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Abstract: In the current study, we attempted to enhance the xylanase activity of Trichoderma reesei
ATCC66589 by using disparity mutagenesis, wherein a plasmid harboring proofreading-impaired DNA
polymerase 6 was inserted. Following selection on xylan-rich media and successive plasmid curing, a
mutant showing conidiospores strikingly different from those of the parent strain, with many small
humped-surface spheres, was generated. Xylanase and p-xylosidase activities of the mutant XMl,
cultivated in xylan medium, were 15.8- and 11.0-fold higher than those of the parent strain, respectively.
Furthermore, xylanase activity was generated approximately 24 h in advance compared to that in the
parent. In contrast, when cultivated in Avicel medium, its xylanase and p-xylosidase activities were 0.14-
and 0.33-fold, respectively, compared to those in the parent. Among the xylan component sugars and
related polyols, D-xylose and xylobiose exerted a distinct inductive effect on the xylanase activity in
Avicel media, while xylitol and L-arabinose did not. Mutagenesis involved in xylose catabolism is
suggestive of changes at the gene transcription level. Although the induction mechanism remains
unclear in details, disparity mutagenesis may be useful for obtaining 7. reesei mutants with high
xylanase activity.
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INTRODUCTION

The disintegration of plant cell wall polysaccharides into
their component sugars prior to fermentation is a process
that is crucial for bio-ethanol production from natural, un-
derutilized biomasses, such as wood chips, corn stover, or
rice straw.Y? Generally, chemical or enzymatic decomposi-
tion of the biomass is used for this purpose. Enzymatic di-
gestion is considered preferable compared to acid or alka-
line hydrolysis, since it proceeds under milder conditions,
such as room temperature and neutral pH, which prevents
excess degradation of the hydrolysate.® Thirteen million
tons, in dry weight, of rice straw is annually produced in
Japan as the waste material of rice production. Approxi-
mately 30 % of rice straw is utilized as fertilizer or live-
stock feed. However, the remaining 70 % is discarded, as a
huge amount is available each year. Rice straw, which is a
potential resource for bio-ethanol production, consists
mainly of polysaccharides (cellulose (30 %) and xylan
(15 %)), lignin (17 %), and ash (18 %, mostly as silica).h?
These polymers crosslink to construct a rigid, intricate
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three-dimensional structure that inhibits rapid degradation
of tissue into its component sugars. The polymers hemicel-
lulosic xylan and lignin surround a micro-fibrous sheaf
consisting of crystalline cellulose to protect and fortify the
tissue. Due to the specific structure thus formed, effective
enzymes with high xylanolytic activity are required to di-
gest rice straw.29¥

Trichoderma reesei has been well known to produce
large amounts of extracellular enzymes.?” Since most of
the excreted proteins consist of various cellulases and
hemicellulases, T. reesei is considered one of the most pro-
lific producers of biomass-degrading enzymes.9?¥919 T, pe-
esei ATCC66589, a strain bred from 7. reesei QM6a (Na-
tick, US Army), reportedly accounts for the highest cellu-
lase productivity. Depending on the culture condition, the
maximal amount of protein produced is estimated to be 60—
100 g/L of culture broth.!” However, compared to its cellu-
lolytic activity, its xylanolytic activity is not necessarily
sufficient for the digestion of lignocellulosic rice straw.»?1?)
In order to enhance the xylanase activity of ATCC66589,
the present study adopted disparity mutagenesis, which al-
lows mutations to arise from increased replication errors in
DNA polymerase. Due to a lack of proof-reading by DNA
polymerase delta, the mutations accumulate in the DNA
lagging strand with each replication cycle and are subse-
quently selected on the desired medium. Thus, a novel tar-
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get-oriented mutant may potentially be generated via accel-
erated evolution.'®

