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Major facilitator superfamily (MFS) transporters are found in all organisms. Although numerous studies have
examined the functions of yeast and mold MFS transporters in terms of sugar affinity and metabolic regulation, no
functional analyses of MFS sugar transporters in white rot fungi have been reported. This study identified an MFS sugar
transporter gene (Pshxt1) of the white rot fungus Phanerochaete sordida YK-624 expressed in liquid culture containing
low concentrations of nitrogen source. Homologous expression of Pshxt1 dramatically increased the rates of glucose,
fructose, mannose, and xylose consumption. Galactose consumption increased slightly but significantly. These data
suggest that Pshxt1 has broad affinity for monosaccharides. In contrast, a transformant homologously expressing Pshxt1
consumed glucose in preference to xylose in wood enzymatic-digestion liquor and liquid culture. Additionally, ho-
mologous expression of Pshxt1 improved mycelial growth, aerobic ethanol production, and simultaneous aerobic
saccharification and fermentation efficiency, whereas secretion of the ligninolytic enzyme manganese peroxidase was
clearly decreased in the presence of glucose by Pshxt1 expression. These results suggest that Pshxt1 is involved in the
repression of ligninolytic enzyme activity via carbon catabolite repression at sufficiently high glucose concentrations for
activation of primary metabolism.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Lignocellulosic biomass is the most abundant and renewable
bioresource on earth. Recently, many researchers have demon-
strated the potential of using lignocellulosic biomass for sustain-
able production of chemicals and fuels (1). Therefore, it could be
said that lignocellulose materials are critically important raw ma-
terials for development of a sustainable society with zero carbon
emissions. Biofuels such as ethanol and butanol are produced by
fermentation of monosaccharides generated by the hydrolysis of
polysaccharides, which are the primary components of lignocellu-
losic materials. However, polysaccharides in lignocellulosic mate-
rials are protected from physical/chemical and microbial attack by
the recalcitrant aromatic polymer lignin; lignin removal is thus
required for effective saccharification.

White rot fungi arewood-rotting basidiomycetous fungi that have
the unique ability to generate polysaccharides by degrading lignin in
lignocellulosic materials. Several white rot fungi are capable of fer-
menting ethanol from lignocellulosic materials (2e4). By exploiting
these capabilities, Kamei and co-authors developed an integrated
fungal fermentation (IFF) process using the white rot fungus Phlebia
sp. MG-60 (5). The IFF process is a sequential biological reaction
involving solid-state aerobic delignification and subsequent direct
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ethanol fermentation from delignified wood in supplemented liquid
medium under semi-aerobic conditions using a single microor-
ganism. However, low polysaccharide decomposition activity of
white rot fungi often causes a bottleneck in ethanol production.

Phanerochaete sordida YK-624 is a white rot fungus that exhibits
excellent delignification activity during wood decay and high lignin
degradation selectivity (6). In addition, P. sordida YK-624 can pro-
duce ethanol from glucose under semi-aerobic (7) and aerobic
conditions (8). A previous study indicated that this aerobic
fermentation by P. sordida YK-624 is the result of an overflow in
glucose metabolism and that the rate of glucose uptake by the
fungus is limited (8). These data suggest that P. sordida YK-624
could be useful in aerobic IFF if its polysaccharide degradation ac-
tivity and rate of monosaccharide uptakewere markedly enhanced.
Therefore, in this study, we identified a candidate major facilitator
superfamily (MFS) sugar transporter gene (Pshxt1) in P. sordida YK-
624 and elucidated the function of Pshxt1 by homologous gene
expression. We also investigated the effect of improved mono-
saccharide uptake on aerobic ethanol fermentation by this fungus.
MATERIALS AND METHODS

Fungal strain and primers Phanerochaete sordida YK-624 (ATCC 90872) and
its uracil-auxotrophic strain UV-64 (9) were maintained on potato dextrose agar
(PDA) at 4�C. All primers used in this study are listed in Table S1.
All rights reserved.



