cells and insoluble
substrates by centrifugation. Centrifuged samples for
HPLC were further acidified with 0.1 M H,SO, and
centrifuged again before analysis to remove particles.
Organic acids, cellobiose, glucose, and xylose were deter-
mined using a 2690 separations module (Waters, Mil-
ford, MA) equipped with an Aminex HPX-87H column
(300 mm by 7.8 mm; Bio-Rad, Hercules, CA), a photo-
diode array detector (model 996; Waters) and a refrac-
tive index detector (model 410; Waters). The system was
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operated with 5 mM H,SO, as the eluent at a flow rate of

0.5 mL min™'.

2D LC-MS/MS-based proteomic analysis

Cell-free secretome samples were prepared for 2D LC—
MS/MS analysis as described previously [10]. Briefly,
filter-concentrated supernatant proteins (5 kDa MWCO
spin column; Vivaspin20 by Sartorius) were denatured
and reduced with SDS lysis buffer plus DTT and sub-
jected to TCA precipitation to enrich proteins and
remove bulk SDS and other small molecules. Acetone-
washed protein pellets were then resolubilized in urea
and concentrations assessed by BCA (Pierce). Recov-
ered supernatant proteins were again reduced with DTT,
alkylated with IAA to block disulfide bridge reformation,
and digested to peptides with two sequential aliquots
of sequencing-grade trypsin (Promega Corp., Madison,
WI, USA) at a 1:100 enzyme:protein ratio (w/w), initially
overnight then followed by 4 h at room temperature. As
previously described, samples were diluted 1:1 prior to
overnight digestion, then again before 4-h digestion [10].
Samples were then salted (NaCl), acidified (formic acid),
and filtered through a 10-kDa MWCO spin column fil-
ter (Vivaspin2; Sartorius). Peptide concentrations were
then measured using the BCA (Pierce). Five micrograms
of peptides were then pressure-loaded onto a biphasic
MudPIT back column, as described previously [10, 32,
33]. Bound peptides were then washed, separated, and
analyzed by data-dependent MS/MS over 2 successive
salt cuts of ammonium acetate (50 and 500 mM). LC-
resolved peptides were analyzed by a ThermoFisher LTQ-
Orbitrap-XL mass spectrometer.

MS data analysis and evaluation

Acquired MS/MS spectra were matched with theoreti-
cal tryptic peptides generated from a concatenated C.
bescii proteome FASTA database with contaminants and
decoy sequences using MyriMatch v. 2.1 [34]. Peptide
spectral matches (PSM) were filtered to achieve peptide
false-discovery rates (FDR)<1% and assembled to their
respective proteins using IDPicker v. 3.0 [35]. Protein
abundances were derived via peptide ion intensity values
as previously described [36]. Extracellular proteins were
analyzed independently by computationally removing
PSORT- and Phobius-predicted intracellular proteins, as
their presence in the supernatant fraction is largely due
to contamination via microbial lysis [37, 38]. Following
normalization, pairwise comparisons were conducted
between all substrates using Student’s ¢ test and result-
ing p values for each protein were adjusted via Benja-
mini-Hochberg (BH) FDR correction. Comparisons
resulting in BH-corrected p values<0.05 were further
investigated. Comparisons across broad substrate classes
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were similarly performed, namely C5 vs. C6 substrates as
well as complex vs. simple substrates. Functional enrich-
ment (KEGG and GO) for specific substrates were per-
formed through the R package PIANO [39] as detailed
previously [40]. A genome atlas was created that charted
the abundance profiles of extracellular proteins across
substrates—globally visualized in the context of the
entire C. bescii chromosome using CMG-botools [41].
All the heat maps were generated using Orange [42]. All
raw mass spectra for the proteome measurements have
been deposited into the ProteomeXchange repository
with the following accession numbers: (MassIVE Acces-
sion: MSV000081856, ProteomeXchange: PXD008556,
FTP link to files: ftp://MSV000081856@massive.ucsd.
edu, Reviewer password: @).

Results and discussion

Substrate-dependent growth state characteristics
Microbial growth observed on the different substrates
was consistent with previous reports [15, 43] (Addi-
tional file 1: Table S1). The highest growth rates were
achieved with glucose and cellobiose (with doubling
times of 0.67 and 0.57 h™!, respectively) as shown in
Fig. 1. Growth on the C5 xylose was significantly slower
(0.24 h™') than the growth on xylan (0.43 h™?). This may
imply that xylo-oligomers derived from xylan are taken
up by C. bescii faster than xylose, or that growth can be
enhanced by other components of xylan, such as r-ara-
binose or p-glucuronic acid [44], undoubtedly similar to
C. thermocellum preference to transport longer oligom-
ers to save ATP requirements [45]. For comparison, a
reduced growth rate of thermophiles has been observed
with increasing xylose concentrations, starting as low
as 2 g L' [46]. This may be due to an enhanced Mail-
lard reaction with xylose (as compared to glucose) [47],
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which releases substances inhibitory to microbial growth.
For crystalline cellulose, an initial growth rate of 0.37 h™*
was observed following a short lag phase—a rate which
agrees with bioreactor studies [15, 30]. Similarly, the
growth rate on unpretreated switchgrass (0.34 h™') was
only slightly lower than what has been reported in pH-
controlled reactors. Since the cultures were harvested
early, in mid-to-late exponential growth phase, and the
studies were performed without pH control [30], only
low amounts of products (Additional file 1: Table S1)
were found in the supernatant. Among these, acetate was
the dominant product, with up to 3.1 mM produced in
the xylose fermentations, while lower amounts of lac-
tate<1 mM were detected. These concentrations agree
with what has been published previously for C. bescii in
the exponential growth phase [43]. Gas phase composi-
tion was not determined. Taken together, the observed
growth rates and formed products compared well with
previous reports and indicated that the cultures were
suitable for the analysis of the extracellular proteome. To
this end, the culture supernatants were separated from
the cells by centrifugation, and proteins in the superna-
tant were further characterized.

Overview of the expressed extracellular proteome

across divergent substrates

In total, 579 proteins were detected in the extracellular
samples by LC-MS/MS, as shown in Additional file 2:
Table S2A. The PCA plot (Additional file 1: Fig S1) and
the correlation matrix (Additional file 1: Fig S2) reveal
that the biological replicates clustered together and were
highly correlated among replicates. Across sample con-
ditions, protein abundance values obtained from simple
substrates (glucose, xylose, and cellobiose) and complex
substrates (Avicel, xylan, and switchgrass) grouped
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accordingly. As the focus was primarily on the extracellu-
lar proteins, intracellular proteins were computationally
identified using Psort and Phobius and removed, leaving
192 proteins classified herein as extracellular (Additional
file 2: Table S2B). Of these, 68 proteins contained pre-
dicted signal peptides. To further examine the genomic
localization (and operon structures), the predicted and
measured extracellular proteins were visualized on a cir-
cular genome atlas that depicts their abundance across
the six substrates (Fig. 2). Biological replicates are shown
in adjacent rings, and each substrate growth condi-
tion is indicated by a unique color. In general, there are
13 major regions (dark colored) along the chromosome
(marked A-M in Fig. 2) that highlight sections of the
genome that are translated into highly abundant pro-
teins under all growth conditions. The most noteworthy
cluster of highly abundant proteins belongs to region H,
which encodes the major pectate lyases, the GDL family
of glycosyl hydrolases (GH; GH-5, -9 and -48), and man-
nan endo-1,4-beta-mannosidases, as shown in Table 1.

Page 5 of 18

Many of the other regions identified consist of proteins
with known functions linked to carbohydrate binding,
uptake, and metabolism. However, regions C, D, L, and
M contain highly abundant proteins with no annotated
function. Of particular interest is region D, which con-
sists of four proteins of unknown function (PUFs) local-
ized together, perhaps indicative of co-regulation during
lignocellulosic deconstruction/utilization.