Disparity mutagenesis is effective in generating high fre-
quency mutations and producing desirable mutants in
Gram-positive and Gram-negative bacteria, yeasts, fungi,
plant, and animal cells and even whole animals.'¥ For ex-
ample, it was reported to induce a mutation frequency,
which is approximately 7-fold higher than that induced by
ethyl methanesulfonate mutagenesis in the budding yeast
Saccharomyces cerevisiae.'> Its tolerance to pH and inor-
ganic solvents has reportedly been improved to levels at
which the parent strain is unable to survive.'¥ We previous-
ly reported that glucose-catabolite repression of cellulase
production was significantly reduced via this method using
T reesei.'® However, detailed studies on the enhancement
of xylanolytic activity of 7. reesei are lacking. Therefore,
the objective of the current study was to analyze the effica-
cy of disparity mutagenesis in modifying 7. reesei
ATCC66589. Here, we report the isolation and characteri-
zation of mutants that produced xylanolytic enzymes at a
much higher level than T. reesei ATCC66589, when gener-
ated via disparity mutagenesis in a xylan-containing medi-
um.

MATERIALS AND METHODS

Strain and culture. Trichoderma reesei ATCC66589 pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) was used throughout the experiment.
T reesei ATCC66589 and its recombinant transformants
were inoculated via V8 agar slants onto MM plates (mini-
mal media composed of 5 mg/mL carboxymethyl cellulose
(CMC), 5 mg/mL (NH,),SO,, 15 mg/mL KH,PO,, 600
pg/mL MgSO,, 600 pg/mL CaCl,, 5 ug/mL FeSO,-7H,0,
1.6 pg/mL MnSO,-H,0O, 1.4 ug/mL ZnSO, 7H,0, and 2
pg/mL CoCl,) and cultured at 30 °C for 3 days until spores
grew sufficiently. After mixing with 2 mL saline (0.7 %
NaCl, 10 % glycerol in distilled water), spore suspensions
were stored at —80 °C for further use. Next, 50 mL of each
suspension, diluted to 1 x 103 or 1 x 10* spores, was
streaked on potato dextrose agar (PDA) plates, and incuba-
ted for 48 h.

Chemical reagents. Hygromycin B, p-nitrophenyl B-D-
lactopyranoside (pNP-lactoside), p-nitrophenyl B-D-xylo-
pyranoside (pNP-xyloside), xylobiose, and xylan from
beechwood were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). CMC was purchased from Nacalai Tes-
que Inc. (Kyoto, Japan). Restriction enzymes were obtained
from TOYOBO Co., Ltd. (Osaka, Japan). Avicel was pur-
chased from Fluka Chemie Ag (Buchs, Switzerland). All
other reagents were obtained from WAKO Pure Chemicals
Industries, Ltd. (Osaka, Japan).

Preparation of xylan from birch wood. Ten grams of
birch wood chips were sequentially Soxhlet-extracted with
700 mL methanol for 6 h to remove oily materials and air-
dried at room temperature. Ten grams of the obtained pow-
der was refined with 100 mL distilled water at 65 °C for 10
h in a water bath. The residue was collected through vac-
uum filtration, washed with acetone, and air-dried to obtain