TABLE 1. Function and accession number of proteins registered in RefSeq exhibiting
high similarity to the translated amino acid sequence of Pshxt1.

Function Organism Coverage
(%)

Identity
(%)

Accession no.

Putative MFS
transporter

[Phanerochaete carnosa] 99 89 XP_007400709

MFS
monosaccharide
transporter

[Trametes versicolor] 100 76 XP_008038928

MFS
monosaccharide
transporter

[Dichomitus squalens] 97 75 XP_007362946

MFS sugar
transporter

[Heterobasidion irregulare] 100 74 XP_009548738

Putative sugar
transporter

[Postia placenta] 96 74 XP_024341010
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Cloning of the P. sordida hexose transportereencoding gene (Pshxt1)
Two PDA discs (i.d. 10 mm) on which the surface was covered with P. sordida YK-
624 mycelia were inoculated into 10 ml of Kirk’s low nitrogen (LN) medium
(containing 1.0% D-glucose, 1.2 mM ammonium tartrate, and 20 mM 2,2-dimethyl
succinate) (10) and incubated for 3 days at 30�C. Grown mycelia were recovered
by filtration, and total RNA was extracted using an RNeasy Mini kit (Qiagen,
Hilden, Germany). Reverse transcriptionepolymerase chain reaction (RT-PCR)
assays were performed using a PrimeScript RT-PCR kit (Takara Bio Inc., Shiga,
Japan) to obtain a partial Pshxt1 cDNA sequence. The oligo dT primer included
with the RT-PCR kit and degenerate primers (dgHxt-F and -R) were used for the
RT reaction and RT-PCR, respectively. The degenerate primers were designed from
amino acid sequences of putative MFS sugar transporters from several
basidiomycetous fungi archived in the Joint Genome Institute (JGI) and National
Center for Biotechnology Information databases (Fig. S1). Residual 30- and 50-cDNA
sequences of Pshxt1 were determined using a GeneRacer kit (Invitrogen). The gene-
specific and nested primers (GR3spe-F, GR3nest-F, GR5spe-R, and GR5nest-R) for 30-
and 50-RACE reactions were designed from the partial cDNA sequence. To obtain the
Pshxt1 full-length genomic DNA sequence, gene-specific 30- and 50-end primers
were designed (gPCR-F and -R). Genomic DNA of P. sordida was extracted using an
ISOPLANT II kit (Nippon Gene, Tokyo, Japan), and the Pshxt1 coding sequence
(CDS) was amplified by PCR in reactions containing 2% DMSO using TKs Gflex
DNA polymerase (Takara Bio Inc.).

Construction of the Pshxt1 recombinant strain Kpn I sites were incorpo-
rated in the 30- and 50-ends of the Pshxt1 CDS by PCR using TKs Gflex DNA poly-
merase with the primers KpnIadd-F and -R. The PCR product was then appended
with dA at the 30-terminal ends using 10� A-attachment mix (Toyobo Co., Ltd.,
Osaka, Japan) and cloned into T-vector. The vector was digested, and Kpn I-con-
taining Pshxt1was purified by agarose gel electrophoresis. The purified product was
ligated into Kpn I-digested pGPDpro (11) to construct the Pshxt1 expression plasmid
(designated pGPDpro-Pshxt). The pGPDpro-Pshxt expression plasmid was co-
transformed with pPsURA5 into UV-64 protoplasts, as described previously (9). A
total of 78 regenerated prototrophic (Uraþ) transformants (designated Hxt1 to
Hxt78) were recovered as previously reported (9), and the resulting colonies were
screened for the presence of the pGPDpro-Pshxt sequence by genomic PCR with
specific primers (GR3nest-F and Psgpdter-R) using an approach similar to that
reported previously (12).