The invariant core extracellular proteome

The core extracellular proteins that are abundant across
all growth conditions but relatively invariant under any
specific condition (i.e., p>0.05 when compared across all
substrates) were investigated as the first category. Among
them, six proteins (Athe_1853, 1854, 1855, 1859, 1866,
and 1867) are classified as CAZymes. Athe_1853, 1854,
and 1855 are the pectate lyases A, B, and C, respectively,
which cleave pectin, a major component of the primary
cell walls of higher plants [48]. These proteins have been
reported to be highly abundant in the secretomes of C.
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Table 1 Most abundant extracellular proteome
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Locus_Tag | Protein description GeneStart | GeneEnd | Regions
Athe 0012 | YD repeat protein 12644 21727 A
Athe 0105* | D-Xylose ABC transporter, periplasmic substrate- 128013 129068 B
binding protein

Athe 0161° | Conserved hypothetical protein 200857 202029 C
Athe 0264" | Hypothetical protein 314752 315591 D
Athe 0287 | Hypothetical protein 332238 332570

Athe 0290 | Hypothetical protein 335168 336103

Athe 0297" | Hypothetical protein 342619 343452

Athe 0460 | Glycoside hydrolase family 94 524264 526699 E
Athe 0597 | Extracellular solute-binding protein family 1 673118 674620 F
Athe 1664" | Flagellin domain protein 1758223 1759485 G
Athe 1853" | Cellulose 1,4-beta-cellobiosidase 1929397 | 1931898 H
Athe 1854® | Pectate lyase 1932088 1933470

Athe 1855" | Pectate disaccharide-lyase 1933527 1935488
Athe 1857 | Glycoside hydrolase family 48 1938607 | 1943043

Athe 1859" | Glycoside hydrolase family 5 1943641 1947525

Athe 1860 | Glycoside hydrolase family 48 1947681 1953395
Athe 1865 | Glycoside hydrolase family 9 1959955 1964064

Athe 1866 | Mannan endo-1,4-beta-mannosidase, cellulase 1964321 1968565

Athe 1867" | Glycoside hydrolase family 48 1968721 1974000

Athe 1913° | Extracellular solute-binding protein family 5 2017642 | 2019249 1
Athe 2120° | Ig domain protein group 2 domain protein 2249043 | 2254538 J
Athe 2303 | S-layer domain protein 2436246 | 2439302 K
Athe 2653" | Hypothetical protein 2672878 2674524 L
Athe 2729 | Conserved hypothetical protein 2881035 | 2881247 M

@ Core extracellular proteins

bescii and C. obsidiansis when grown on Avicel [10].
Previously, transcriptional analyses have reported these
genes to be upregulated when C. bescii was grown on
switchgrass [49] and downregulated on cellulose [25],
both when compared to growth on glucose. Although
gene expression was shown to be differential, the extra-
cellular proteomic data presented here indicate that their
abundances were fairly consistent across different sub-
strates, and highly abundant even when cells are grown
on simple monomeric substrates. This illustrates the
complementary nature of transcriptomic and proteomic
datasets, and demonstrates the need for integrated omics
especially when studying extracellular environments
where proteins/enzymes can accumulate, persist, and
continue to function outside the observed induction of
intracellular gene expression.

The other three core CAZymes identified, GHs
Athe_1859, 1866, and 1867, are part of a multi-domain
cellulase/hemicellulase gene cluster in the C. bescii
genome known as the GDL [23, 25]. The GDL is known
to be involved in processing of C5 and C6 sugars [17]
and is located in region H of the genome atlas (Fig. 2
and Table 1), which includes other important GHs
(Athe_1857, 1860, and 1865) that were differentially

abundant across substrates (discussed below). In con-
trast, the GDL CAZymes Athe_1859, 1866, and 1867
were highly abundant and did not vary across substrates.
Athe_1867 (CelA) is one of the most widely studied
proteins in C. bescii, and was one of the most abundant
extracellular proteins measured across all substrates. This
megazyme is primarily involved in the deconstruction of
crystalline cellulose, and consists of three carbohydrate-
binding domains (3x CBM3) sandwiched between two
catalytic domains, a processive endoglucanase (GH9)
and an exoglucanase (GH48) [10, 20, 21, 50]. Similarly,
Athe_1859 (consisting of GH5, two CBM3, and GH44—
known as CbMan5A/Cel44a, a bifunctional mannanase)
and Athe_1866 (CelB, which consists of GH5, three
CBM3, and GH5) were also highly abundant. As noted
above, Athe 1867 (CelA) and Athe_1859 are two of the
three members responsible for almost complete decon-
struction of microcrystalline cellulose (Avicel), which
perhaps explains their persistent abundance in C. bescii’s
secretome [23].

Other than the core CAZymes described above,
several other proteins were found to be consistently
abundant across all substrate classes. These include pro-
teins involved in carbohydrate binding and transport
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(Athe_0012, 0105, 1913) or cell adhesion/potential car-
bohydrate recognition and motility (Athe_1664 and
2120). Of particular interest, however, were four pro-
teins of unknown function (Athe_0161, 0264, 0297, and
2653) that were also highly abundant and independent
of the carbohydrate substrate supplied. Their persis-
tent abundance across all conditions suggests that they
play a critical role in deconstruction or utilization of
lignocellulosic material. In fact, Athe_0264 is one of the
most abundant proteins in the entire extracellular pro-
teome but its function has yet to be determined. There
are no known orthologs of this protein, though the sec-
ond best hit in BlastKOALA [51] matches to a multidrug
efflux pump—an interesting connection but whose func-
tional assignment would require additional experimental
confirmation.

Protein with varying abundance trends across growth
substrates

One-way ANOVA generated a list of 115 extracellular
proteins that were significantly (p value <0.05) increased
or decreased in abundance in at least one substrate con-
dition. This list was further curated to highlight proteins
that respond to a specific type of substrate or substrate
class. The main comparisons included any substrate com-
pared with all other substrates, C5 vs. C6 substrates, and
simple vs. complex substrates. Glucose, cellobiose, and
xylose were categorized as simple substrates, whereas
Avicel, xylan, and switchgrass were categorized as com-
plex substrates. Proteins that changed significantly in
abundance (BH FDR adjusted p value<0.05) in at least
one comparison are shown in Additional file 3: Table S3.
These differentially abundant proteins were then exam-
ined in more detail to ascertain their possible involve-
ment in the deconstruction of specific substrates or
substrate component.

Table 2 shows the overall distribution of protein class
per substrate comparison. Overall, 43 differentially abun-
dant proteins contained a signal peptide. Among 18
extracellular CAZymes measured, 11 were differentially
abundant, with 7 containing CBMs (Table 3). Interest-
ingly, CBM-containing CAZymes were most abundant
on either switchgrass or xylan in the individual substrate

Table 2 Extracellular proteome summary

Allvs. all Simple vs. C5vs.C6 Union
complex
SignalP 33 13 25 43
CAZymes 8 6 3 112
ESBPs 12 9 5 14
PUFs 25 13 21 37

2 Out of 11 CAZymes, 7 consist of CBMs
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pairwise comparisons. ESBPs are another broad category
of extracellular proteins that have non-catalytic extracel-
lular activities [52]. Out of 22 predicted ESBPs, 14 were
differentially abundant. As both CAZymes and ESBPs
are important to the process of lignocellulose decon-
struction and utilization, and are known to be extracel-
lular, both protein classes were visualized as a scatter plot
(Fig. 3) based on their absolute fold changes and p values
(Table 3) obtained through pairwise comparison. Clearly,
enzymes suspected to be involved in the deconstruction
of switchgrass and xylan are the most differentially abun-
dant, as shown in Additional file 3: Table S3 and Fig. 3.
ESBPs (Athe_0847, 0849, 0614) were categorically more
abundant in complex substrates like xylan, switchgrass,
and Avicel when compared to simple substrates, with
Athe_0849 more specific to the C5 polymer xylan rela-
tive to SWG. In addition to these ESBPs, Athe_0089 was
highly specific to xylan. This is expected, as Athe_0089
is functionally categorized as an endo-1,4-beta-xylanase
and thus would be an important player in the deconstruc-
tion of pure xylan. Overall, the most significant ESBPs
and CAZymes (color coded in Fig. 3) revealed higher
abundance in xylan, switchgrass, and/or Avicel when
compared to other simple substrates, and thus strongly
implicate their importance to the deconstruction and uti-
lization of complex substrates by C. bescii.