dry material. Xylan was extracted from 2.5 g of the dry ma-
terial by using 100 mL of 10 % KOH with gentle stirring
for 2 h at room temperature under a nitrogen atmosphere to
avoid polysaccharide peeling, followed by filtering the sol-
ution by using an aspirating Buchner funnel. Following
neutralization with 2 M acetic acid, the extract was dia-
lyzed against distilled water in a Visking tube (Viskase
Companies, Inc., Lombard, IL, USA) until the electrocon-
ductivity decreased to lower than 1.0 mS/cm, and finally
freeze-dried.
Plasmid construction and transformation. Construction
of plasmids harboring DNA polymerase & lacking proof-
reading activity and their subsequent transformation were
performed according to methods previously reported.'®
Briefly, the nucleotide sequence of the DNA polymerase &
was amplified, modified by adding deoxyadenine triphos-
phate and ligated into the pGEM T-easy vector (Promega
Co., Madison, WI, USA; pTA-DPD). The plasmid with
DNA polymerase & lacking proofreading activity (pTA-
mutDPD) was constructed by site-directed mutagenesis us-
ing a pTA-DPD template. The pTA-mufDPD was digested
with Notl and inserted into pAH digested with the same en-
zyme. The resulting plasmid was designated pAH-musDPD.
Plasmid DNA (pAH-mufDPD or pAH; 20 pg) was
mixed with 200 uL of protoplast suspension prepared from
mycelia of T reesei via Yatalase digestion (Takara Bio Inc.,
Shiga, Japan). To this, 50 pL of PEG buffer [10 mM Tris-
HCI (pH 7.5), 50 mM CaCl,, and 25 % polyethylene glycol
6000] was added, and the mixture was incubated in an ice
bath for 20 min. Incubation was further continued at 25 °C
for 5 min after adding 2 mL PEG buffer. Following the ad-
dition of 4 mL of Buffer C [10 mM Tris-HCI (pH 7.5), 10
mM CacCl,, and 1.0 M sorbitol], the transformants were col-
lected and plated on 1.2 % agar overlaid onto MM plates
with 200 pg/mL of hygromycin B. The plates were then in-
cubated in the dark for 7 days at 30 °C.
Selection and curing of mutants. Spores (1 x 10%) of
transformants propagated in a V8 slant were plated on MM
agar plates containing 5 g/L of xylan prepared from birch
wood as the single carbon source instead of glucose and in-
cubated at 30 °C. Colonies grown on the plate were picked
after 5 days of incubation. Mutant strains thus obtained
were transferred to PDA plates with nutrient-rich medium
and cured for several days to delete plasmids harboring
AH-mutDPD. Deletion of plasmid DNA was assessed by
growth on PDA plates containing 200 pg/mL hygromycin
B.
Scanning Electron Microscopy. Mycelia of T. reesei
grown for 1 month or longer were soaked in 2 % glutaral-
dehyde solution, washed thrice with 0.1 M cacodylate buf-
fer (pH 7.2) and suspended in 1 % osmium solution. Fol-
lowing stepwise dehydration of 10 min each in 50, 70, 80,
90, and 100 % acetone; the mycelia were further dehydra-
ted twice in 100 % acetone for 30 min each. The dehydra-
ted sample was immersed in a 1:1 mixture of acetone and
isoamyl acetate for 30 min and then in 100 % isoamyl ace-
tate for 90 min, prior to being stored at 4 °C. For the final
preparation step, the mycelia were dried using a critical
point drier (HCP-2, Hitachi High-Tech Co., Tokyo, Japan)
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and observed under a scanning electron microscope
(S-3500N, Hitachi High-Tech Co.) after vacuum deposi-
tion.
Cultivation for enzyme production. Spore suspensions (1
x 107/100 pL) of parent or selected mutants were inocula-
ted into 100 mL pre-culture medium composed of 3 % glu-
cose, 0.6 % corn steep liquor (Sigma-Aldrich), 0.6 % am-
monium sulfate, and 0.1 % TritonX-100 (Sigma-Aldrich) in
a 500 mL shaker flask and cultured for 3 days at 30 °C and
200 rpm. For xylan-degrading enzyme production, approxi-
mately 10 % of the seed culture was added to 50 mL medi-
um consisting of 0.5 % xylan, 0.1 % corn steep liquor,
0.1 % ammonium sulfate and cultured at 30 °C for 3 days.
To produce cellulose-degrading enzyme, approximately
10 % of seed culture was added to 50 mL medium consist-
ing of 2 % Avicel, 0.4 % corn steep liquor, and 0.4 % am-
monium sulfate, and cultivated at 30 °C for 5 days. The pH
of the culture fluid was adjusted to 5.0 with 10 % ammoni-
um hydroxide and 10 % HCI throughout cultivation. At 24
h intervals, 500 pL culture broth was collected in a 1.5 mL
sample tube and used for enzyme analyses.
Assays of enzyme activity. The activities of xylanase and
carboxymethyl cellulase (CMCase) were assayed using a
reaction mixture consisting of 1 % xylan from beechwood
or CMC, 25 uL of 500 mM phosphate buffer (pH 6.0) and
25 pL of enzyme solution, amounting to a total volume of
250 pL. Following incubation at 50 °C for 30 min, 100 pL
of the reaction solution was mixed with 300 uL of dinitro-
salicylic acid (DNS) reagent, heated for 5 min in a boiling
water bath to stop the reaction, and cooled down under run-
ning tap water to ambient temperature. A fifty microliters
aliquot was diluted with 950 pL of distilled water and col-
orimetrically assayed at 500 nm using a spectrophotometer
(Beckman Coulter, Inc., Brea, CA, USA).!” One unit of xy-
lanase and CMCase activities were defined as the amount
of the enzyme that liberates 1 pmol of reducing value cali-
brated with xylose and glucose per minute, respectively.
The B-xylosidase activity and pNP-lactoside hydrolyzing
(pNP-lactosidase) activity was assayed using a reaction
mixture composed of 100 pL of 4 mM pNP-xyloside or
pNP-lactoside, 100 pL of 200 mM phosphate buffer (pH
6.0) and 200 pL of enzyme solution, amounting to a total
volume of 400 uL. Following incubation at 50 °C for 30
min, 400 pL of 1 M sodium carbonate was added to the re-
action mixture, which was colorimetrically assayed at 415
nm using a spectrophotometer (iMark Microplate Reader,
Bio-Rad Laboratories Inc., Hercules, CA, USA).!” One
unit of activity was defined as the amount of enzyme that
liberates 1 pmol of p-nitrophenol per minute.
Induction assay on xylanase activity. A five milliliters
pre-culture of 1 x 107 spores was transferred to 50 mL cul-
ture medium containing each of 0.1 % xylan component
sugar (xylobiose, D-glucuronic acid, L-arabinose, D-xy-
lose), related polyol (xylitol) or cellulase inductive sugar
(L-sorbose, lactose, D-galactose), and 2 % Avicel. Follow-
ing incubation at 30 °C at 200 rpm for 3 d, the broth super-
natant was sampled every day and subjected to xylanase ac-
tivity assays.