Wild-type (WT) P. sordida YK-624 and 30 screened Hxt strains were cultivated
on LNmedium (1.0% glucose) for 6 days at 30�C, as described above. The culture fluid
was then collected, and the amount of residual glucose was measured according to
the SomogyieNelson method using Somogyi copper solution and Nelson solution
(FujifilmWako Pure Chemical Co., Osaka, Japan). Glucose consumptionwas followed
over time in LN medium (1% D-glucose) for Hxt strains exhibiting higher glucose
consumption activity than the WT strain. Five transformants exhibiting higher
glucose consumption rates were sub-cultured on PDA medium 5 times, after which
the glucose consumption activity was examined again to evaluate the stability of the
introduced gene. Transformant Hxt31 exhibited the highest glucose consumption
rate and gene stability, and was used for further investigations. The amount of
glucose was determined by high-performance liquid chromatography (HPLC) on an
instrument equippedwith a Shodex SH1821 column and refractive index detector, as
previously reported (7).

Sugar consumption and ethanol production from saccharides and woody
biomass WT strain and transformant Hxt31 were inoculated into LN medium
containing 1% of various monosaccharides (D-glucose, D-fructose, D-mannose, D-
galactose, D-arabinose, and D-xylose) and cultured under aerobic conditions at 30�C.
The residual sugar concentration, mycelial growth, and ethanol concentration were
measured every 2 days. Concentrations of sugar and ethanol in the culture fluid were
measured by HPLC, as described above.Mycelia were recovered by filtration, dried at
105�C, and then weighed.

Three mycelial discs of WT and Hxt31 were inoculated onto 0.5 g of beech wood
meal (extractive free, 80e100 mesh, moisture content 75%, lignin 25.7%, cellulose
54.1% and xylan 20.8%) in a 70-ml vial and incubated for 5 days at 30�C. The discs
were then removed, and 3.75 ml of a solution of cellulase (cellulase Onozuka RS,
Yakult Pharmaceutical Industry Co., Ltd., Tokyo, Japan) dissolved in LN medium
(without any carbon source) was added. The cellulase activity was adjusted to 1, 5,
and 25 filter paper units (FPUs)/g of wood (13). The wood meal culture was then
dispersed and incubated aerobically at 30�C for an additional 4 days, after which the
culture fluid was recovered, and the amount of glucose and ethanol were deter-
mined by HPLC. Un-inoculated beech wood meal was used as control.

Manganese peroxidase activity and veratryl alcohol production The
Hxt31 and WT strains were cultured in LN medium containing 1% glucose or 0.5%
each of glucose and xylose at 30�C for 2e12 days. Or Hxt31 was cultured in 1% xylose
containing LN medium for 4 days, then 0.5% glucose was added to the culture fol-
lowed further incubation. Mycelia were separated from the culture fluid by filtration
(pore size, 0.2 mm) and dried at 105�C for over 12 h following PDA disc removal and
then weighed. The resulting filtrate was used for enzymatic assay of manganese
peroxidase (MnP) activity according to a method described previously (14). Protein
content in the filtrate was measured using a Bradford protein assay kit (Takara Bio
Inc.). Ethanol concentration was analyzed as described above. Sugar
concentrations were analyzed by HPLC equipped with NH2P-50 4E column
(Shodex, Showa Denko K.K., Tokyo, Japan) by using 70% acetonitrile as an eluent
(1 ml/min). Amount of veratryl alcohol (VA) in the filtrate was measured by
absorbance at 276 nm by using HPLC equipped with ODS-3 column
(150 mm � 4.6 mm, GL Science, Tokyo, Japan) and to elute with 30% methanol
(1 ml/min).

Statistical analysis Data are presented as the average of three replicates in
each experiment. Two-way analysis of variance (ANOVA) was used to compare sugar
consumption, mycelial growth, and ethanol production between the WT and
transformant strains. The Student’s t-test was used to assess the significance of
differences between the WT and Hxt31 strains. A P value < 0.05 was considered
indicative of statistical significance.

RESULTS

We first determined the full sequence of a putative MFS
monosaccharide transporter gene expressed by P. sordida YK-624 in
LN liquid culture. The gene consisted of 1821 bp and 4 introns, with
a 1602-bp CDS. A Blast search against the RefSeq_protein database
at the amino acid sequence level (15) indicated high similarity
between the gene product and MFS monosaccharide transporters
of white rot basidiomycetes (w89% identity), especially those of
fungi belonging to the order Polyporales (Table 1). Therefore, we
identified the gene as encoding a MFS monosaccharide transporter,
and it was designated Pshxt1 (accession number: LC438459).

