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ABSTRACT
Ionic liquids (ILs) are used in lignocellulosic biomass (LCB) pretreatment due to their
ability

to

disrupt

the

extensive

hydrogen-bonding

network

in

cellulose

and

hemicellulose, and thereby decrease LCB recalcitrance to subsequent enzymatic
degradation. However, this approach necessitates development of a cellulases and
hemicellulases that can tolerate ~20% (w/v) IL, an amount that either co-precipitates
with the sugar polymers after the initial pretreatment or is typically used in single-pot
biomass deconstructions. By investigating the secretomes from four marine-derived
fungal endophytes, we identified a Trichoderma harzianum-derived β-xylosidase as the
most promising in terms of tolerating 1-ethyl-3-methylimidazolium-dimethyl phosphate
(EMIM-DMP), an IL.

When tested with p-nitrophenyl-β-D-xyloside, this extracellular

xylosidase retained ~50% activity even in 1.2 M (20% w/v) EMIM-DMP after a 48-h
incubation. When tested on the natural substrate xylobiose, there was ~85% of the
initial activity in 1.2 M EMIM-DMP after a 9-h incubation and ~80% after a 48-h
incubation. Despite previous findings associating thermostability and IL tolerance, our
findings related to the mesophilic T. harzianum β-xylosidase(s) emphasize the need to
include the marine habitat in the bioprospecting dragnet for identification of new ILtolerant LCB-degrading enzymes.

Keywords: Ethylmethyl-imidazolium-based ionic liquids, fungi, β-xylosidase
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INTRODUCTION
The deconstruction of lignocellulosic biomass (LCB) to monosaccharides is a prerequisite for microbial fermentation of biomass to liquid fuels or chemicals. However,
LCB is refractory to degradation due to its complex structure [cellulose (40-50%),
hemicellulose (25-35%) and lignin (10-20%)]. Harsh physical/chemical pre-treatment of
LCB must therefore precede enzymatic depolymerization of cellulose and hemicellulose (Himmel et al. 2007; Wilson 2009), but these high temperature (>150°C) or
highly acidic pre-treatments contribute to increased processing costs and to
environmental concerns. An emerging chemical pre-treatment alternative entails the use
of non-volatile, ionic liquids (ILs) to dissolve LCB and enhance accessibility of the sugar
polymers to enzymatic breakdown (Liu et al. 2012; Peleteiro et al. 2015; Wahlstrom and
Suurnakki 2015). Despite the proven ability of ILs to decrease biomass recalcitrance
and increase the saccharification efficiency of glycohydrolases (Dadi et al. 2006;
Swatloski et al. 2002), the wide use of ILs requires overcoming various challenges (Liu
et al. 2012; Peleteiro et al. 2015; Wahlstrom and Suurnakki 2015), a motivation for this
study.

ILs are composed of a large organic cation and an organic/inorganic anion (e.g., 1ethyl-3-methylimidazolium dimethylphosphate (EMIM-DMP, Scheme 1), and have
melting points <100°C. Imidazolium-based ILs exploit ionic, π-π and hydrogen bonding
interactions to disrupt the extensive hydrogen-bonding network in (hemi)cellulose and
decrease LCB recalcitrance to degradation (Liu et al. 2012; Peleteiro et al. 2015;
Wahlstrom and Suurnakki 2015). However, ILs also denature and inactivate many of the
commercial cellulases used for saccharification of pre-treated biomass (Ilmberger et al.
2013; Turner et al. 2003; Wahlstrom and Suurnakki 2015). This problem has been
addressed using different approaches. First, if 100% (w/v) IL is used during pretreatment, copious washing with water prevents adverse effects on subsequent
saccharification and fermentation; cost and waste considerations disfavor this route (Liu
et al. 2012; Peleteiro et al. 2015; Wahlstrom and Suurnakki 2015). Second, after LCB
dissolution by an IL, cellulose and hemicellulose can be precipitated with a miscible
anti-solvent like ethanol and recovered in an amorphous and porous form (Nakamura et
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al. 2010; Vancov et al. 2012). With this option, at least 15-20% residual, entrapped IL
co-precipitates with the sugar polymers. Last, effective biomass pre-treatment with
IL:water mixtures containing 10-20% (w/v) IL has led to design of single-pot strategies
for pre-treatment and enzymatic hydrolysis (Kamiya et al. 2008; Park et al. 2012; Shi et
al. 2013). This approach eliminates washing, and culminates in recovery of ILs and
sugars.

