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Abstract

Feruloyl esterase (FAE)-encoding genes AnfaeA and AnfaeB were isolated from Aspergillus niger 0913. For overexpression
of the two genes in Trichoderma reesei, constitutive and inductive expression plasmids were constructed based on paren-
tal plasmid pAgl-H3. The constructed plasmids contained AnfaeA or AnfaeB gene under the control of glyceraldehyde-
3-phosphate dehydrogenase A gene (gpdA) promoter (from A. nidulans) or cellobiohydrolases I (cbh I) gene promoter (from
T. reesei), and cbh I terminator from 7. reesei. The target plasmids were transferred into 7. reesei D-86271 (Rut-C30) by
Agrobacterium tumefaciens-mediated transformation (ATMT), respectively. A high level of feruloyl esterase was produced
by the recombinant fungal strains under solid-state fermentation, and the cbh I promoter was more efficient than the gpdA
promoter in the expression of AnfaeA. The optimum temperatures and pH values were 50 °C and 5.0 for AnFAEA, and 35 °C
and 6.0 for AnFAEB. The maximum production levels were 20.69 U/gsd for AnFAEA and 15.08 U/gsd for AnFAEB. The
recombinant fungal enzyme systems could release 62.9% (for AnFAEA) and 52.2% (for AnFAEB) of total ferulic acids from
de-starched wheat bran, which was higher than the 46.3% releasing efficiency of A. niger 0913. The supplement of xylanase
from T longibrachiatum in the enzymatic hydrolysis led to a small increment of the ferulic acids release.
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Introduction

Ferulic acid (4-hydroxy-3-methoxycinnamic acid, FA) is
the most plentiful phenolic phytochemical existing in plant
materials, where it mainly cross-links to hemicellulosic car-
bohydrate moieties and to lignin via ester or ether bonds [1].
FA displays excellent antioxidant ability due to the existence
of para hydroxy groups on the phenolic acid moiety [2]. In
many countries, FA is approved to be as a food additive,
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mainly used for food preservative, flavor precursor, thick-
ening agent or as functional promoting agent [1]. Ferulic
acid is also a potential therapeutic agent with demonstrated
antioxidant, anti-inflammatory, antimicrobial, hepatoprotec-
tive and UV-protective activities [3, 4]. In the pharmaco-
logical field, FA is mainly applied to synthesize bioactive
compounds for prevention or treatment of special human
diseases, e.g. diabetes, cancer, Alzheimer and cardiovascular
diseases [1]. Additionally, FA can also be transformed to
4-vinyl guaiacol and vanillin by enzymatic conversion [5].
These chemicals are important flavouring agents in food and
drink industries [6].

Agricultural by-products especially cereal grains contain
0.5-3% (w/w) extractable amount of FA, mostly in the trans-
isomeric form, and esterified with the specific polysaccha-
rides [3]. Among bran substrates, corn bran contains the
highest amount of esterified ferulic acid (30 mg/g), while
de-starched wheat bran (DSWB) can have the content up
to 6 mg/g [2]. Preparation of FA from bran substrates is
important for high-value utilization of agricultural by-prod-
ucts. The greatest advantage of FA extraction by enzymatic
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hydrolysis lies in the environmental friendliness, as well as
the enzyme treatment is more specific at releasing the target
products (FA) without damaging other valuable components
that are easily destroyed during chemical extraction [2, 7].

Feruloyl esterases (FAEs, EC 3.1.1.73), also known as
ferulic/cinnamic acid esterases, can catalyze the hydrolysis
of ester linkages between FA and polysaccharides [8, 9],
and has been known as a key factor in the liberation of FA
from plant cell walls [10]. To date, different FAEs have been
found in fungi and bacteria. Many fungal species belonging
to Aspergillus such as A. niger and A. flavipes are active
producers of FAEs [9, 11]. Based on substrate utilization
and amino acid sequence analysis, FAEs were classified
into four different types: A to D [12]. Type A FAEs prefer
substrates that contain methoxy substitutions at C-3 and/
or C-5 as found in ferulic and sinapic acids, and are active
towards methyl p-coumarate. Type B FAEs show preference
to substrates containing hydroxyl substitutions, such as caf-
feic acid or p-coumaric acid. The FAEs belonging to types
C or D possess broad substrate specificity against synthetic
HCA esters (methyl caffeate, methyl sinapate and methyl
p-coumarate). Types A and D FAEs can release low quanti-
ties of diferulic acid from plant materials [2, 11].