To characterize Pshxt1, we constructed transformants (Hxt
strains) expressing Pshxt1 homologously from the uracil auxotro-
phic mutant of P. sordida YK-624 (9) and compared them to the WT
strain. Hxt strains that exhibited higher glucose consumption than
the WT strain were screened from among 30 transformants that
had a GPDpro-Pshxt gene sequence; the screened strains were then
sub-cultured 5 times on PDA medium to assess the recombinant
gene’s stability. The sub-cultured transformants were then exam-
ined with respect to change in glucose consumption over time. Five
transformants (Hxt19, 21, 31, 45, and 66) exhibited higher glucose
consumption activity than the WT strain and also exhibited
increasedmycelial growth (Fig. S2). Among all transformant strains,
Hxt31 exhibited the highest glucose consumption activity and was
therefore used for further experiments.

To compare monosaccharide consumption, the WT and Hxt31
strains were cultured in ligninolytic medium containing various
monosaccharides as a sole carbon source, and then amount of
monosaccharide consumed and mycelial growth were measured
(Fig. 1). When cultured with glucose, fructose, mannose, or xylose
as a sole carbon source, Hxt31 exhibited a significantly higher rate
of sugar consumption than the WT strain. In addition, a slight but
significance increase in galactose consumption was observed with
Hxt31. However, there was no difference in mycelial growth be-
tween the WT and Hxt31 strains in cultures containing galactose or
pentoses (arabinose and xylose). Moreover, although no ethanol
was detected in WT culture fluid regardless of sugar type, Hxt31
produced ethanol aerobically in all cultures containing hexoses



FIG. 1. Sugar consumption and mycelial growth of WT P. sordida YK-624 and Hxt31 transformant in low-nitrogen cultures containing various monosaccharides under aerobic
conditions: (A) 1% glucose, (B) fructose, (C) mannose, (D) galactose, (E) arabinose, and (F) xylose. Rhombi and circles indicate sugar consumption and mycelial growth of the WT
(open symbols) and Hxt31 strains (closed symbols), respectively. Values are mean � standard deviation of triplicate cultures. Values for sugar consumption and mycelial growth that
differ significantly (P < 0.05) from the WT strain in the same incubation period are indicated by dagger and double dagger, respectively. Asterisk indicates significant difference
between time courses of both strains as determined by two-way ANOVA.
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(Table 2 and Fig. S3). Additionally, xylitol was detected in the Hxt31
culture containing xylose at the maximum 1.2 g/l after 4 days in-
cubation (Fig. S4A). Because Hxt31 was able to ferment hexoses to
produce ethanol aerobically in nitrogen-limited culture, as shown
in Table 2, simultaneous saccharification and fermentation (SSF)
with a low concentration of cellulase was investigated. In this
experiment, the fungi were pre-grown in wood meal culture for 5
days, then SSF was started by addition of cellulase solution. The
reaction was kept in aerobic, therefore, delignification reaction
TABLE 2. Maximum ethanol concentration and incubation period of WT P. sordida
YK-624 and Hxt31 transformant cultured in LN medium containing various

monosaccharides.

Maximum ethanol concentration g/L (day)

Sugar Wild typea Hxt31
Glucose n.d. 0.25 � 0.05 (4)
Fructose n.d. 0.39 � 0.02 (8)
Mannose n.d. 0.41 � 0.04 (8)
Galactose n.d. 0.09 � 0.01 (2)
Arabinose n.d. n.d.
Xylose n.d. n.d.