The suite of extracellular enzymes appears to be highly
dependent on the nature and complexity of the growth
substrate. To further explore substrate-dependent pro-
tein abundance, the differentially abundant proteins
identified by ANOVA above were first segregated by sub-
strate, and then individual proteins clustered according to
their fold-change values when compared to all other sub-
strates (Fig. 4 and Additional file 4: Table S4). Growth on
the monosaccharides glucose and xylose show increased
abundance of proteins involved in signal transduction,
chemotaxis, ABC transport, and other broad functional
categories (Fig. 4a, c). With regard to the disaccharide
cellobiose (Fig. 4b), several PUFs as well as GH48-related
proteins were detected in higher abundance when com-
pared to other substrates. Growth on the complex, C6
polysaccharide Avicel revealed two kinds of trending
proteins clusters that exhibited contrasting abundance
patterns (Fig. 4d). One cluster contains proteins that
were abundant when compared to simple sugars, but
less abundant when compared to xylan and switchgrass.
Since both switchgrass and xylan contain C5 polymers,
it is possible that this cluster contains proteins specific
to C5 deconstruction or utilization. This cluster mainly
consists of ESBP-1, PUFs, and S-layer domain proteins.
The other cluster in Fig. 4d comprises proteins that were
highly abundant when compared to switchgrass and
xylan, but lower when compared to simple sugars—the
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Table 3 Differentially abundant CAZYmes in different growth conditions

LocusTag_ProteinDescription Comparison (subA_subB)? p value subA-subB (fold CBM
change?)
Athe_0610_glycoside hydrolase starch-binding CB_SWG 0.00 — 4.66 Yes
Athe_0610_glycoside hydrolase starch-binding GLU_SWG 0.00 —398 Yes
Athe_0610_glycoside hydrolase starch-binding GLU_XYLN 0.00 — 437 Yes
Athe_0610_glycoside hydrolase starch-binding Simple_Complex 0.01 — 281 Yes
Athe_0610_glycoside hydrolase starch-binding CB_XYLN 0.00 — 504 Yes
Athe_0610_glycoside hydrolase starch-binding C6_C5 0.01 — 269 Yes
Athe_0460_glycoside hydrolase 94 GLU_CB 0.02 —1.55 No
Athe_0460_glycoside hydrolase 94 XYLN_XYLO 0.00 — 268 No
Athe_0460_glycoside hydrolase 94 GLU_XYLN 0.00 141 No
Athe_0460_glycoside hydrolase 94 GLU_XYLO 0.01 —1.27 No
Athe_0460_glycoside hydrolase 94 AVI_SWG 0.02 4.8 No
Athe_0460_glycoside hydrolase 94 AVI_XYLN 0.00 465 No
Athe_0460_glycoside hydrolase 94 AVI_XYLO 0.01 197 No
Athe_0460_glycoside hydrolase 94 AVI_CB 0.03 1.69 No
Athe_0460_glycoside hydrolase 94 CB_XYLN 0.00 2.96 No
Athe_0460_glycoside hydrolase 94 GLU_AVI 0.00 —324 No
Athe_0459_glycoside hydrolase 94 AVI_SWG 0.04 4.7 No
Athe_0459_glycoside hydrolase 94 AVI_XYLN 0.04 5.96 No
Athe_0459_glycoside hydrolase 94 AVI_CB 0.01 1.54 No
Athe_0459_glycoside hydrolase 94 GLU_AVI 0.03 — 291 No
Athe_2028_glycoside hydrolase family 4 Simple_Complex 0.04 1.16 No
Athe_1857_glycoside hydrolase family 48 AVI_XYLN 0.03 — 163 Yes
Athe_1857_glycoside hydrolase family 48 AVI_XYLO 0.02 —213 Yes
Athe_1857_glycoside hydrolase family 48 AVI_CB 0.03 — 296 Yes

Athe_1857_glycoside hydrolase family 48 Simple_Complex 0.01 1.21 Yes
Athe_1857_glycoside hydrolase family 48 GLU_AVI 0.04 19 Yes
Athe_0089_Endo-1,4-beta-xylanase XYLN_XYLO 0.00 501 Yes
Athe_0089_Endo-1,4-beta-xylanase GLU_XYLN 0.00 —5.05 Yes
Athe_0089_Endo-1,4-beta-xylanase XYLN_SWG 0.00 522 Yes
Athe_0089_Endo-14-beta-xylanase AVI_XYLN 0.00 —544 Yes
Athe_0089_Endo-1,4-beta-xylanase CB_XYLN 0.01 — 502 Yes
Athe_0089_Endo-1,4-beta-xylanase Ce6_C5 0.02 — 266 Yes
Athe_1860_glycoside hydrolase family 48 XYLN_XYLO 0.03 —0.53 Yes
Athe_1860_glycoside hydrolase family 48 AVI_SWG 0.05 —2.14 Yes
Athe_1860_glycoside hydrolase family 48 XYLN_SWG 0.05 —072 Yes
Athe_1860_glycoside hydrolase family 48 AVI_XYLO 0.05 —1.95 Yes
Athe_1860_glycoside hydrolase family 48 AVI_CB 0.05 —2.89 Yes
Athe_1860_glycoside hydrolase family 48 Simple_Complex 0.03 1.02 Yes
Athe_0609_pullulanase, type | Simple_Complex 0.00 —2.29 Yes
Athe_0609_pullulanase, type | C6_C5 0.03 —1.99 Yes
Athe_0152_Acetyl xylan esterase GLU_CB 0.03 411 No
Athe_0152_Acetyl xylan esterase GLU_XYLN 0.03 403 No
Athe_0594_Cellulase Simple_Complex 0.01 — 205 Yes
Athe_1865_glycoside hydrolase family 9 AVI_SWG 0.04 — 175 Yes
Athe_1865_glycoside hydrolase family 9 AVI_XYLN 0.01 —-18 Yes
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Table 3 (continued)

LocusTag_ProteinDescription Comparison (subA_subB)? p value subA-subB (fold CBM
change?)

Athe_1865_glycoside hydrolase family 9 AVI_XYLO 0.01 — 181 Yes

Athe_1865_glycoside hydrolase family 9 AVI_CB 0.04 —1.89 Yes

Athe_1865_glycoside hydrolase family 9 C6_C5 0.04 —091 Yes

? The fold changes are in log scale. If the fold change is positive (+), the protein is significantly more abundant in substrate (left side) when compared substrate
(right side) in the comparison column. Similarly, if the fold change is negative (—), the protein is significantly more abundant in substrate (right side) when compared

substrate (left side) in the comparison column

Pairwise comparisons: ESBPs and CAZymes
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Fig. 3 Scatterplot of absolute fold change (in log scale) and —log10 (p value) obtained by pairwise comparisons of ESBPs and CAZymes across
all growth conditions. The most significant proteins (p value <0.01 and fold change > x4) are colored. Each point represents the p value and
fold change obtained by the pairwise comparison. Each rectangular box represents the locus tag of protein along with the most significant
comparisons. The red colored substrate means the high abundance of proteins and green color means low abundance of protein

majority of which were identified and discussed earlier in
glucose and xylose.