Despite the higher water solubility of many hemicelluloses compared to cellulose,
xylan (the major constituent of hemi-cellulose and the second most abundant
polysaccharide in nature) and cellulose are both recovered in the anti-solvent
precipitate; for example, ethanol recovers 96% of cellulose and 80% of xylan liquefied
using EMIM-chloride (Nakamura et al. 2010). IL/co-solvent systems have also been
optimized for the selective recovery of hemicellulose and cellulose from wood pulp
(Froschauer et al. 2013), reflecting the value of ILs for LCB fractionation and
subsequent utilization of individual components. With all these approaches, however,
IL-tolerant cellulases and hemi-cellulases are needed for saccharification. Toward this
goal, endo-glucanases, cellobiosidases and β-glucosidases (the trio of cellulolytic
enzymes)

that

tolerate

up

to

40%

(v/v)

IL

have

been

identified

from

thermophilic/halophilic bacteria and archaea (Datta et al. 2010; Gladden et al. 2011;
Ilmberger et al. 2012; Park et al. 2012; Zhang et al. 2011). We focused our efforts to
develop the complementary IL-tolerant hemi-cellulase repertoire, in part because the
hemicellulose physical barrier impedes cellulase-mediated depolymerization of cellulose
to glucose (Qing and Wyman 2011; Qing et al. 2010).

For bioprospecting, we directed our attention to endophytic fungi, which infect and
survive in plant tissues including marine algae without causing any apparent disease in
the host. These fungi have leveraged millions of years of co-evolution with plants to
dominate the plant microbiome and built an impressive catalytic inventory that enables
them to function as primary degraders of LCB (Cord-Landwehr et al. 2016; Correa et al.
2014; Prakash et al. 2015; Robl et al. 2013; Suryanarayanan et al. 2012). Fungal
enzymes, due to post-translational modifications, are also expected to better withstand
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physical/chemical stresses (Beckham et al. 2012). Moreover, since some seagrasses
contain up to 40% xylan as part of their LCB (Davies et al. 2007), we hypothesized that
their resident endophytic fungi may have evolved efficient mechanisms for xylan
degradation. Our studies in this regard uncovered a mesophilic β-xylosidase that is
remarkably tolerant to ILs.

MATERIALS & METHODS
Reagents
All reagents and chemicals used in this study were analytical or molecular biology grade
and obtained commercially. EMIM-DMP, EMIM-chloride (EMIM-Cl) and EMIM-acetate
(EMIM-Ac) were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA), Acros
Organics (Fairlawn, New Jersey, USA) and Ionic Liquid Technologies (Tuscaloosa,
Alabama, USA), respectively; these ionic liquids were 99% pure. While xylobiose and
xylotriose (95% purity) were purchased from Megazyme International Ireland, Limited
(Bray, County Wicklow, IRELAND), xylose (99.9% purity) and 4-methylumbelliferyl-β-Dxyloside (4-MU-β-D-Xyl) were obtained from Sigma Chemical Co. (St. Louis, Missouri,
USA). Para-nitrophenyl-β-D-xyloside (pNP-β-D-Xyl) and 3,5-dinitrosalicylic acid (DNS)
were purchased from Gold Biotechnology (St. Louis, Missouri, USA) and MCB
Chemicals (Gibbstown, New Jersey, USA), respectively.

Preparation of crude secretomes
The endophyte secretomes were prepared essentially as described elsewhere
(Thirunavukkarasu et al. 2015). Trichoderma harzianum, Curvularia tuberculata,
Gonatophragmium mori and Aspergillus terreus were grown in birch wood xylan
medium (10 g birch wood xylan, 5 g yeast extract, 1 g NaNO3, 1 g KH2PO4, 1 g
peptone, 0.3 g MgSO4⋅7H2O) for 5 days at 31°C in an orbital shaker (120 rpm). To
obtain the secretome, the culture fluid was passed through a Whatman #1 filter paper
and the filtrate centrifuged at 9,600 g for 20 min at 4°C. The supernatant thus obtained
was dialyzed extensively against water with three changes over 16-18h at 4°C, and
lyophilized. Prior to enzyme assays, ~20 mg of the lyophilized samples was re-
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suspended in 300 µl 1X phosphate-buffered saline (PBS) and centrifuged at 16,000 g
for 10 min to remove insoluble particulate material. The protein amount in the resulting
supernatant was estimated using the Bradford assay, with bovine serum albumin (BSA)
serving as the standard.