In plant cell walls, FA is linked to the lignin—carbohydrate
complexes. Many studies have indicated that hemicelluloses-
degrading enzymes, especially endoxylanase, were impor-
tant for increasing the release of FA from biomaterials. Only
16.8% of the total alkali-extractable FA was released from
DSWB by individual FAE (AnFaeA) from A. niger, and
the extraction efficiency increased to 70% when the xyla-
nases from the same fungus was added [13]. A high level of
released FA from wheat bran depended on the synergistic
action of the FAE from Fusarium oxysporum with the xyla-
nase from Trichoderma longibrachiatum [14]. Enzymatic
hydrolysis of agricultural wastes using single type C feruloyl
esterase RuFae2 (the encoding gene from rumen microbial
metagenome) only released a low level of FA. The addi-
tion of glycoside hydrolase (GH) 10 family endoxylanase
(from Cellvibrio mixtus) led to increase in the release of FA,
with the highest level of 6.7-fold for wheat bran [15]. The
acquirement of feruloyl esterases and xylanase (maybe also
other enzymes) at high levels is important for the industrial
production of FA from biomass resources.

Trichoderma reesei, the anamorph of the ascomycete
fungus Hypocrea jecorina, is one of the most important
producers of cellulolytic and hemicellulolytic enzymes
[16]. To date, all of the T. reesei strains used in the indus-
try are derived from the wild-type strain QM6a, which
is regarded as the T. reesei reference strain. Through
three rounds of mutagenesis of the wild type, the cellu-
lase hyperproducer strain RUT-C30 was isolated, and the
extracellular protein yield was up to 20-fold to the parental
strain [17, 18]. At least five xylanases (XYN1-5) could
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be produced by T. reesei, belonging to the GH families
10, 11 and 30, following the carbohydrate-active enzyme
(CAZyme) classification [19]. At the same time, genome
and secretome data proved that no feruloyl esterase-encod-
ing gene existed in 7. reesei [20]. In the present study,
two FAE-encoding genes derived from A. niger were
transferred into the genome of a cellulase hyper-producer
T. reesei strain D-86271 (RUT-C30), and a high level of
feruloyl esterase was produced by solid-state fermenta-
tion. The recombinant enzyme system could be used in the
efficient release of FA from bran substrates.

Materials and methods
Strain, media and culture conditions

All microbial strains and plasmid used in this study are
listed in Table 1. Aspergillus niger 0913 and Trichoderma
reesei D-86271were used for cloning and heterologous
expression of feruloyl esterase (fae) genes, respectively.
Agrobacterium tumefaciens AGL-1 was used for fun-
gal transformation. Escherichia coli strain DH5a was
routinely used for plasmid propagation. Potato dextrose
agar (PDA) medium was used for sporulation and pres-
ervation of fungal strains. For fungal fermentation, Man-
del’s medium was prepared according to a documented
method [21]. Escherichia coli cells were grown at 37 °C
in Luria—Bertani (LB) medium supplemented with anti-
biotic when required. Solid-state fermentation (SSF)
medium containing delignified wheat straw, wheat bran
and 10x Mandel’s liquid was prepared as per previous
description [22].

Cloning of AnfaeA and AnfaeB genes from A. niger

To clone AnfaeA and AnfaeB genes from A. niger 0913, the
specific primers faeA_f1/faeA_rl and faeB_f1/faeB_r1 were
designed according to the corresponding genomic sequences
of A. niger CBS 513.88 (accession numbers AM270190
and AM270291) with Primer Premier 6 software. All of
the primers used in the study are listed in Table 2. Mycelia
of A. niger 0913 were collected after 3 days culture of the
strain in 50 ml PDA liquid medium at 28 °C, and its genomic
DNA was isolated with a plant genomic DNA isolation kit
(TransGen, Beijing, China). The DNA fragments contain-
ing the integrated AnfaeA or AnfaeB gene were amplified
with the corresponding specific primer sets, and subcloned
into the vector pEASY-Blunt. DNA sequencing was per-
formed by the Invitrogen Biotechnologies Co. Ltd (Shang-
hai, China).
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Table 1 Strains and plasmids used in this study