A pair of CAZymes (Athe_0459, 0460) were sig-
nificantly more abundant in Avicel compared to other
growth conditions. These proteins possess cellobiose/
cellodextrin phosphorylase activities, and were also
found to be significantly more abundant in cellobiose

as compared to glucose. Interestingly, their abun-
dances were higher in Avicel (2x) compared to cel-
lobiose alone, the latter of which being the obvious
substrate target. Since the sample collection occurred
during mid-log phase, other cellulase enzymes likely
have already begun solubilizing and deconstructing the
cellulose (Avicel) into cellobiose, thus increasing the
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abundances of these enzymes. These were previously
annotated as glycosyltransferase 36, and have been
updated to GH94 in the CAZY database [53]. For com-
parison, a study in the related cellulolytic bacterium,
Clostridium cellulolyticum ATCC 35319, reported
that cellobiose/cellodextrin  phosphorylase genes
(GH94: Ccel_3412 and 2109) were expressed when
the organism was grown on cellulose (Avicel PH101)
[54]. Although GH48 family CAZymes (Athe_1860,
Athe_1857:CelF) were detected as abundant enzymes in
all conditions, Athe_1860 (consisting of GH74, GH438,
and two CBM3) was significantly more abundant in
cellobiose as compared to Avicel, and was also more
abundant in xylose and switchgrass as compared to

xylan and Avicel. In contrast, a previous study detected
Athe_1860 as less abundant when grown in crystalline
cellulose [10]. Similarly, CelF, a xylanase/cellobiohydro-
lase, was significantly more abundant in xylan, xylose,
cellobiose, and glucose as compared to Avicel.

As opposed to the other substrates analyzed, switch-
grass and xylan (Fig. 4e, f) are both composed of C5
polysaccharides and correlated with increased abun-
dance of ESBP family 1 proteins, which play major roles
in the transport/uptake of deconstructed oligomers
using ATP [55]. Pullulanase, an amylolytic debranch-
ing enzyme, was highly abundant during growth under
both conditions, and even more so during growth on
xylan compared to switchgrass. This is reasonable given
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its debranching activity [56], which is discussed below.
This is also in line with observations for pectate lyase,
which was also highly abundant in these C5-containing
biopolymers and known to be involved in the decon-
struction of plant cell walls [57]. Finally, several flagel-
lar associated proteins were highly abundant during
growth on switchgrass and xylan and are likely associ-
ated with either motility behavior or adhesion to these
specific substrates.

Highly abundant proteins involved in C5 substrate
utilization

Several differentially abundant enzymes were detected
when comparing C5 vs. C6 substrates. Switchgrass was
not included in this analysis because of its heterogene-
ous composition (both cellulose and hemicellulose). In
total, 59 proteins were differentially abundant, with 39
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proteins specific to growth on C5 and the remaining 20
proteins specific to C6 (Additional file 3: Table S3). The
volcano plot in Fig. 5 illustrates the proteins that were
C5-specific (left side) or C6-specific (right side). Four
ESBPs (Athe_0523, 2091, 2574, 0847) were significantly
more abundant on C5 substrates relative to C6. In fact,
not a single extracellular binding protein was more abun-
dant when C. bescii was growth on C6 substrates. This
indicates that the extracellular binding proteins may be
more specific towards hemicellulose deconstruction—
perhaps a more natural “condition,” especially in the case
of C. bescii growing in the wild. This was also observed
among the 14 PUFs that were specific to C5 substrates
(Fig. 5 and Additional file 3: Table S3). Cell wall hydrolase
(Athe_1080) was more abundant on C5 substrates as well,
with a fold-change difference of more than 8 x. The GO-
based functional annotation of this enzyme revealed that
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Fig. 5 Volcano plot showing differentially abundant proteins based on fold change versus t test probability. The plot is obtained with the
proteomic approach when comparing extracellular proteome metrics obtained by growing C. bescii in C5 substrates versus C6 substrates. Green
dots represent the proteins that have a p value <0.05 and > 2 fold change. The green dots on the left side of the plot are the proteins that are
differentially more abundant and specific in C5 substrates. Similarly, green dots on the right side of the plot are the proteins that are differentially
more abundant and specific in C6
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it is involved in peptidoglycan catabolism, specifically
hydrolyzing the link between N-acetylmuramoyl residues
and L-amino acid residues in cell wall glycopeptides [58].

It therefore appears that proteins capable of extracel-
lular solute binding and hydrolase activity were more
specific towards C5 relative to C6 substrates. This trend
holds true for other proteins linked to hemicellulose
deconstruction, such as Athe_2091 and 0523. Athe_2091
was significantly more abundant during growth on xylan
than glucose, cellobiose, Avicel, and switchgrass. Like-
wise, Athe_0523 was more abundant (by ~4x) compared
to other substrates during growth on xylose and xylan,
and was significantly more abundant on xylose compared
with switchgrass and Avicel. Evaluation by gene ontology
(GO) terms revealed that these C5-specific proteins likely
hydrolyze O-glycosyl compounds specifically.

In contrast to C5-specific proteins, ten proteins were
more abundant under growth with C6 substrates. Xylose
isomerase domain protein (Athe_0345) was~16x more
abundant in C6 relative to C5 (with a very low p value).
Even though the name suggests xylose isomerase activ-
ity, a BLAST search of Athe_0345 revealed 10 hits of
93-97% similarity with sugar phosphate isomerase, sug-
gesting that this protein might not be specific to xylose
but instead have a more general function towards C6
substrates. The results of BLAST hits and CDD domain
matches are shown in Additional file 1: Fig. S3. In addi-
tion to Athe_0345, a couple of ABC transporter-related
proteins (Athe_1109 and 0106) were more abundant in
C6 substrates, likely indicating the importance of trans-
port of glucose molecules. Interestingly, three proteins of
unknown function were specific to C6 and were highly
abundant, suggesting their potential importance to C6
utilization.

Although switchgrass was excluded from the basic
comparison discussed above because it contains both C5
and C6 sugars, it was still important to analyze this sub-
strate in the context of all others and was thus included
in the hierarchical clustering of abundance trends shown
in Additional file 1: Fig. S4. As expected, the extracel-
lular protein profiles measured for xylan and xylose
(C5) clustered together but were divergent from Avicel,
cellobiose, and glucose (C6), which grouped similarly.
Switchgrass was notably sandwiched between C5 and C6
substrates, with some proteins sharing abundance pat-
terns similar to those observed for C5 sugars and others
to C6. The highly abundant proteins measured in switch-
grass that previously showed C5- or C6-only abundance
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patterns (i.e., sans switchgrass) are perhaps critical to the
deconstruction of those specific substrates. C5-specific
proteins that were highly abundant during growth on
switchgrass also are highlighted in pink (Additional file 1:
Fig. S2). Briefly, key GHs (Athe_1865, 0610, 0609), cell
wall hydrolase (Athe_1080), ESBPs (Athe_2574, 0847),
periplasmic binding proteins (Athe_0273), and PUFs
(Athe_2464, 2720, 2719, 2368) were C5 specific proteins
that were highly abundant in switchgrass as well. These
proteins likely drive the solubilization and utilization of
C5 polymers derived from switchgrass.

ESBPs and GHs are critical for deconstruction of complex
substrates

The next goal was to investigate the effect of general sub-
strate complexity on the extracellular enzyme inventory.
Thus, a comparison was made between simple and com-
plex growth substrates; glucose, cellobiose, and xylose
were categorized as simple substrates, and Avicel, xylan,
and switchgrass were categorized as complex substrates.
A total of 53 proteins were differentially abundant (p
value <0.05) between simple and complex growth con-
ditions. A total of 40 proteins had increased abundances
in simple substrates compared to only 13 proteins in
complex substrates Fig. 6. Out of the 40 proteins more
abundant on simple substrates, only three CAZYmes
were identified. Athe 1857 (CelF; a xylanase/cellobiohy-
drolase, which consists of GH10, 2 CBMs, and GH48 for
deconstruction of polymers) was slightly more abundant
on simple substrates, with most of the increased abun-
dance driven by C. bescii growth on cellobiose. Similarly,
Athe 1860 (a probable cellobiohydrolase consisting of
GH?74, 2 CBMs, and GH48) and Athe_2028 (a glucosi-
dase and galactosidase involving NAD™ consisting of
a GH4 domain) were also specific to growth on simple
substrates.

In contrast, among 13 proteins specific for growth on
complex substrates (indicated by red box in heat-map,
Fig. 6), 8 were ESBP family 1 (Athe_0614, 0181, 0847,
2310, 0849, 2052, 0399, and 2574), 3 were CAZymes:
pullulanase, type I (Athe_0609), cellulase (Athe_0594—
CelD), glycoside hydrolase starch-binding (Athe_0610),
and 2 were proteins of unknown function (Athe_1880,
2368). Three of the most abundant proteins specific to
complex substrates (by~8x to 256x) are Athe_0614,
0181 and 0847, which are ESBP family proteins that are
functionally relevant to ABC transport. Since they were
the most differentially abundant ESBPs, they likely have

(See figure on next page.)