Enzyme assays
Extracellular xylosidase activity was determined either by measuring p-nitrophenol
formed through cleavage of pNP-β-D-Xyl or by measuring DNS reactivity of xylose (a
reducing sugar) generated from cleavage of xylobiose/xylotriose as substrate. While the
protocols used are essentially as described before (Thirunavukkarasu et al. 2015),
some modifications are detailed below.

All assays were performed at 37°C in a final concentration of 33 mM sodium acetate
(pH 5.2). For pNP-based assays, either 3.33 mM or 10 mM pNP-β-D-Xyl was used for
assays of ≤2 h or >2 h, respectively. pNP-β-D-Xyl was pre-incubated at 37°C for 7 min
in a volume of 486 µl, and the reaction initiated by adding a defined amount of
secretome (~8 µg protein re-suspended in 14 µl PBS) that had been pre-incubated
separately for 7 min at 37°C; for the secretome obtained from T. harzianum grown in the
absence of NaCl, three-fold more protein was used to compensate for the lower specific
activity. To determine the effects of NaCl or ILs on xylosidase activity, a defined
concentration of NaCl/IL was added to the substrate and the pH was readjusted to 5.2
before pre-incubation at 37°C. In all instances, 54 µl aliquots were withdrawn at different
time points and the reaction was terminated by the addition of 54 µl of 1 M sodium
carbonate. The amount of p-nitrophenol formed was then determined by measuring the
absorbance at 405 nm (Abs405) using a M1000 PRO (Tecan) plate reader. For each
assay, the reaction mixture containing the secretome, substrate and buffer but that had
not been subjected to incubation at 37°C was used as a background control. Any pNP
generated from possible breakdown of pNP-β-D-Xyl and/or adventitious Abs405 by the
secretome was accounted for by subtracting the Abs405 value of the reaction mixture
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that had been subjected only to the pre-incubation step. We also determined that there
was no measurable release of pNP from uncatalyzed hydrolysis of pNP-β-D-Xyl even
over a incubation of 48 h at pH 5.2 (data not shown).

To study the β-xylosidase activities on xylobiose, DNS-based assays were
performed. Ten mM xylobiose was pre-incubated at 37°C for 7 min in a volume of 198
µl, and the reaction initiated by adding a defined amount of secretome (~3.6 µg protein
re-suspended in 2 µl PBS) that had been pre-incubated separately for 7 min at 37°C. At
defined time points, 30 µl aliquots were withdrawn and mixed with 30 µl 1% (w/v) DNS
prior to boiling for 10 min. These reaction mixtures were cooled to 22°C, and their
Abs540 values were measured using an M1000 PRO (Tecan) plate reader. Blanks
entailed mixing of pre-incubated secretome and substrate, followed by addition of 1%
(w/v) DNS and immediate boiling.

Because we observed increased reactivity of reducing sugars in the presence of
ILs, we generated standard curves for xylose, xylobiose or xylotriose in the presence of
0.6 or 0.9 or 1.2 M EMIM-DMP. Regardless of the mono-, di- or tri-saccharide used,
there was an increased Abs540 of 1.25-, 1.36- or 1.51-fold with 0.6, 0.9 or 1.2 M EMIMDMP, respectively. Thus, to determine the xylose released in assays containing EMIMDMP, we used the standard curve generated with the specified amount of EMIM-DMP.

One unit corresponds to the amount of enzyme that produces 1 µmol of product
per minute and specific activity was expressed as enzyme units per mg soluble protein.
Linear regression (Excel) analysis of the product formed was used to calculate the initial
velocity as a function of time (0.96<r2<0.99). Mean and standard deviation values were
calculated from at least three independent assays.
We refer to the T. harzianum secretome obtained by growing the fungus in a
medium without or with 1.5% (w/v) NaCl as Tha S- or Tha S+, respectively. The specific
activities of Tha S- and Tha S+ are to 0.0021 and 0.016 µmoles/min/mg of protein,
respectively, using pNP-Xyl as the substrate (reference values for normalization in Figs.
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1, 2 and 3). The specific activity of Tha S+ is 0.035 µmoles/min/mg of protein using
xylobiose as the substrate.