Strains or plasmids Relevant characteristics

Source or reference

Strains
Aspergillus niger 0913

Trichoderma reesei D-86271 (Rut-
C30, ATCC 56765)

The strain was used for cloning fae A and faeB

High cellulase production strain

Our laboratory
VTT, Finland

Agrobacterium tumefaciens AGL-1 The strain was used for fungal transformation [23]

Escherichia coli DH5a The strain was used for plasmid propagation Gibco BRL
Plasmids

pEASY-Blunt PCR cloning and subcloning vector TransGen, China

plasmid pBluescript II KS(+) Subcloning vector Stratagene

pAgl-H3 The vector used for A. tumefaciens-mediated transformation (ATMT) of fungi [23]

pJL43-RNAi The plasmid was used for providing the promoter of gpd [24]

pPgpd—AnfacA The plasmid was used for expression of fae A under the control of the gpdA This work

promoter in T. reesei
pPcbhl-AnfaeA(or AnfaeB) The plasmids were used for the expression of fae A or faeB under the control of ~ This work
cbhl promoter in T. reesei
Table 2 Primers used in this study fragment
LB PgpdA  containing Anfaes hph RB
Primer Sequence (5'-3")*
facA_f1 gcgaattcaggatgaagcaattctct
faeA_rl tagggccectacgacgatgtatggata pPgpd-AnfacA
faeB_f1 tgtctagaatgaaagtagcaagtctee
faeB_rl cgctecgagggtettggcettgctgaate
faeA_f3 ttggccacagetegtgetcagtccacgcaaggceatetccgaag LB Pcbhl niedcarniag®) Tcbhl hph RB
facA_r3 ctttcgcacggagctetcgagttaccaagtacaageteeget
faeB_fSh ttggccacagctegtgetcagaccgactecttccagtege pPcbhl-AnfacA(B)
faeB_r3 ctttcgcacggagctctcgagctagtgatggtgatggtgatg-
tacacaagtccaggagt

Pcbhl_fs caggtaccgagttgtgaagtcggtaatce Fig. 1 Schematic chart of the expression plasmids for feruloyl ester-
Pobh1_ts alecgagegacigageacgigergte PebhlAnfacB e consructed using plsmid pAgI-H3 s puren
Tebhl_f gactcgagagercegtgegaaageetgacgea tal plasmid. LB left arm; RB right arm. hph, hygromycin resistance
Tebhl _r ctgggeccategtaaccgagaatccagagetg gene; PgpdA, the glyceraldehyde-3-phosphate dehydrogenase A gene

*The underlined nucleotide sequences indicate restriction enzyme
sites; Pthe primer contains a histidine tag (the bold nucleotide
sequences)

Plasmid construction and fungal transformation

The vector pAgl-H3 was employed to construct fungal
expression plasmids. To construct a constitutive expression
plasmid, a 896 bp glyceraldehyde-3-phosphate dehydro-
genase gene promoter (PgpdA, derived from Aspergillus
nidulans) was isolated from plasmid pJL43RNAi by dou-
ble digestion with restriction enzymes Sacl and Xbal, and
ligated into the same digested plasmid pBluescript II KS(+),
yielding pBl-Pgpd. After digestion with Apal and EcoRI,
the 1.38 kb DNA fragment containing the AnfaeA gene was
inserted into the corresponding sites of pBl-Pgpd, result-
ing in pBl-Pgpd—AnfaeA. pBl-Pgpd—AnfaeA was digested
with Apal and Sacl, and one 2.3 kb DNA fragment was

promoter from A. nidulans; Pcbhl or Tcbhl, the cellobiohydrolases 1
gene promotor or terminator from 7. reesei D-86271

ligated into the terminated pAg1-H3 by the same restriction
enzymes to give expression plasmid pPgpd—AnfaeA (Fig. 1).