RESULTS

Selection of the mutant strain and its morphology.

Trichoderma reesei ATCC66589 transformants (pBlue-
script 2 SK+/AH + mufDPD inserted) were subcultured in
triplicate (for stabilization of colonial phenotypes) on selec-
tion medium plates containing xylan as a single carbon
source to enhance xylan-degrading enzyme inducibility.
Subsequently, spores were inoculated on agar plates con-
sisting of the same medium and incubated at 30 °C for sev-
eral days. From the spores that colonized within 5 days,
four strains were selected and arbitrarily named as XM1,
XM2, XM3, and XM4. Colony sizes of the mutants were
mostly the same as those of the parent grown on glucose,
xylose, and PDA plates (Fig. 1). However, sporulation of
the mutant colonies was more luxuriant than that for paren-
tal colonies in all plates examined.

Scanning electron micrographs of parent and mutant
XM1 strains grown on PDA are shown in Fig. 2. The
spores of the parental strain were smooth-surfaced spheres
(Fig. 2A), whereas the spore of the mutant XM1 strain were
spheres with small-humped surfaces (Fig. 2B). All other
mutant strains (XM2, XM3, and XM4) had the same ap-
pearance as XM1 (data not shown).

Productivity of enzymes.

Xylan-hydrolyzing (xylanase) and pNP-xyloside hydro-
lyzing (B-xylosidase) activities of the parent and mutant
XM1 strains grown in xylan-containing media are shown in
Fig. 3. In the parental strain, xylanase activity and B-xylosi-
dase activity were not clearly detected even after 2 days
(Fig. 3A). On the other hand, xylanase activity in the mu-
tant strain was detected after 24 h, and after 3 days this ac-
tivity was 15.8-fold higher than that of the parental strain
(Fig. 3A). B-xylosidase activity in XM1 strain was not de-
tected even after 24 h, whereas after 3 days this activity
was 11.0-fold higher than that of the parental strain (Fig.
3B). The other three mutants XM2, XM3, and XM4
showed similar profiles for the xylanase and B-xylosidase
activities.

Contrary to this, when cultivated in a medium containing
Avicel as the sole carbon source, xylanase activity, p-xylo-
sidase activity, CMCase activity, and pNP-lactosidase ac-
tivity of the mutant were 0.14-, 0.33-, 0.21-, and 0.08-fold
compared to the parental strain after 5 days, respectively
(Fig. 4). No lag time was seen in activity expression be-
tween the mutant and parental strains.

Effect of xylan component sugars and related polyol, and
cellulase inductive sugars on the xylanase activity.