a n.d., not detectable.
should proceed during whole cultivation periods. Although no
ethanol was produced by theWT strain during 4 days of aerobic SSF
with 1 and 5 FPUs of cellulase/g of wood, Hxt31 produced 1.8 � 0.5
and 3.8 � 0.3 g ethanol/g of wood, respectively (Fig. 2A). After
addition of 25 FPUs of cellulase/g of wood, both strains were able to
produce ethanol. Although no significant difference was observed
in amount of ethanol production between the Hxt31 and WT at
addition of 25 FPU/g cellulase, the aerobic ethanol productivity of
Hxt31 was 1.36 times higher than that of the WT strain. In un-
inoculated beech wood meal, the recovered amounts of free
glucose and xylose were increased dependent on the cellulase
dosage (Fig. 2B and C). Although it is clear that glucose was
consumed by these strains, amounts of free glucose after SSF re-
actionwithWTwere almost constant (21.2� 9.2 mg/g of wood, this
value is corresponded to 2.1�0.9 g/l) regardless to cellulase activity
(Fig. 2B). The amount of free glucose in the SSF reaction mixture of
the Hxt31 strainwas lower than that of theWT strain, and at 1 FPU/
g of wood, the difference was significant. During incubation, cel-
lulases and the fungi should continue to release and consume free
sugars, respectively. Therefore, total amount of free glucose pro-
duction and consumption were unable to be estimated in this
experiment. However, we have previously reported that P. sordida



FIG. 2. Amount of ethanol and residual free-sugars produced after 4 days of aerobic SSF
with different levels of cellulase activity. Cellulase was added after 5 days of incubation
after inoculation with the WT (gray bars) and Hxt31 (black bars) strains. Ethanol (A), D-
glucose (B), and D-xylose (C) were extracted following additional aerobic incubation for
4 days. The abiotic control (white bars), which received no inoculation, was analyzed in
the same way as other samples. Values are the mean � standard deviation of triplicate
cultures. Asterisks indicate significant differences between WT and Hxt31 strains
(P < 0.05), and n.d. indicates not detectable.

FIG. 3. The time courses of (A) xylose (rhombi) and glucose (circles) consumption, and
(B) mycelial growth (squares) and ethanol production (triangles) of Hxt31, during
liquid cultivation initially containing 1.0% xylose and followed 0.5% glucose addition
after 4 days incubation (indicated by arrows). Values are mean � standard deviation of
triplicate cultures.
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YK-624 changes the rate of glucose uptake dependent on glucose
concentration in the case of the glucose concentration is less than
6 g/l (8). Additionally, there is a report described about ethanol
production from lignocellulosic materials without exogenous
cellulase by some Phlebia fungi (16). In that report, the concentra-
tions of released sugars from spruce wood in liquid phase at 7e21
days semi-aerobic fermentation showed almost constant values
respectively in every fungus. From these facts, it is speculated that
WT has maintained the balance between the glucose release and
consumption in SSF reaction, on the other hand, this release/con-
sumption balance in Hxt31 would be inclined because of higher
glucose consumption activity than WT. In contrast, the amount of
free xylose was consistently and significantly higher in the SSF re-
action mixture of Hxt31 than that of the WT strain (Fig. 2C). As this
result suggested that Pshxt1 catalyzes glucose transport preferen-
tially to xylose, so we investigated the change in the behavior of
sugar consumption in Hxt31 culture by addition of glucose in the
middle of cultivation with xylose as a sole carbon source. Although
xylose was consumed average 9.9 � 6.5 % every 2 days at first 4
days, the consumption rate was dropped to average 5.3 � 3.8 % per
2 day after glucose addition (Fig. 3). Additionally, ethanol produc-
tion was observed after glucose addition. This result indicates that
xylose uptake of Hxt31 was inhibited by glucose addition. Then, we
investigated sugar uptake by the WT and Hxt31 strains in medium
containing the same amount of glucose and xylose (0.5 % each). As
shown in Fig. 4A, the WT strain consumed glucose at a steady rate,
whereas xylose consumption was slower in comparison. However,
Hxt31 consumed almost all of the glucose by day 8, and after then
xylose consumption rate has increased. Hxt31 showed better
growth during whole cultivation period than WT. Although
amounts of extracellular protein of Hxt31 was slightly lower than
WT at early stage of culture, it increased after glucose was