Fig. 6 Hierarchical clustering based on individual protein z-score of the significant proteins (p value < 0.05) obtained from pairwise comparison of
simple substrates versus complex substrates comparison. The red rectangular box shows the proteins that were most differentially abundant and
specific to complex substrates. The reported abundances are z-scores of log?2 transformed intensity
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crucial roles in the deconstruction/utilization of com-
plex substrates. Further differentiation among the ESBPs
identified in the complex substrate cluster was observed.
For example, Athe_0399, 2310, and 2052 were more
abundant only when C. bescii was grown on switchgrass
or pure cellulose. This indicates that these ESBPs may be
specifically involved in C6 oligomer deconstruction and
uptake, since switchgrass and Avicel both contain C6
polymers. Conversely, ESBPs Athe_0849 and 2574 appear
to share a proclivity towards C5 sugars present in xylan
and, to a lesser extent, switchgrass—an observation that
is especially evident with Athe_2574.

ESBPs are one large group of proteins that remains
understudied in C. bescii. These proteins are also termed
as non-catalytic plant cell wall binding proteins (PWBP).
Although they are known to bind a wide range of sub-
strates, they have the highest affinities for plant cell wall
xylan and pectin [52]. In this study, all the significant
ESBPs were highly abundant in switchgrass and/or xylan.
Since switchgrass and xylan both contain C5 polymers,
the roles of ESBPs are likely crucial for the deconstruc-
tion and utilization of these more complex substrates.
While the KEGG database indicates that these pro-
teins are ABC transporter related, further inquiry with
InterProScan identified potentially novel functional
domains present in these proteins. For example, a Leu/
Ile/Val-binding protein family signature was detected in
Athe_1388 and 0523, suggesting that these proteins play
a role in the transport of branched-chain amino acids.
Athe_2574 was predicted to have a maltose binding pro-
tein signature, suggesting a possible role of binding and
transport of linear oligosaccharides. Athe_0614 was the
most abundant ESBP in complex substrates compared
to simple substrates. This protein has 34% identity and
89% similarity to the xylooligosaccharide binding pro-
tein (XBP1) from Caldanaerobius polysaccharolyticus
and its function in xylan utilization has been previously
reported [13]. Accordingly, our study found this protein
to be the most highly abundant during growth on xylan
and switchgrass.

Besides the family 1-type ESBPs, 5 additional pro-
teins are specifically more abundant in complex sub-
strates relative to simple substrates. These include GHs
Athe_0594, 0609, and 0610 and PUFs Athe 1880 and
2368. Athe_0609, a pullulanase type 1 enzyme, seems
to be critical for the deconstruction of complex sub-
strates. A search with InterProScan revealed its domain
structure to contain an alpha-amylase domain (GH13),
CBM48, CBM20, starch binding domain, and pullula-
nase type I domain. Pullulanase is a debranching enzyme
involved in the hydrolysis of (1—6)-a-D-glucosidic link-
ages in pullulan, amylopectin, and glycogen, as well as in
the a- and B-limit dextrins of amylopectin and glycogen
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[56, 59]. The major molecular functions of Athe_0609
are hydrolases activity and carbohydrate binding. Like
its genomic neighbor, Athe_0610, consisting of CBM20
and a starch binding domain, was significantly more
abundant on switchgrass and xylan relative to cellobi-
ose and glucose. Since switchgrass also contains xylan,
Athe_0610 might act specifically on xylan (C5) polymers.
Both of these enzymes are encoded in the same operon
and possess CBM20 and starch binding domains, sug-
gesting their roles may be more diverse than their anno-
tations suggest. Athe_0594, otherwise known as CelD
(note that a close homolog to this, Csac_0698, was previ-
ously characterized [60]), an endo-1,4-glucanase consist-
ing of GH5 and CBM28, was also specific to growth on
complex substrates. Known activities for GH5 domains
include  endo-B-1,4-glucanase;  endo-p-1,4-xylanase;
B-glucosidase; B-mannosidase; glucan p-1,3-glucosidase;
exo-p-1,4-glucanase/cellodextrinase;  cellulose  [-1,4-
cellobiosidase—all of which are vital for deconstruction
of complex substrates.

Proteins of unknown function

Function is often difficult to ascertain based on bioin-
formatic annotation alone. Thus, protein abundance
patterns observed across different growth substrates
or substrate classes may lend evidence to their general-
ized function, if even at a high level, i.e., C5-responsive
extracellular protein. Thus, the meta information gleaned
from analyses like these should be useful for uncovering
the function of substrate responsive PUFs. To help direct
future functional genomic efforts involving extremely
thermophilic, cellulolytic organisms such as C. bescii dur-
ing its deconstruction and utilization of complex biomass
substrates, information on all PUFs that were measured
in this analysis with their relative abundances across sub-
strates is provided (Additional file 5: Table S5). Further-
more, InterProScan was employed to provide as much
up-to-date information as possible regarding the func-
tional annotation of measured PUFs (Additional file 6:
Table S6). InterProScan revealed some PUFs that could
be functionally re-categorized. For example, Athe_2347
contains Pfam domain PF12679, which functions as an
ABC-2 family transporter. This protein was detected pri-
marily during growth on xylose but was also significantly
more abundant on all of the simple growth substrates.
Similarly, Athe_2368, which contains Pfam domain
PF09822 that functions as an ABC-type uncharacter-
ized transporter, was significantly more abundant during
growth on both complex and C5 substrates. Athe 1880,
specific towards complex substrates (Figs. 6, 7), contains
Pfam domain PF13544, suggesting it is a surface proteins
and possibly part of type IV pilin N-term methylation site
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Fig. 7 Volcano plot showing differentially abundant proteins of unknown functions. The plot is a merged volcano plot obtained with the proteomic
approach when comparing extracellular proteins of unknown functions obtained by growing C. bescii in C5 substrates versus C6 substrates and
complex substrates versus simple substrates. Green dots represent the proteins that have a p value <0.01 and > x2 fold change. The green dots

on the left side of the plot are the proteins that are differentially more abundant in C5/Complex substrates (as mentioned in the parentheses).
Similarly, green dots on the right side of the plot are the proteins that are differentially more abundant in C6/Simple substrates (as mentioned in the

GFxxxE and involved in secretion broad ranges of protein
substrates [61].

Across all samples, a total of 100 proteins of unknown
function (PUF) were detected, with 58 categorized as
potential extracellular proteins. Thirty-seven of these
extracellular PUFs exhibited significant differences in
abundance across the different growth conditions, as
shown in Additional file 5: Table S5. Among these 37
proteins, only 12 contained recognizable signal pep-
tides. When only signal peptide-containing proteins were
examined, Athe_2463 was the most differentially abun-
dant (by almost ~ 16 x), showing high abundance on xylan
and xylose compared to all other substrates, and suggest-
ing a potential role in C5-specific extracellular activity

(Fig. 7, Additional file 1: Fig. S2). Similarly, Athe_2464
was highly abundant on xylan, xylose, and switchgrass
relative to other substrates. Since both PUFs are encoded
in the same operon, their co-expression during growth
on C5 substrates perhaps underscores their importance
in lignocellulose deconstruction and suggests potential
high-value targets for future functional characterization
efforts. Athe_0434 is another xylan-specific protein that
showed significantly more abundance in xylan-grown
cells as compared to those grown on xylose, glucose,
switchgrass, and Avicel. In fact, Athe_2463, 2464, 0434,
2720, 1870, and 1397 were all significantly more abun-
dant on C5 substrates as compared to C6, as shown in the
volcano plot (Fig. 7). Athe_1870, 1871 (p value=0.013)
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are localized in the genomic region very close to GDL,
and thus are likely related to glycoside hydrolase func-
tion specific to C5 substrates. In contrast, Athe_0942 and
0943 were significantly more abundant on C6 substrates
compared to C5 substrates, by almost~16x to 32x and
thus could play a significant role in the C6 utilization
metabolism.