The inductive effect of component sugars and related
compounds on xylanase activity was examined. The parent
and mutant strains were cultivated in Avicel media, each
containing D-xylose, xylobiose, L-arabinose, glucuronate,
and xylitol as a potent inducer. During the initial 24 h, xyla-
nase activity was found in the mutant strain supplemented
with D-xylose and xylobiose, whereas no activity was
found in the parent strain (Figs. 5A and B). Thereafter, the
activity of the parent strain increased rapidly during a 3-day



62 J. Appl. Glycosci., Vol. 66, No. 2 (2019)

Strain
Parent XM1 XM2 XM3 XM4

Medium

Glucose

&
PDA .
Xylose
Fig. 1.  Colonies of parent and mutant strains on agar plates.

The spores (1 x 10%) of parent and mutant strains (XM1, XM2,
XM3, and XM4) were plated on glucose agar, PDA, or xylan agar
plates. Following incubation for 5 days at 30 °C, the propagated colo-
nies were observed with an image scanner (EPSON GT-9700F).

Fig. 2.

Scanning electron microscopy of parent and mutant XM1
strains.

After growing at 30 °C for 3 days on PDA, conidiospores propaga-
ted were observed under a scanning electron microscope, S-3500 (Hi-
tachi High-Technologies Corporation). A, parent; B, XM1 mutant;
scale bar indicates 5 pm.
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Fig.3. Xylanase and B-xylosidase activities of parent and mutant

XM1 strains grown in xylan-containing media.

Xylanase (A) and B-xylosidase (B) activities of parent and mutant
XM1 strains grown in xylan-containing media. The strains were culti-
vated at 30 °C and 200 rpm for 3 days on xylan as a sole carbon
source. Parent, open squares; XM, closed squares. The data were
obtained from three independent experiments. The error bars indicate
the standard deviation of three independent replicates.

cultivation. Among the sugars examined, D-xylose and L-
arabinose showed a significant enhancing effect on the xy-
lanase activity. However, the activity expression profile of
the mutant strain was markedly different from that of the
parent. Except for the addition of xylobiose, the activity of
the mutant strain was obviously lower than that of the pa-
rent strain after 3 days. In the case of D-xylose, the activity
specifically increased during the initial 24 h and then de-
creased (Fig. 5B).

The inductive effects of L-sorbose, lactose, and galac-
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Fig. 4. Xylanolytic and cellulolytic activities of parental and mu-

tant XM strains grown in Avicel-containing media.

Xylanase (A), B-xylosidase (B), CMCase (C), and pNP-lactosidase
(D) activities of parent and mutant XM1 strains grown in Avicel-con-
taining media. The strains were cultivated at 30 °C and 200 rpm for 5
days on Avicel as a sole carbon source. Parent, open squares; mutant
XML, closed squares. The data were obtained from three independent
experiments. The error bars indicate the standard deviation of inde-
pendent replicates.
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Fig. 5.  Effect of xylan component sugars or related polyols on xy-

lanase activities of parental and mutant XM strains.

Xylanase activities of parent (A) and mutant XM1 (B) strains
grown on the medium containing 0.1 % xylan component sugar or re-
lated polyol and 2 % Avicel. The strains were cultivated at 30 °C and
200 rpm for 3 days. Control, open squares; xylitol, closed triangles;
xylobiose, open triangles; D-glucuronic acid, closed circles; L-arabi-
nose, open circles; D-xylose, closed squares. The data represents the
average value of two independent replicates.

tose, known as cellulase inducers, on xylanase activity are
shown in Fig. 6. L-Sorbose and D-galactose showed little
influence on the hydrolyzing activity of the parent, while
they caused a slight increase in xylanase activity of the mu-
tant. Lactose showed a slight decrease in the hydrolyzing
activity of the parent, while it caused an increase in xyla-
nase activity of the mutant.

DISCUSSION

Enhancement of hemicellulase is considered to be criti-
cal for enzymatic digestion of lignocellulosic materials us-
ing the T reesei enzyme preparation. Therefore, we tried to
generate the mutant of 7. reesei ATCC66589 with high xy-
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Fig. 6.  Effect of cellulase inductive sugars on xylanase activities of

parental and mutant XM1 strains.