FIG. 4. Time course of (A) glucose and xylose consumption and (B) MnP and VA concentration from ligninolytic cultures of the WT and Hxt31 strains. (A) Medium initially containing
0.5% glucose (circles) and 0.5% xylose (rhombus) was inoculated with the WT (open symbols) and Hxt31 strains (closed symbols), and the cultures were recovered every 2 days for
measurement of residual monosaccharides. (B) MnP activity (squares) and VA concentration (triangles) in the extracellular fluid of the WT and Hxt31 culture. Values are the mean �
standard deviation of triplicate cultures. Values that differ significantly (P < 0.05) from the WT strain in the same incubation period are indicated by dagger and double dagger.
Asterisk indicates significant difference between time courses of both strains as determined by two-way ANOVA.
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consumed (Fig. S5A). In Hxt31, ethanol was detected in the culture
fluid until glucose was completely consumed, and it was observed
that Hxt31 tended to always show higher ethanol concentration
than WT (Fig. S5B). The time courses of MnP activity and VA con-
centration of both strains are shown in Fig. 4B. In the present study,
MnP and VA were employed as represents of secondary metabolic
enzymes andmetabolites. InWT, MnP activity was increased at day
4, then decreased at later stage of culture. Contrary, VA concen-
tration was largely increased at later stage. On the other hand, MnP
activity of Hxt31was expressed at day 2whichwas earlier thanWT,
however, the activity decay was also started in earlier, and the
maximum activity was much lower than WT. Even though, the
activity was started to rise again after glucose was consumed. Time
course of VA concentration in culture fluid of Hxt31 also showed
completely different tendency of that of WT. When the WT and
Hxt31 strains were culturedwith 1% glucose as a sole carbon source
for 5 days, 1.2 � 0.3 and 2.2 � 0.4 mg/ml of dry mycelia were ob-
tained, respectively. However, the MnP activity of Hxt31
(0.11 � 0.07 nkat/ml) was significantly lower than that of the WT
strain (0.61 � 0.21 nkat/ml). The amount of extracellular protein in
the Hxt31 culture filtrate also tended to be lower compared with
the WT culture filtrate.
DISCUSSION

MFS transporters comprise one of the largest membrane
transporter families, and these proteins are ubiquitous in both
prokaryotic and eukaryotic organisms (17). MFS transporters
mediate the transport of a variety of substrates into and out of the
cell as a uniporter, symporter, or antiporter. Both high- and low-
affinity MFS sugar transporters that function at different sugar
concentrations have been described. Sugar uptake into the cell is
mediated by whole-sugar transporters. Therefore, because each
transporter can complement the function of others, specific indi-
vidual transporters are not essential for basic growth on sugars
(18). Saccharomyces cerevisiae expresses a particularly large num-
ber of MFS sugar transporters, enabling this organism to grow over
a wide range of glucose concentrations (19). The affinity of each
MFS sugar transporter varies for multiple sugars. For example,
transporters Hxt1p-Hxt17p of S. cerevisiae transport glucose, fruc-
tose, and mannose, whereas Gal1p mediates glucose and galactose
uptake (19). MFS sugar transporters in Pichia stipitis also exhibit
differing transport activity; for instance, Sut1 has high affinity for
glucose, fructose, and xylose, whereas Sut3 has high affinity for
glucose, fructose, galactose, and xylose (20). Among filamentous
fungi, Aspergillus niger MSTA transports glucose, fructose, xylose,
and mannose (21), and it has been indicated that mstA is subject to
carbon catabolite repression (CCR) and pH regulation (19). TwoMFS
sugar transporters, Stp1 and Crt1 from cellulolytic filamentous
fungus Trichoderma reesei were already characterized to their roles
in cellulose decomposition. Stp1 is capable of transporting glucose
and cellobiose, and it has believed that Stp1 represses induction of
major cellulase and hemicellulase genes via CCR (22). Crt1 is
essential in cellulase gene induction, although this transporter is
not involved in transport of cellulase-inducing sugar (22).
Furthermore, it is reported that has MFS sugar transporters HGT-1/-
2 from cellulolytic fungi Neurospora crassa are up-regulated under
carbon-limited or cellulolytic conditions, and also mediate glucose
signaling with internal catabolite repression and metabolism (23).
As mentioned in above, eachMFS sugar transporter shows different
sugar affinity in each other, and MFS sugar transporters frequently
involved in CCR. In the present study, we employed homologous
expression analysis to investigate the uptake of typical plant
monosaccharides by PsHxt1, an MFS sugar transporter of P. sordida
YK-624. As shown in Fig. S2, the transformant strain Hxt31
exhibited the highest rate of glucose consumption of all tested
transformants, and Hxt31 showed higher consumption rates for
glucose, fructose, mannose, galactose, and xylose compared with
the WT strain (Fig. 1). These data suggest that Pshxt1 is involved in
uptake of these monosaccharides.