Zymogram analysis of β-xylosidase(s) in the T. harzianum secretome
Fifteen µl each of the Tha S- and Tha S+ crude secretomes re-suspended in 1X PBS
(~40 µg) were mixed individually with 7 µl 62.5 mM Tris-HCl (pH 6.8), 25% (v/v)
glycerol, 1% (w/v) bromophenol blue, and the entire amount loaded (without any
additional treatment) onto a 12% (w/v) polyacrylamide gel. Following electrophoresis,
the gel was washed twice with distilled water (5 min each) and incubated in 33 mM
sodium acetate (pH 5.5) for 10 min at 22°C. To detect the β-xylosidase activity, the gel
was incubated in the presence of 2 mM 4-MU-β-D-Xyl, which was prepared in 33 mM
sodium acetate (pH 5.5). After incubation for 20 min at 50°C in the dark, the
polypeptides with β-xylosidase activity were visualized using a 366-nm transilluminator
(Fotodyne, Inc., Hartland, WI).

RESULTS
Rationale
We recently reported that select marine-derived fungi (MDF) isolated as endophytes
from

marine

algae

and

seagrasses

produce

xylanases

and

xylosidases

(Thirunavukkarasu et al. 2015). These MDF differ from obligate marine fungi in not
requiring an exclusive marine environment to grow and reproduce (Bugni and Ireland
2004), and lend themselves to facile culturing. From screening 16 endophytes isolated
from five seagrasses and six marine algae found in the Bay of Bengal (southern India),
we determined that four MDF from this group secreted the highest levels of βxylosidase: Trichoderma harzianum (brown alga host: Sargassum wightii), Aspergillus
terreus (seagrass host: Cymodocea serrulata), Gonatophragmium mori (seagrass host:
Thalassia

sp.)

and

Curvularia

tuberculata

(seagrass

host:

Syringodium sp.)

(Thirunavukkarasu et al. 2015). (Note: Although brown algae are not members of the
plant kingdom, we use here the term ‘‘endophyte’’ for the symptomless fungal
endosymbiont of Sargassum wightii.) Interestingly, T. harzianum, which secreted the
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highest levels of xylanase and xylosidase from the abovementioned MDF group, could
tolerate 1.2 M NaCl in the growth medium and elaborate xylanolytic enzymes in
response to increasing salt concentrations (Thirunavukkarasu et al. 2015). Based on the
hypothesis that salt tolerance might help identify MDF candidates that secrete ILresistant enzymes, we first sought to characterize the xylosidase(s) in the secretomes of
T. harzianum, A. terreus, G. mori or C. tuberculata grown on xylan as the carbon
substrate.
Given the success of 1,3-dialkylimidazolium ILs in dissolving crystalline cellulose
(Liu et al. 2012; Peleteiro et al. 2015; Wahlstrom and Suurnakki 2015), we focused on
IL tolerance with this genre (Scheme 1). We used p-nitrophenyl-β-D-xyloside (pNP-Xyl)
as the substrate for our initial assays, and subsequently validated our findings on IL
tolerance using xylobiose as substrate. The hydrolysis of xylan by xylanase generates
xylobiose (X2) and xylotriose (X3) at high concentrations, and other longer
oligosaccharides (X4 and above) at lower concentrations; after prolonged incubations,
xylobiose, however, becomes the major product (for example, see Chawchart et al.
2014). Xylobiose in turn is cleaved further to xylose through the action of a β-xylosidase.