Xylanase activities of parent (A) and mutant XM1 (B) strains
grown on the medium containing 0.1 % cellulase inductive sugar and
2 % Avicel. The strains were cultivated at 30 °C and 200 rpm for 3
days. Control, open squares; L-sorbose, closed circles; lactose, closed
triangles; D-galactose, closed squares. The data represents the aver-
age value of two independent replicates.

lanase activity using disparity mutagenesis and successive
selection in the medium containing white birch xylan as a
simple carbon source. One of the mutants obtained, XM1,
showed 15.8-fold higher xylanase activity and 11.0-fold
higher B-xylosidase activity compared to those of the pa-
rent strain when cultivated in xylan-containing media (Fig.
3). In contrast, xylanolytic activities were significantly low-
ered 0.14-fold for xylanase and 0.33-fold for B-xylosidase,
when cultivated in the Avicel medium.

Xylanase activities of 7. reesei Rut C-30 and T reesei
QM9414 were reportedly derived from xylanase 1, 2, 3
(XYNI1, 2, 3), and B-xylosidase (BXL).'®1920 Similarly, xy-
lanolytic activities of the XM1 mutant have probably been
derived from these xylanases XYNI, 2, 3 and B-xylosidase
BXL. However, the enhanced profile of xylanolytic activi-
ties was substantially different between the parent and the
mutant as previously mentioned. Considering these results,
the induction mechanism of xylanolytic enzymes seems
somewhat modified in the mutant strain of 7. reesei
ATCC66589 generated by disparity mutagenesis.

Regarding the parental strain, D-xylose and L-arabinose
showed a significant enhancing effect on xylanase activity
(Fig. 5A). Reportedly, 7. reesei QM9414 xylanase is in-
duced by D-xylose and L-arabinose via separate induction
pathways.??» D-xylose is well-known to be reduced to xy-
litol by D-xylose/aldose reductase (XYL1) and successive-
ly oxidized to D-xylulose by xylitol dehydrogenase
(XDH1) or L-arabitol dehydrogenase (LAD1).?? L-arabi-
nose is also changed to L-xylulose by XYL1 and LAD1.2)
However, the xylanase activity of the mutant strain was en-
hanced by D-xylose and not by L-arabinose. Hence, in this
case, an unknown factor might supplement XYL1 function,
or XYL1 is not essential for xylanase induction as seen in
the ladl-xdhl double deletion strain of 7. reesei
QM9414.2022 Although the detailed mechanism is not
known, these results suggest that the path from D-xylitol to
xylulose was in some way modified by the mutation.

L-Sorbose, lactose, and galactose®*2Y%9 significantly
stimulated xylanase induction in the mutant (Fig. 6B). L-
Sorbose is well-known as a xylanase inducer in 7. reesei
ATCC66589%% and our study was consistent with the results
described in this report. The xylanase XYN3, different

from the other xylanases (XYNI1, 2), was reportedly in-
duced synchronously with cellulase induction in 7. reesei
ATCC66589.2” However, as it is not known whether the
XM1 mutant may produce XYN3, this issue needs to be ad-
dressed.

In conclusion, we utilized disparity mutagenesis to gen-
erate a mutant of 7. reesei ATCC66589. One of the mutant
strains, XM1 was able to produce xylanolytic enzymes at a
much higher level than that of the parental strain when cul-
tivated in xylan-containing media. The xylanolytic and cel-
lulolytic activities of the mutant were lower than that of the
parental strain when cultivated in Avicel-containing media.
The XM1 mutant alone might not be enough for the degra-
dation of biomass consisting of xylan-rich polysaccharides
like rice straw. Hence, we suggest applying the XM1 mu-
tant in combination with another strain like ATCC66589 for
processing the biomass degradation. Xylanase is an en-
zyme, which is frequently used in various applications
related to feed, bread baking, beverages, and
pharmaceuticals.?*?% The causes underlying the peculiar
characteristics of the mutant strain remain unclear and are
currently being studied. The availability of the T reesei ge-
nome as well as tools such as Next-Generation Sequencer
and RNAseq may provide further insight into the function-
ing of these mutants.
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