Although it is held that several MFS sugar transporters are
encoded by the genome of white rot fungi (24), to our knowledge,
there are no reports of functional analyses of MFS sugar trans-
porters in these organisms. However, several transcriptomic
studies conducted under various cultivation conditions indicated
the importance of MFS sugar transporters in the life cycle of white
rot fungi. Korripally et al. (25) reported that Phanerochaete chrys-
osporium the expression of ligninolytic, polysaccharide-degrading,
and cytochrome P450 enzymes along with several putative MFS
sugar transporters is upregulated during ligninolysis compared
with the fungal growth phase. A saprotrophic/necrotrophic wood
decaying fungus,Heterobasidion irregulare, strongly upregulates the
expression of putative high-affinity MFS sugar transporter genes
with carbohydrate-metabolizing enzymes during pathogenic
growth (26). In addition, Wang et al. (27) reported that the etha-
nolic white rot fungus Phlebia sp. MG-60 upregulates the expres-
sion of some MFS sugar transporterelike genes along with
glycolytic pathway and ethanol fermentationerelated genes under
fermentation conditions. These data indicate that white rot fungi
express MFS sugar transporter isozymes depending on specific
culture conditions, such as during the growth phase and secondary
metabolic phase. The fungi are thus thought to regulate sugar up-
take based on culture conditions. In the present study, P. sordida



542 MORI ET AL. J. BIOSCI. BIOENG.,
expressed Pshxt1 in LN liquid medium containing 1% glucose,
suggesting that Pshxt1 functions in the presence of enough high
glucose concentrations for making activate the primary metabolic
growth. Actually, sugar consumption, mycelial growth, and aerobic
ethanol production were promoted in Hxt31, which homologously
expresses Pshxt1 (Fig. 1). Although xylose consumption of Hxt31
was faster than WT as with glucose, it has not been led better
mycelial growth (Fig. 1F). Other hand, Hxt31 accumulated xylitol in
the culture containing of xylose, but not in the culture of WT
(Fig. S4A). Sum of biomass and xylitol yields of Hxt31 from xylose
was showed no significance compared with biomass yield of WT
(Fig. S4B). This result indicates that capacity of xylose utilization for
primary metabolism in P. sordida YK-624 is much lower than
glucose, fructose, and mannose. It was also suggested that excessed
xylose is converted into xylitol, and temporarily stored at extra-
cellular until depletion of other preferable carbon sources.