The inductive expression plasmids in which target genes
were controlled by the cellobiohydrolase I (cbh I) promoter
from T. reesei were also constructed. A 1088 bp cbhl ter-
minator (Tcbhl) was amplified from 7. reesei D-86271 with
primers Tcbh1_f and Tcbhl_r. Then, the obtained fragment
was inserted into the Xhol-Apal sites of pAgl-H3 after
digestion with the same enzymes, yielding pAg-Tcbhl. The
1554 bp cbhl promoter fragment (containing the signal
peptide and the first two amino acid codons of the mature
cbhlgene) was isolated from T. reesei D-86271 strain by
primers Pcbhl_fs and Pcbhl_rs, and ligated into Kpnl-Xhol
sites of pAg-Tcbhl, resulting in pAg-PTcbhl. The AnfaeA
(837 bp) or AnfaeB (1590 bp) gene fragments (deleted native
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signal sequences) were amplified by primer sets facA_f3/
faeA_r3 or faeB_f3/faeB_r3 (containing a His tag), respec-
tively. After gel purifications, the gene fragment was ligated
into plasmid pAg-PTcbhl (terminated with Xhol) by Hieff
Clone™ One Step Pcr Cloning Kit (Yeasen, Shanghai), and
yielding pPcbh1-AnfaeA or pPcbh1-AnfaeB (Fig. 1).

The plasmids were introduced into the 7. reesei strain
D-86271 by A. tumefaciens-mediated transformation
(ATMT) method as described previously [25, 26]. After co-
culture of fungal spores and Agrobacterium cells at 25 °C
for 48 h, fungal transformants were selected on PDA plates
supplemented with 100 pg/ml hygromycin and 400 pg/ml
cefotaxime sodium. The fungal transformants were con-
firmed by PCR with gene-specific primer sets.

Preparation of enzymes by fungal solid-state
fermentation

Approximately, 1x 10 fungal conidia were inoculated into a
250-ml Erlenmeyer flask containing 50 ml Mandel’s medium
(10 g/L glucose as carbon source) and incubated at 28 °C
and 180 rpm for 48 h. Two milliliters of the fungal cultures
were transferred into a 250-ml Erlenmeyer flask contain-
ing 3 g SSF substrates. The fermentation was conducted
in a Plant Growth Chamber MLR-352H-PC (Panasonic,
Ehime Prefecture, Japan) at 30 °C and 70% humidity for 13
days. After the fermentation, the culture of SSF from each
flask was mixed fully with 30 mL distilled water containing
Tween-80 at the final concentration of 0.1% (v/v). Then, the
mixture was shaken at 25 °C and 120 rpm for 2 h, and cen-
trifuged at 7000 rpm for 10 min. The supernatant was stored
at 4 °C for subsequent enzyme determination.

Determination of enzyme activities and protein
concentration

Feruloyl esterase activities, cellulose activity on filter paper
(FPase) and xylanase were assayed in 50 mM sodium citrate
buffer (pH 6.0 or 4.8) using methyl ferulate (MFA), What-
man No. 1 filter paper or xylan-beechwood as the substrates,
respectively. The reaction conditions (except temperature)
were the same as previously described [22]. The released
reducing sugar was quantified by the 3,5-dinitrosalicylic acid
(DNS) method using glucose or xylose standard curves [27].
The released free FA from substrates was analyzed by an
Agilent 1260 Infinity high-performance liquid chromatog-
raphy (HPLC) system (Agilent Technologies, CA, USA)
equipped with a ZORBAX Eclipse Plus C18 reversed-phase
column. One unit (U) of enzyme activity was defined as the
amount of enzyme that produces 1 umol of glucose, xylose
or free FA, from the appropriate substrates, per minute under
the detection conditions.

@ Springer

The recombinant protein (for AnfaeB gene) was purified
from crude extracts by an Ni-NTA purification system (Qia-
gen, Valencia, CA, USA) and detected by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis. The optimum pH values or temperatures for the
recombinant enzymes were detected in universal pH buffer
(pH 3-10) [28], or at different temperatures from 30 to
70 °C. Extracellular proteins were quantified by the BCA
assay kit (Thermo Tech, USA).