Effect of NaCl and ionic liquids on β-xylosidase activity in different MDF
secretomes
Increasing NaCl from 0 to 0.6 or 1.2 M in a 2-h assay had no significant effect on the
xylosidase activity present in the secretomes of T. harzianum, A. terreus, G. mori or C.
tuberculata (Fig. 1a). The plant/algal hosts of these MDF live in oceanic salt
concentration of ~0.6 M. Next, we tested the effect of EMIM-DMP as a representative of
the imidazolium ILs (Fig. 1b). In contrast to our findings with NaCl, only T. harzianum
and A. terreus xylosidases showed robust activity in the presence of 0.6 M [10% (w/v)]
or even 1.2 M [20% (w/v)] EMIM-DMP in the assay (Fig. 2B). Because the β-xylosidase
specific activity in the T. harzianum secretome was three-fold higher than that in the A.
terreus secretome, we decided to study the former in depth.
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Effect of varying the anions in EMIM-based ILs on T. harzianum β -xylosidase
activity
We reported earlier that addition of 1.5% (w/v) NaCl in the growth medium led to a ~3fold increase in the secreted xylosidase activity (Thirunavukkarasu et al. 2015), inspiring
the use of secretomes obtained after growth in the presence of NaCl. In our assays
containing 10 mM pNP-β-D-Xyl, we noticed that the β-xylosidase specific activity in Tha
S+ was reproducibly ~8-fold higher than that in Tha S- (Fig. 3); our earlier finding of a
~3-fold increase in Tha S+ compared to Tha S- was based on assays with 3 mM pNP-βD-Xyl, which was likely sub-optimal for maximum activity. Both the Tha S- and Tha S+
extracts retained 83 ± 0.2% and 72 ± 0.2% activity in 1.2 M EMIM-DMP, respectively,
compared to the control where no IL was present. Similarities in the tolerance of Tha Sand Tha S+ to EMIM-DMP (and to the other ILs tested, see below) suggests that the
same protein(s) likely accounts for the xylosidase activity in these secretomes (see
below, Fig. 5).

Since ILs with strongly basic anions dissolve LCB (Karatzos et al. 2012), we sought
to compare the effect of EMIM-DMP, EMIM-Cl and EMIM-Ac. Increasing the IL
concentration from 0 to 1.2 M resulted in 72 ± 0.2%, 53 ± 0% and 65 ± 0.7% retention of
the xylosidase activity in EMIM-DMP, EMIM-Cl and EMIM-Ac, respectively. Similar
trends were observed in Tha S- and Tha S+ (data not shown). The lower inhibition with
EMIM-Ac relative to EMIM-Cl might be attributable to the lower viscosity of EMIM-Ac
compared to EMIM-Cl (Fendt et al. 2011).

Effect of EMIM-DMP on T. harzianum xylosidase activity during prolonged
incubation with pNP-Xyl and xylobiose
Because longer half-lives of enzymes in the presence of ionic liquids will reduce the
number of enzyme loadings during industrial bioprocessing, we investigated the
xylosidase activity in Tha S- and Tha S+ during a 72-h and 48-h time-course at 37°C,
respectively. Both the Tha S- and Tha S+ extracts exhibited 77 ± 0.1% and 74 ± 0.1% of
their original activity in the presence of 0.6 M EMIM-DMP, respectively. Even in the
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presence of 1.2 M EMIM-DMP, Tha S- and Tha S+ secretomes retained 53 ± 0.1% and
44 ± 0.1%, respectively, of the initial xylosidase activity (Fig. 3).

We then assayed at 37°C the xylosidase activity of Tha S+ using xylobiose (X2) as
the substrate in the absence or presence of 0.6 or 1.2 M EMIM-DMP. We used the
DNS-based assay to determine the reducing sugar generated by xylosidase action on
these substrates. Because the DNS reactivity with reducing sugars is influenced by ILs,
we first obtained standard curves for xylose, X2 and X3 in the presence of 0.6 or 1.2 M
EMIM-DMP, and applied correction factors while assessing the activity in the presence
of EMIM-DMP (see Materials and Methods for details). Indeed, we observed tolerance
to EMIM-DMP with X2, in fact greater than that observed with pNP-β-D-Xyl (Fig. 4);
there was retention of 85% activity after a 9-h incubation in the presence of 1.2 M
EMIM-DMP, and remarkably, 77% activity after a 48-h incubation. We also found IL
tolerance with X3 as the substrate, although our assays were performed for a shorter 2h period (data not shown).