Then, we investigated whether Pshxt1 promotes the primary
metabolisms during wood decaying, by carrying out the SSF sup-
plemented with low amount of cellulase. Because it is difficult to
quantify the mycelial growth on woody culture, we evaluated the
ethanol production as activity of primary metabolism. Ethanol
production of Hxt31 in SSF was improved at lower range of cellu-
lase dosage (1 and 5 FPU/g wood) compared with WT. In previous
report, it has been suggested that P. sordida YK-624 saturates the
respiration catabolism in presence of high concentration of glucose,
and that resulting overflowed glucose (or its metabolites) is utilized
for aerobic ethanol production (8). Therefore, this result suggests
that the homologous expression of Pshxt1 induces the saturation of
respiration catabolism at lower sugar concentration due to
improvement of sugar uptake. Additionally, Hxt31 left higher
amount of xylose in the supernatant of SSF than that of WT
(Fig. 2C), and xylose consumption of Hxt31 in liquid culture was
inhibited by addition of glucose (Fig. 3). These results suggest that
Pshxt1 plays a role in promotion of primarymetabolism by inducing
CCR under high-glucose conditions. CCR is a well-known mecha-
nism of carbon source regulation in a variety of microorganisms,
including filamentous fungi. If P. sordida YK-624 really prefers
glucose than xylose, it is predicted that Hxt31 easily occurred CCR
then represses xylose uptake because higher expression of Pshxt1
improves glucose uptake. Of course, xylose consumption wouldn’t
be suspended in Hxt31, because other sugar transporters are still
worked in the transformant. Actually, in the culture containing both
xylose and glucose, Hxt31 showed almost same xylose consump-
tion rate asWT, until all glucose was consumed at 8th day as shown
in Fig. 4A. In the meantime, WT slightly accelerated xylose con-
sumption after glucose consumed at day 10. Furthermore, rate of
xylose consumption in the Hxt31 culture was decreased by glucose
addition (Fig. 3). Therefore, in SSF with 1e25 FPU cellulase addition,
it was estimated that residual xylose was increased since xylose
uptake of Hxt31 was probably suppressed by CCR and exogenous
cellulases released xylose along with glucose (Fig. 2B and C).

Additionally, CCR allows for the repression of certain enzymes
necessary for metabolism of less-favored carbon sources when a
preferred carbon source is present (28). For example, the expres-
sion of enzymes required for the breakdown of lignocellulosic
compounds in several filamentous fungi is repressed by the zinc-
finger transcription factor CRE1 until glucose is exhausted (29).
CCR also affects secondary metabolism. Various sugars negatively
affect b-lactam biosynthesis, which is part of secondary meta-
bolism in Aspergillus and Penicillium fungi (30). It is reported that
P. sordida produces highMnP activity during secondarymetabolism
under LN condition, same as several other white rot fungi, such as
closely related strain P. chrysosporium (31). And VA is also known a
secondary metabolic product of white rot fungus P. chrysosporium,
the biosynthesis of VA is also suppressed by nitrogenous com-
pounds as with MnP (32). Therefore, we decided to employ these
enzyme and metabolite as indicators of secondary metabolism.
Lower MnP activity and early drop of the activity were observed
during glucose was remaining in the culture of Hxt31. Although
MnP activity and VA concentration in WT culture seem to be not
unaffected by sugar concentrations, the MnP activity in Hxt31
culture was increased once again after glucose was consumed
(Fig. 4B). However, time course of VA concentration in the Hxt31
culture was completely different from that of MnP activity. In
addition, Hxt31 showed lower MnP activity than WT, also in the
culture containing with glucose as a sole carbon source. From these
results, it was suggested that MnP activity was suppressed via CCR
induced by Pshxt1 expression. The production/metabolism of
extracellular VA was affected with Pshxt1 expression, however, it
seems to be regulated by the mechanisms different from MnP
production. Therefore, it is expected that regulation of VA biosyn-
thesis is not a simple mechanism controlled with sugar concen-
trations and types.

Finally, Pshxt1 homologous expression improved aerobic
fermentation in P. sordida, and the transformant was able to pro-
duce ethanol by aerobic SSF even in the presence of low concen-
trations of cellulase. However, the LN culture conditions used in this
study are generally employed for inducing secondary metabolism
inwhite rot fungi (e.g., ligninolytic enzyme production); thus, these
culture conditions are probably not suitable for ethanolic fermen-
tation. Therefore, it is possible that the construction of new trans-
formants expressing Pshxt1 and cellulase genes simultaneously and
the establishment of suitable and cost-effective conditions for
ethanol production will lead to the development of an IFF process
consisting of a single organism, a single batch, and single culture
condition.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.04.016.
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