In total, this work reports one of the most detailed char-
acterizations of PUFs for a microbial secretome. In most
studies, PUFs are largely ignored, since it is difficult to
extract much meaningful information from them. The key
for this study is the ability to link them to specific growth
conditions, and thereby begin to tease out functional
aspects which might lead to more definitive identifications/
annotations. When combined with enhanced bioinfor-
matic methods for examining potential domain structures,
this type of approach might open a new window to explor-
ing this previously discarded molecular family.

Conclusions

This study was designed to examine changes in the extra-
cellular protein inventory of C. bescii when the cellulolytic
organism was grown on a variety of bioenergy-relevant
substrates in order to identify key proteins responsible
for substrate-specific deconstruction and/or utilization.
The substrates chosen ranged from simple (monomeric)
to complex (polymeric) and varied in their general com-
position (C5 or C6 sugars). Lignocellulosic biomass
(switchgrass) was included to provide not only a real-
world deconstruction scenario but also to ‘bridge the gap’
between specific C5 and C6 model substrates. The results
showed that the nature of the carbon substrate (i.e., C5 vs.
C6) and complexity of the lignocellulose drive the abun-
dance patterns of most of the extracellular solute binding
proteins (ESBPs), glycoside hydrolases (GHs), and pro-
teins of unknown functions (PUFs). This work found that
most of the proteins encoded by glucan degradation locus
(GDL) was consistently highly abundant on all growth
conditions and thus constitute much of the core extracel-
lular proteome. However, other GHs (Athe_0609, 0610) are
strongly linked to the deconstruction and utilization of C5/
complex substrates. Along with these GHs, certain ESBPs
(Athe_0614, 2368) appear to be vital for xylan utilization
and ABC transport. Interestingly, some PUFs (Athe_2463,
2464) were strongly C5 substrate specific, highlighting
their possible roles as potential xylanases. Thus, this study
not only provided detailed information about the diversity
and substrate specificity of enzymes, but also provided the
research community with potential genomic targets for
metabolic engineering of potentially desirable phenotype
growth characteristics.

Page 16 of 18

Additional files

Additional file 1. Additional table and figures.

Additional file 2: Table S2. Normalized matched ion intensity measure-
ment using mass spectrometry.

Additional file 3: Table S3. Significantly differentially abundant protein in
pairiwise comparisons.

Additional file 4: Table S4. Substrate level fold-change matrixes of
significant proteins (p value < 0.05 ANOVA).

Additional file 5: Table S5. Significantly differentially abundant Proteins
of Unknown Functions (PUFs) obtained by binary substrates comparison.

Additional file 6: Table S6. Interproscan annotations of significant
Proteins of Unknown Functions (PUFs) that contains signal peptide and
obtained by binary substrates.

Authors’ contributions

MB, RK, MA, IN, and RH designed the project and defined the overall experi-
mental approach. MB, FP, and MA conducted all cultivation and sampling for
the Caldicellulosiruptor bescii samples, and generated growth curve informa-
tion. SP, RG, and RH conducted all proteome measurements and associated
data analyses. SP conducted all bioinformatic work. All authors contributed to
manuscript preparation and editing, but this work was mainly led by SP, RG,
and RH. All authors read and approved the final manuscript.

Author details

! Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831,
USA. 2 Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge,
TN 37831, USA. ® BioEnergy Science Center at Oak Ridge National Laboratory,
Oak Ridge, TN 37831, USA. * Department of Genome Science and Technology,
University of Tennessee, Knoxville, TN 37996, USA. 5 Department of Biochem-
istry and Molecular Biology, University of Georgia, Athens, GA 30602, USA.

% Present Address: Department of Molecular Microbiology and Bioenerget-
ics, Institute of Molecular Biosciences, Johann Wolfgang Goethe University,
Frankfurt Am Main, Germany. / Department of Chemical and Biomolecular
Engineering, North Carolina State University, Raleigh, NC 27695, USA. & Present
Address: Department of Biomedical Informatics, College of Medicine, Univer-
sity of Arkansas for Medical Sciences, Little Rock, AR 72205, USA.

Acknowledgements

This study was started under funding from the BioEnergy Science

Center and completed with funding from The Center for Bioenergy Innova-
tion, which are both U.S. Department of Energy Research Centers supported
by the Office of Biological and Environmental Research in the DOE Office

of Science. Oak Ridge National Laboratory is managed by the University

of Tennessee-Battelle LLC for the Department of Energy under contract
DOE-AC05-000R22725.

This manuscript has been authored by UT-Battelle, LLC under Contract
No. DE-AC05-000R22725 with the US Department of Energy. The United
States Government retains and the publisher, by accepting the article for
publication, acknowledges that the United States Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the
published form of this manuscript, or allow others to do so, for United States
Government purposes. The Department of Energy will provide public access
to these results of federally sponsored research in accordance with the DOE
Public Access Plan (http://energy.gov/downloads/doe-public-access-plan).

Competing interests
The authors declare that they have no competing interests.

Availability of supporting data

All raw mass spectra for the proteome measurements have been deposited
into the ProteomeXchange repository with the following accession numbers:
(MassIVE Accession: MSV000081856, ProteomeXchange: PXD008556, FTP link
to files: ftp://MSV000081856@massive.ucsd.edu, Reviewer password: ‘a’)


http://energy.gov/downloads/doe-public-access-plan
https://doi.org/10.1186/s13068-018-1076-1
https://doi.org/10.1186/s13068-018-1076-1
https://doi.org/10.1186/s13068-018-1076-1
https://doi.org/10.1186/s13068-018-1076-1
https://doi.org/10.1186/s13068-018-1076-1
https://doi.org/10.1186/s13068-018-1076-1

Poudel et al. Biotechnol Biofuels (2018) 11:80

Consent for publication
Not applicable (no study participants are involved).

Ethical approval and consent to participate
Not applicable.

Funding

This study was started under funding from the BioEnergy Science

Center and completed with funding from The Center for Bioenergy Innova-
tion, which are both U.S. Department of Energy Bioenergy Research Centers
supported by the Office of Biological and Environmental Research in the US
DOE Office of Science.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 22 December 2017 Accepted: 9 March 2018
Published online: 23 March 2018

References

1. Holker U, Hofer M, Lenz J. Biotechnological advantages of laboratory-
scale solid-state fermentation with fungi. Appl Microbiol Biotechnol.
2004,64:175-86.

2. Esterbauer H, Steiner W, Labudova I, Hermann A, Hayn M. Production of
Trichoderma cellulase in laboratory and pilot scale. Bioresour Technol.
1991,36:51-65.

3. Martinez D, Berka RM, Henrissat B, Saloheimo M, Arvas M, Baker SE,
Chapman J, Chertkov O, Coutinho PM, Cullen D. Genome sequencing
and analysis of the biomass-degrading fungus Trichoderma reesei (syn.
Hypocrea jecorina). Nat Biotechnol. 2008;26:553-60.

4. Bayer EA, Belaich J-P Shoham Y, Lamed R. The cellulosomes: multienzyme
machines for degradation of plant cell wall polysaccharides. Annu Rev
Microbiol. 2004,58:521-54.

5. Herpoél-Gimbert |, Margeot A, Dolla A, Jan G, Mollé D, Lignon S, Mathis H,
Sigoillot J-C, Monot F, Asther M. Comparative secretome analyses of two
Trichoderma reesei RUT-C30 and CL847 hypersecretory strains. Biotechnol
Biofuels. 2008;1:18.

6. Bouws H, Wattenberg A, Zorn H. Fungal secretomes—nature’s toolbox for
white biotechnology. Appl Microbiol Biotechnol. 2008;80:381.

7. Bianco L, Perrotta G. Methodologies and perspectives of proteomics
applied to filamentous fungi: from sample preparation to secretome
analysis. Int J Mol Sci. 2015;16:5803-29.