Characterization of β-xylosidase(s) in the T. harzianum secretome
Next, we sought to characterize the β-xylosidase(s) in Tha S- and Tha S+ crude
secretomes. SDS-PAGE analysis using a 12% NuPAGE pre-cast gel (Thermo Fisher)
revealed that there was at least one protein (~100 kDa) whose levels increased severalfold upon inclusion of salt in the growth media and two other polypeptides (~60 and 150
kDa) that show less pronounced increases (Fig. 5a). To identify the number and
approximate size of the β-xylosidase(s) in Tha S- and Tha S+, we performed a
zymogram analysis using 4-MU-β-D-Xyl as the substrate. Two proteins with βxylosidase activity were reproducibly identified in both Tha S- and Tha S+ secretomes.
Moreover, the activities displayed the expected trend of several-fold increased activity in
the Tha S+ secretome compared to the Tha S- counterpart (Fig. 5b). It is difficult,
however, to either draw firm conclusions on molecular mass from the native zymogram
gel or make meaningful comparisons to the separate SDS-PAGE analysis of the same
samples. Nevertheless, the weaker of the two activities migrates slower than and
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proximal to the BSA monomer while the stronger activity migrates slower than the BSA
dimer (Fig. 5b).

Isolation and characterization of β-xylosidases from various filamentous fungi have
revealed that these enzymes typically belong to GH families 3, 43 and 54, and could
function as monomers, dimers or trimers (Knob et al. 2010). While the two polypeptides
in Tha S- and S+ that display β-xylosidase activity (Fig. 5b) may correspond to either
two distinct monomeric variants or two different oligomeric forms of a single species, the
remarkable IL tolerance that we observed (Figs. 3 and 4) is attributable to one or two βxylosidases and not a large suite of enzymes.

DISCUSSION
Our finding of IL-tolerant, long-lived β-xylosidase(s) resulted from our efforts to isolate
MDF associated with plants/algae of the less-studied marine habitat and to assess the
ability of these fungi to utilize xylan. While the Xyl-β(14)-Xyl repeating unit makes up
the polymer backbone, this core is decorated with galactosyl, glucuronyl and
arabinofuranosyl substituents, which in turn form ester-based crosslinks with different
hydroxycinnamic acids in lignin (Carpita 1996). Thus, the complete breakdown of
hemicellulose requires xylanases and xylosidases, as well as galactosidases,
glucuronidases, arabinosidases and acetyl/phenolic esterases (Kulkarni et al. 1999;
Sunna and Antranikian 1997). Targeted bio-prospecting efforts of the type described
should help build a complete IL-tolerant hemi-cellulolytic biocatalytic repertoire,
especially if they can be generated economically from native sources or recombinant
methods.
We consider the factors that have been reported to contribute to strong or weak IL
tolerance of other enzymes, and draw from these insights to provide context for our
results. First, there are precedents of even 5-fold activation of a cellulase in the
presence of 0.6 M IL, and 2-fold in the presence of the same molarity of NaCl (Gladden
et al. 2014). Thus, part of the tolerance was attributed to the requirement of salt for
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optimal activity. This reasoning is unlikely to apply to the T. harzianum β-xylosidase
whose activity is the same in the absence or presence of NaCl (Fig. 1a). Second,
changes in ionic strength and viscosity (modulated by altering NaCl and PEG,
respectively) alone elicited a sharp decrease in the activity of a commercial cellulase,
albeit not as pronounced as those in the presence of an IL (Engel et al. 2010). Our
finding that 1.2 M IL but not 1.2 M NaCl (Fig. 1) was inhibitory to the T. harzianum βxylosidase(s) rules out ionic strength as a key factor, although breaching specific
viscosity thresholds are likely critical given the higher potency of the viscous EMIM-Cl
compared to EMIM-Ac (Fig. 2). Third, while ILs could disrupt intra-molecular hydrogen
bonding in enzymes and alter stability (Li et al. 2013), they can also directly impact
function. For example, kinetic and molecular docking studies revealed that ILs compete
with the substrate for the active site of xylanases (Anbarasan et al. 2017; Chawachart et
al. 2014). While there was no effect on the Vmax of a xylanase from Thermoascus
aurantiacus (a thermophilic ascomycetous fungus), addition of 15% EMIM-Ac (or
~0.9M) led to a 3.5-fold increased Km for xylan (Chawachart et al. 2014). Indeed, we
observed that the inhibitory potency of 1.2 M EMIM-DMP towards T. harzianum βxylosidase(s) was much lower at higher substrate concentrations (comparison of 3.33
vs. 10 mM X2; data not shown).
Anbarasan et al. (2017) recently concluded based on comparative analyses of
different bacterial and fungal xylanases that there is a correlation between high affinity
for substrate and lower susceptibility to inhibition by IL. The increased potency of IL with
pNP-Xyl as the substrate compared to X2 (Figs. 3 and 4) suggests that similar factors
may be at play with the T. harzianum β-xylosidase(s). Additional H-bonding interactions
with X2 are likely to protect against the detrimental effects of ILs. Establishing the role of
active site topology and substrate interactions in IL tolerance will require high-resolution
structures of xylosidase-substrate and -IL complexes. We also point to the pitfall
associated with an over-reliance on artificial substrates in initial screens.