Release of FA from wheat bran by enzymatic
hydrolysis

The de-starched wheat bran (DSWB) was prepared with the
previous method [22]. Five hundred milligrams of bran was
suspended in 10 ml of 0.1 M sodium citrate buffer (pH 6.0)
with 0.02% (w/v) sodium azide to prevent bacterial contami-
nation. Approximately, 10 mg crude enzyme from different
T. reesei transformants or the parental strain with or without
endoxylanase from 7. longibrachiatum (Sigma, USA) was
added into the reaction buffer, and the mixture incubated
at 35 °C or 45 °C and 120 rpm on a shaker. After 24 h, the
reaction was stopped by treatment at 99 °C for 30 min. The
samples were subjected to analysis of FA content after cen-
trifugation at 10,000g for 15 min by the HPLC method. The
amount of alkali-extractable FA in the DSWB was consid-
ered as 100% for the enzymatic hydrolysis [22, 29].

Results and discussion
Cloning of AnfaeA and AnfaeB from A. niger

The 1.38 and 2.08 kb DNA fragments containing AnfaeA or
AnfaeB genes were amplified from A. niger 0913, and the
gene sequences were deposited in GenBank under the acces-
sion numbers KY412895 and KY412896, respectively. The
newly isolated genes have high similarities with the reported
AnfaeA or AnfaeB from other A. niger strains. The deduced
281 amino acid residues of AnfaeA gene is the same as the
reported feruloyl esterase A (GenBank: XP_001393337)
from A. niger CBS 513.88, except that 183 Arg is substi-
tuted by His. The 521 amino acid residues encoded by the
AnfaeB gene showed 100% identity with the homologous
protein (GenBank: XP_001396085) from A. niger CBS
513.88. At the same time, the protein sequence changes for
AnFAEB of A. niger 0913 are 21 Pro to Ser and 326 Ser to
Tyr compared to FAEB (GenBank: AJ309807) from A. niger
CMICC 298302 [30]. Indeed, feruloyl esterase B from A.
niger should be divided into the type C sub-class according
to the phylogenetic analysis [12].
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Overexpression of AnfaeA and AnfaeB in T. reesei

The three expression plasmids, pPgpd—AnfaeA,
pPcbh1-AnfaeA and pPcbh1-AnfaeB, were constructed and
introduced into 7. reesei D-86271 by the ATMT method,
respectively. For each plasmid, at least 20 fungal trans-
formants appeared on the selected plates. The randomly
selected transformants (five to eight for each plasmid) were
confirmed by PCR amplification with gene-specific primers
(see supplementary Figure s1). To detect the expression of
the target gene, solid-state fermentation of recombinant 7.
reesei strains was conducted using delignified wheat straw
and wheat bran as substrates. FAE activities were detected
in the crude extracts from most fungal transformants using
MFA as the detection substrate. Meanwhile, the parental
strain D-86271 could not produce feruloyl esterase. Under
the same fermentation conditions, 7. reesei transformants
Pcbh1-AnfaeA produced higher FAE than the transformants
Pgpd—AnfaeA (Table 3). The highest production levels were
19.55 U/gds (gram dry substrate) and 16.63 U/gds for fungal
transformants Pcbh1-AnfaeA and Pgpd—AnfaeA, respec-
tively. The data indicated that the cbhl promotor combined
with the signal of the cbhl gene was more efficient than
the gpdA promotor combined with the native signal in the
expression of the AnfeaA gene. The FAE activities produced
by transformants Pcbh1-AnFaeB were lower than those by
transformants Pcbhl—AnfaeA under the same fermentation
and detection conditions. The production level of FAE by
these recombinant 7 reesei strains was significantly higher
(about 4 to 5-fold) than wild-type A. niger strain 0913 (4.09
U/gds) (Table 3).

The recombinant AnFAEB was purified from the crude
extracts by the Ni-NTA system. SDS-PAGE analysis indi-
cated that the molecular weight (Mw) of purified AnFAEB
was similar to its theoretical value of 56.42 kDa (includ-
ing the His tag) (Fig. 2). Approximately, 2 mg target pro-
teins was purified from 1 ml of crude extracts. Feruloyl
esterases are widely used in food, biofuel, farming and
biosynthesis industries [9, 31]. FAE genes derived from A.