8. LiuD,LiJ, ZhaoS, Zhang R, Wang M, Miao Y, Shen Y, Shen Q. Secretome
diversity and quantitative analysis of cellulolytic Aspergillus fumigatus
75 in the presence of different carbon sources. Biotechnol Biofuels.
2013;6:149.

9. Martinez D, Challacombe J, Morgenstern |, Hibbett D, Schmoll M, Kubicek
CP, Ferreira P, Ruiz-Duenas FJ, Martinez AT, Kersten P. Genome, transcrip-
tome, and secretome analysis of wood decay fungus Postia placenta sup-
ports unigue mechanisms of lignocellulose conversion. Proc Natl Acad
Sci. 2009;106:1954-9.

10. Lochner A, Giannone RJ, Rodriguez M, Shah MB, Mielenz JR, Keller M,
Antranikian G, Graham DE, Hettich RL. Use of label-free quantitative
proteomics to distinguish the secreted cellulolytic systems of Caldicellulo-
siruptor bescii and Caldicellulosiruptor obsidiansis. Appl Environ Microbiol.
2011,77:4042-54.

11. Adav SS, Ng CS, Arulmani M, Sze SK. Quantitative iTRAQ secretome analy-
sis of cellulolytic Thermobifida fusca. J Proteome Res. 2010;9:3016-24.

12. Kataeva IA, Yang SJ, Dam P, Poole FL, Yin Y, Zhou FF, Chou WC, Xu Y, Good-
win L, Sims DR, et al. Genome sequence of the anaerobic, thermophilic,
and cellulolytic bacterium “Anaerocellum thermophilum”DSM 6725. J
Bacteriol. 2009;191:3760-1.

13. Yokoyama H, Yamashita T, Horikoshi N, Kurumizaka H, Kagawa W. Crystal-
lization and preliminary X-ray diffraction analysis of the secreted protein
Athe_0614 from Caldicellulosiruptor bescii. Acta Crystallogr Sect F Struct
Biol Cryst Commun. 2013;69:438-40.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 17 of 18

Ma JS, Zhang KK, Liao HD, Hector SB, Shi XW, Li JL, Liu B, Xu T, Tong CY,
Liu XM, Zhu YH. Genomic and secretomic insight into lignocellulolytic
system of an endophytic bacterium Pantoea ananatis Sd-1. Biotechnol
Biofuels. 2016;9:25.

Yang SJ, Kataeva |, Wiegel J, Yin YB, Dam P, Xu Y, Westpheling J, Adams
MWW. Classification of ‘Anaerocellum thermophilum’ strain DSM 6725 as
Caldicellulosiruptor bescii sp. nov. Int J Syst Evol Microbiol. 2010;60:2011-5.
Blumer-Schuette SE, Brown SD, Sander KB, Bayer EA, Kataeva |, Zurawski
JV, Conway JM, Adams MWW, Kelly RM. Thermophilic lignocellulose
deconstruction. FeMS Microbiol Rev. 2014;38:393-448.

Zurawski JV, Conway JM, Lee LL, Simpson HJ, Izquierdo JA, Blumer-
Schuette S, Nookaew |, Adams MWW, Kelly RM. Comparative analysis

of extremely thermophilic Caldicellulosiruptor species reveals common
and unique cellular strategies for plant biomass utilization. Appl Environ
Microbiol. 2015;81:7159-70.

Shoseyov O, Shani Z, Levy I. Carbohydrate binding modules: bio-
chemical properties and novel applications. Microbiol Mol Biol Rev.
2006;70:283-95.

Blumer-Schuette SE, Giannone RJ, Zurawski JV, Ozdemir |, Ma Q, Yin

Y, Xu'Y, Kataeva |, Poole FL, Adams MW. Caldicellulosiruptor core and
pangenomes reveal determinants for noncellulosomal thermophilic
deconstruction of plant biomass. J Bacteriol. 2012;194:4015-28.
Brunecky R, Alahuhta M, Xu Q, Donohoe BS, Crowley MF, Kataeva IA, Yang
SJ, Resch MG, Adams MWW, Lunin VWV, et al. Revealing nature’s cellulase
diversity: the digestion mechanism of Caldicellulosiruptor bescii CelA. Sci-
ence. 2013;342:1513-6.

Yi Z, Su X, Revindran V, Mackie RI, Cann I. Molecular and biochemical
analyses of CbCel9A/Cel48A, a highly secreted multi-modular cellulase
by Caldicellulosiruptor bescii during growth on crystalline cellulose. PLoS
ONE. 2013;8:284172.

Young J, Chung D, Bomble YJ, Himmel ME, Westpheling J. Deletion of
Caldicellulosiruptor bescii CelA reveals its crucial role in the deconstruction
of lignocellulosic biomass. Biotechnol Biofuels. 2014;7:142.

Conway JM, McKinley BS, Seals NL, Hernandez D, Khatibi PA, Poudel S,
Giannone RJ, Hettich RL, Williams-Rhaesa AM, Lipscomb GL. Functional
analysis of the glucan degradation locus (GDL) in Caldicellulosiruptor
bescii reveals essential roles of component glycoside hydrolases in plant
biomass deconstruction. Appl Environ Microbiol. 2017;83:01828-917.
Brunecky R, Chung D, Sarai NS, Hengge N, Russell JF, Young J, Mittal A,
Pason P, Vander Wall T, Michener W. High activity CAZyme cassette for
improving biomass degradation in thermophiles. Biotechnol Biofuels.
2018;11:22.

Dam P, Kataeva |, Yang SJ, Zhou FF, Yin YB, Chou WC, Poole FL, West-
pheling J, Hettich R, Giannone R, et al. Insights into plant biomass
conversion from the genome of the anaerobic thermophilic bacterium
Caldicellulosiruptor bescii DSM 6725. Nucleic Acids Res. 2011,39:3240-54.
Su XY, Mackie RI, Cann IKO. Biochemical and mutational analyses of a
multidomain cellulase/mannanase from Caldicellulosiruptor bescii. Appl
Environ Microbiol. 2012;78:2230-40.

Su XY, Han YJ, Dodd D, Moon YH, Yoshida S, Mackie RI, Cann IKO.
Reconstitution of a thermostable xylan-degrading enzyme mixture

from the bacterium Caldicellulosiruptor bescii. Appl Environ Microbiol.
2013;79:1481-90.

Velikodvorskaya GA, Chekanovskaya LA, Lunina NA, Sergienko OV, Lunin
VG, Dvortsov A, Zverlov VV. Family 28 carbohydrate-binding module of
the thermostable endo-1,4-beta-glucanase CelD from Caldicellulosiruptor
bescii maximizes enzyme activity and irreversibly binds to amorphous
cellulose. Mol Biol. 2013;47:581-6.

Wang R, Gong L, Xue XL, Qin X, Ma R, Luo HY, Zhang YJ, Yao B, Su XY. Iden-
tification of the C-terminal GH5 domain from CbCel9B/Man5A as the first
glycoside hydrolase with thermal activation property from a multimodu-
lar bifunctional enzyme. PLoS ONE. 2016;11:¢0156802.

Basen M, Rhaesa AM, Kataeva |, Prybol CJ, Scott IM, Poole FL, Adams
MWW. Degradation of high loads of crystalline cellulose and of unpre-
treated plant biomass by the thermophilic bacterium Caldicellulosiruptor
bescii. Bioresour Technol. 2014;152:384-92.

Adams MWW, Holden JF, Menon AL, Schut GJ, Grunden AM, Hou C,
Hutchins AM, Jenney FE, Kim C, Ma KS, et al. Key role for sulfur in peptide
metabolism and in regulation of three hydrogenases in the hyperther-
mophilic archaeon Pyrococcus furiosus. J Bacteriol. 2001;183:716-24.



Poudel et al. Biotechnol Biofuels (2018) 11:80

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Washburn MP, Wolters D, Yates JR. Large-scale analysis of the yeast
proteome by multidimensional protein identification technology. Nat
Biotechnol. 2001;19:242-7.