Characterization of the IL tolerance of cellulases identified from different
metagenomic studies suggests a strong correlation between thermostability and IL
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tolerance (Gladden et al. 2014; Ilmberger et al. 2012). Investigations of a thermophilic
switchgrass-adapted microbial community (Gladden et al. 2014) led to the finding that
enzymes with temperature optima greater than 70°C retain 80% activity even in the
presence of 20 to 40% (v/v) of EMIM-Ac during incubations lasting 15 to 60 min over a
wide range of temperatures. Similarly, T. aurantiacus xylanase displayed nearly twothirds activity in 25% EMIM-Ac at 60°C, where the enzyme has a half-life of ~100 h
(Chawachart et al. 2014). Despite the strong precedent for the linkage between
thermostability and IL tolerance, our findings on the mesophilic T. harzianum βxylosidase(s) suggests that the bioprospecting dragnet for identification of new ILtolerant LCB-degrading enzymes should include the marine habitat, including
hydrothermal vents (Burgaud et al. 2009). Given the diversity and heterogeneous nature
of LCB in plants of various lineages, having a palette of IL-tolerant cell-wall degrading
enzymes from wide-ranging sources will help augment the limited repertoire of
commercial cellulase and hemi-cellulase cocktails.
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FIGURE CAPTIONS
Fig. 1. Comparison of xylosidase relative specific activities in the presence of (a) NaCl
and (b) EMIM-DMP. Secreted xylosidase activities from Trichoderma harzianum,
Aspergillus

terreus,

Gonatophragmium

mori

and

Curvularia

tuberculata

were

determined at 37°C in the presence of 0, 0.6 or 1.2 M NaCl (a) and EMIM-DMP (b). To
compare the four endophytes, xylosidase activities were normalized using as reference
T. harzianum activity observed in the absence of any additive (see Materials and
Methods). The error bars represent the standard deviation of the means determined
from three independent experiments.

Fig. 2. Effect of varying the anion in the EMIM-based ionic liquids on the T. harzianum
xylosidase activity. The secretomes obtained from T. harzianum grown in the absence
or presence of 1.5 % (w/v) NaCl are labeled as Tha S- or Tha S+, respectively. While
Tha S- was assayed in the presence of 0, 0.6, 0.9 or 1.2M EMIM-DMP, Tha S+ was
additionally assayed with either EMIM-acetate or EMIM-chloride. Relative activities were
calculated by normalization using as reference Tha S- or Tha S+ activity observed in the
absence of any additive (see Materials and Methods). The error bars represent the
standard deviation of the means determined from at least three independent
experiments.

Fig. 3. Effect of EMIM-DMP on Tha S- (a) or Tha S+ (b) xylosidase stability after
prolonged incubation at 37°C. Xylosidase activities of Tha S- or Tha S+ secretomes
were assayed in the presence of 0, 0.6 or 1.2 M EMIM-DMP for 72 (a) or 48 h (b),
respectively. Initial velocities were determined from time-course experiments and used
to calculate the specific activity (left panels depicts representative plots); data from three
independent initial velocity measurements were used to calculate the mean and
standard deviation (right panels). In each case, the respective T. harzianum secretome
assayed without any additives served as the reference for normalization (see Materials
and Methods).
Fig. 4. Xylosidase activity of Tha S+ on xylobiose in the absence or presence of EMIMDMP. Initial velocities were determined from 9-h time-course studies and then used to
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calculate the specific activity (left panel depicts representative plots of xylose formation
as a function of time). Data from three independent time-course experiments were used
to calculate the mean and standard deviation (right panel). In each case, Tha S+
secretome assayed without any additive served as the reference for normalization (see
Materials and Methods).