McDonald WH, Ohi R, Miyamoto DT, Mitchison TJ, Yates JR. Comparison

of three directly coupled HPLC MS/MS strategies for identification of
proteins from complex mixtures: single-dimension LC-MS/MS, 2-phase
MudPIT, and 3-phase MudPIT. Int J Mass Spectrom. 2002;219:245-51.
Tabb DL, Fernando CG, Chambers MC. MyriMatch: highly accurate tan-
dem mass spectral peptide identification by multivariate hypergeometric
analysis. J Proteome Res. 2007,6:654-61.

Ma Z-Q, Dasari S, Chambers MC, Litton MD, Sobecki SM, Zimmerman

LJ, Halvey PJ, Schilling B, Drake PM, Gibson BW. IDPicker 2.0: improved
protein assembly with high discrimination peptide identification filtering.
J Proteome Res. 2009;8:3872-81.

Wurch L, Giannone RJ, Belisle BS, Swift C, Utturkar S, Hettich RL, Reysen-
bach A-L, Podar M. Genomics-informed isolation and characterization of
a symbiotic Nanoarchaeota system from a terrestrial geothermal environ-
ment. Nat Commun. 2016;7:12115.

Yu NY, Wagner JR, Laird MR, Melli G, Rey S, Lo R, Dao P, Sahinalp SC, Ester
M, Foster LJ. PSORTb 3.0: improved protein subcellular localization predic-
tion with refined localization subcategories and predictive capabilities for
all prokaryotes. Bioinformatics. 2010,26:1608-15.

Ka&ll L, Krogh A, Sonnhammer EL. A combined transmembrane topology
and signal peptide prediction method. J Mol Biol. 2004;338:1027-36.
Varemo L, Nielsen J, Nookaew I. Enriching the gene set analysis of
genome-wide data by incorporating directionality of gene expres-

sion and combining statistical hypotheses and methods. Nucleic Acids
Res. 2013,41:4378-91.

Poudel S, Giannone RJ, Rodriguez M, Raman B, Martin MZ, Engle NL,
Mielenz JR, Nookaew |, Brown SD, Tschaplinski TJ. Integrated omics
analyses reveal the details of metabolic adaptation of Clostridium ther-
mocellum to lignocellulose-derived growth inhibitors released during the
deconstruction of switchgrass. Biotechnol Biofuels. 2017;10:14.

Vesth T, Lagesen K, Acar O, Ussery D. CMG-biotools, a free workbench for
basic comparative microbial genomics. PLoS ONE. 2013;8:e60120.
Demsar J, Curk T, Erjavec A, Gorup C, Hocevar T, Milutinovi¢ M, MoZina M,
Polajnar M, Toplak M, Stari¢ A. Orange: data mining toolbox in Python. J
Mach Learn Res. 2013;14:2349-53.

Yang S-J, Kataeva |, Hamilton-Brehm SD, Engle NL, Tschaplinski TJ, Doep-
pke C, Davis M, Westpheling J, Adams MWW. Efficient degradation of
lignocellulosic plant biomass, without pretreatment, by the thermophilic
anaerobe "Anaerocellum thermophilum” DSM 6725. Appl Environ Micro-
biol. 2009;75:4762-9.

Wyman CE. Aqueous pretreatment of plant biomass for biological and
chemical conversion to fuels and chemicals. New York: Wiley; 2013.
Strobel H, Caldwell F, Dawson K. Carbohydrate transport by the anaerobic
thermophile Clostridium thermocellum LQORI. Appl Environ Microbiol.
1995;61:4012-5.

Kongjan P, Min B, Angelidaki I. Biohydrogen production from xylose at
extreme thermophilic temperatures (70 C) by mixed culture fermenta-
tion. Water Res. 2009;43:1414-24.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 18 of 18

Buera M, Chirife J, Resnik SL, Wetzler G. Nonenzymatic browning in liquid
model systems of high water activity: kinetics of color changes due

to Maillard'’s reaction between different single sugars and glycine and
comparison with caramelization browning. J Food Sci. 1987,52:1063-7.
Zhao Q, Ding R, Kang Y, Chen J. Expression of pectate lyase A from
Aspergillus nidulans in Bacillus subtilis. World J Microbiol Biotechnol.
2008;24:2607.

Kataeva |, Foston MB, Yang S-J, Pattathil S, Biswal AK, Poole FL II, Basen M,
Rhaesa AM, Thomas TP, Azadi P. Carbohydrate and lignin are simultane-
ously solubilized from unpretreated switchgrass by microbial action at
high temperature. Energy Environ Sci. 2013;6:2186-95.

ZverlovV, Mahr S, Riedel K, Bronnenmeier K. Properties and gene struc-
ture of a bifunctional cellulolytic enzyme (CelA) from the extreme ther-
mophile'Anaerocellum thermophilum’ with separate glycosyl hydrolase
family 9 and 48 catalytic domains. Microbiology. 1998;144:457-65.
Kanehisa M, Sato Y, Morishima K. BlastKOALA and GhostKOALA: KEGG
tools for functional characterization of genome and metagenome
sequences. J Mol Biol. 2016;428:726-31.

Yokoyama H, Yamashita T, Morioka R, Ohmori H. Extracellular secretion of
noncatalytic plant cell wall-binding proteins by the cellulolytic thermo-
phile Caldicellulosiruptor bescii. J Bacteriol. 2014;196:3784-92.

Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B.
The Carbohydrate-Active EnZymes database (CAZy): an expert resource
for glycogenomics. Nucleic Acids Res. 2008;37:D233-8.

Xu C, Huang R, Teng L, Wang D, Hemme CL, Borovok |, He Q, Lamed R,
Bayer EA, Zhou J. Structure and regulation of the cellulose degradome in
Clostridium cellulolyticum. Biotechnol Biofuels. 2013;6:1.

Saurin W, Dassa E. Sequence relationships between integral inner
membrane proteins of binding protein-dependent transport systems:
evolution by recurrent gene duplications. Protein Sci. 1994;3:325-44.
Bender H, Wallenfels K. [95] Pullulanase (an amylopectin and glycogen
debranching enzyme) from Aerobacter aerogenes. Methods Enzymol.
1966;8:555-9.

Alahuhta M, Chandrayan P, Kataeva I, Adams MWW, Himmel ME, Lunin
V. A 1.5 A resolution X-ray structure of the catalytic module of Caldicel-
lulosiruptor bescii family 3 pectate lyase. Acta Crystallogr Sect F Struct Biol
Cryst Commun. 2011;67:1498-500.

Nelson DC, Schmelcher M, Rodriguez-Rubio L, Klumpp J, Pritchard DG,
Dong S, Donovan DM. 7 endolysins as antimicrobials. Adv Virus Res.
2012;83:299.

Hii SL, Tan JS, Ling TC, Ariff AB. Pullulanase: role in starch hydrolysis and
potential industrial applications. Enzyme Res. 2012;2012:921362.
Ozdemir |, Blumer-Schuette SE, Kelly RM. S-layer homology domain pro-
teins Csac_0678 and Csac_2722 are implicated in plant polysaccharide
deconstruction by the extremely thermophilic bacterium Caldicellulo-
siruptor saccharolyticus. Appl Environ Microbiol. 2012;78:768-77.

Giltner CL, Nguyen Y, Burrows LL. Type IV pilin proteins: versatile molecu-
lar modules. Microbiol Mol Biol Rev. 2012;76:740-72.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	The diversity and specificity of the extracellular proteome in the cellulolytic bacterium Caldicellulosiruptor bescii is driven by the nature of the cellulosic growth substrate
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cultivation and sampling
	Fermentation product analyses

	2D LC–MSMS-based proteomic analysis
	MS data analysis and evaluation

	Results and discussion
	Substrate-dependent growth state characteristics
	Overview of the expressed extracellular proteome across divergent substrates
	The invariant core extracellular proteome
	Protein with varying abundance trends across growth substrates
	Highly abundant proteins involved in C5 substrate utilization
	ESBPs and GHs are critical for deconstruction of complex substrates
	Proteins of unknown function

	Conclusions
	Authors’ contributions
	References