Fig. 5. Identification of β-xylosidase(s) in the T. harzianum secretome. (a) SDS-PAGE
analysis of Tha S- and Tha S+ crude secretomes using a 12% NuPAGE Bis-Tris precast gel. (b) Zymogram analysis to detect β-xylosidase activity after 12% (w/v)
polyacrylamide native gel electrophoresis. In both panels: lane 1, size markers; lanes 2
and 3 correspond to 40 µg of Tha S- and Tha S+ secretome protein, respectively. Size
markers used in (a) were Precision Plus Protein Kaleidoscope pre-stained size markers
(Biorad) and in (b) were Precision Plus Dual Color size markers (Biorad). Note that 66and 132-kDa standards in (b) correspond to monomeric and dimeric forms of bovine
serum

albumin

(Pierce),

which

was

pre-stained

with

Coomassie

blue

and

electrophoresed on an adjacent lane (data not shown). Black dots signify proteins that
are increased in the Tha S+ proteome compared to the Tha S- counterpart.
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Figure 1. Comparison of xylosidase relative specific activities in the presence of (a) NaCl and (b) EMIM-DMP.
Secreted xylosidase activities from Trichoderma harzianum, Aspergillus terreus, Gonatophragmium mori and
Curvularia tuberculata were determined at 37°C in the presence of 0, 0.6 or 1.2 M NaCl (a) and EMIM-DMP
(b). To compare the four endophytes, xylosidase activities were normalized using as reference T. harzianum
activity observed in the absence of any additive (see Materials and Methods). The error bars represent the
standard deviation of the means determined from three independent experiments.
87x44mm (300 x 300 DPI)
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Figure 2. Effect of varying the anion in the EMIM-based ionic liquids on the T. harzianum xylosidase activity.
The secretomes obtained from T. harzianum grown in the absence or presence of 1.5 % (w/v) NaCl are
labeled as Tha S- or Tha S+, respectively. While Tha S- was assayed in the presence of 0, 0.6, 0.9 or 1.2M
EMIM-DMP, Tha S+ was additionally assayed with either EMIM-acetate or EMIM-chloride. Relative activities
were calculated by normalization using as reference Tha S- or Tha S+ activity observed in the absence of
any additive (see Materials and Methods). The error bars represent the standard deviation of the means
determined from at least three independent experiments.
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Figure 3. Effect of EMIM-DMP on Tha S- (a) or Tha S+ (b) xylosidase stability after prolonged incubation at
37°C. Xylosidase activities of Tha S- or Tha S+ secretomes were assayed in the presence of 0, 0.6 or 1.2 M
EMIM-DMP for 72 (a) or 48 h (b), respectively. Initial velocities were determined from time-course
experiments and used to calculate the specific activity (left panels depicts representative plots); data from
three independent initial velocity measurements were used to calculate the mean and standard deviation
(right panels). In each case, the respective T. harzianum secretome assayed without any additives served as
the reference for normalization (see Materials and Methods).
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Figure 4. Xylosidase activity of Tha S+ on xylobiose in the absence or presence of EMIM-DMP. Initial
velocities were determined from 9-h time-course studies and then used to calculate the specific activity (left
panel depicts representative plots of xylose formation as a function of time). Data from three independent
time-course experiments were used to calculate the mean and standard deviation (right panel). In each
case, Tha S+ secretome assayed without any additive served as the reference for normalization (see
Materials and Methods).
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Fig. 5. Identification of β-xylosidase(s) in the T. harzianum secretome. (a) SDS-PAGE analysis of Tha S- and
Tha S+ crude secretomes using a 12% NuPAGE Bis-Tris pre-cast gel. (b) Zymogram analysis to detect βxylosidase activity after 12% (w/v) polyacrylamide native gel electrophoresis. In both panels: lane 1, size
markers; lanes 2 and 3 correspond to 40 µg of Tha S- and Tha S+ secretome protein, respectively. Size
markers used in (a) were Precision Plus Protein Kaleidoscope pre-stained size markers (Biorad) and in (b)
were Precision Plus Dual Color size markers (Biorad). Note that 66- and 132-kDa standards in (b)
correspond to monomeric and dimeric forms of bovine serum albumin (Pierce), which was pre-stained with
Coomassie blue and electrophoresed on an adjacent lane (data not shown). Black dots signify proteins that
are increased in the Tha S+ proteome compared to the Tha S- counterpart.
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