15 -

Fig.2 SDS-PAGE analysis of purified recombinant AnFaeB. M, pro-
tein marker. 1, crude enzyme. 2, pure enzyme. In each lane, 80 pg of
crude enzyme or 15 pg of purified enzyme was loaded for electropho-
resis on 10% SDS—PAGE gel

niger were successfully expressed in different host cells [8,
13, 32]. By analysis of the literature (see supplementary
Table S1), it was demonstrated that host cells (species or
strain) and fermentation conditions were important for the
production of FAEs. Pichia pastoris is a high efficiency
host for the heterologous expression of FAEs [13]. The
utilization of agricultural wastes as main substrates in the
fermentation of 7. reesei makes this fungus a competitive
host in the industrial production of feruloyl esterases.

Table 3 Comparison of feruloyl

. Fungal strains
esterase produced by different

Feruloyl esterase activity (U/gds)

fungal transformants in SSF 1 2 3 4 5
Pgpd-AnfaeA 5.37+0.1 11.76 +£0.9 6.65+0.57 16.63+1.58 15.17+0.62
Pcbhl-AnfacA 19.03+0.58 18.9+0.27 19.52+1.17 19.55+0.15 18.64+1.32
Pcbhl-AnfaeB 14.64 +1.25 12.21+1.06 12.46+0.94 13.44+0.52 13.74+0.96
T. reesei D-86271 Non-detectable
A. niger 0913 4.09+0.48

Pgpd—AnfaeA, Pcbhl-AnfacA and Pcbhl-AnfaeB indicate 7. reesei strains transformed with the corre-
sponding plasmids. 1-5, number of transformants. All of the fungal strains were cultured in solid-state
fermentation (SSF) medium for 9 days. All of the FAE activities were detected at 40 °C and pH 5.0, except
that those of AnFAEB (produced by Pcbhl-AnfaeB) were detected at 35 °C and pH 6.0

@ Springer



598

Bioprocess and Biosystems Engineering (2018) 41:593-601

Characterization of the recombinant FAEs

The optimum pH for the activity of AnFAEA was 5.0,
and the relative activity was above 90% in the pH range of
4.5-6.0. Lower or higher pH values significantly decreased
the activity of AnFAEA (Fig. 3a). AnFAEA displayed the
maximum activity at 50 °C and retained the most activity
at the temperature range from 30 to 45 °C. At 55 °C, the
enzyme lost about 40% of its activity (Fig. 3b). The optimum
pH and temperature of the recombinant AnFAEA were con-
sistent with the FAEA derived from other A. niger strains
[11, 32]. The optimum pH of the recombinant AnFAEB was
6.0 (Fig. 3a), which was in agreement with published data
[33]. The recombinant AnFAEB displayed the highest activ-
ity at 35 °C (Fig. 3b), which was significantly lower than the

1209 A -e- AnFAEA
> 80+
2 1
g 60
N ]
2 40-
<
= ]
& 20
0
34 5 6 7 8 9 10
pH
1207 -e- AnFAEA
100 - -#- AnFAEB

Relative activity (%)
3
1

20 30 40 50 60 70
Temperature (°C)

Fig.3 Effect of pH (a) and temperature (b) on the enzyme activities
of AnFAEA and AnFAEB. a Optimum pH values of the recombi-
nant AnFAEA and AnFAEB. These enzyme activities were assayed
at 40 °C in universal pH buffer (pH 3-10). b Optimum temperatures
of the recombinant enzymes AnFAEA and AnFAEB. The activities
were determined in 50 mM sodium citrate buffer (pH 6.0) at different
temperatures. Purified AnNFAEB was used in the detection. The rela-
tive activities were calculated using the maximum enzyme activity as
100%. Error bars represent standard deviations from three independ-
ent assays
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previously reported value of 50 °C [33, 34]. The molecular
mass of native or homologously expressed FAEB is 74 kDa,
which is higher than the theoretical value of 55.6 kDa largely
due to the N-glycosylation [30, 33]. It was speculated that
the thermal sensitivity of recombinant AnFAEB was due to
the lack of glycosylation in the heterologous expression by
T. reesei D-86271 (Fig. 2). At the same time, different sub-
strates were used in the detection of FAE activities.

Release of FA from wheat bran by the recombinant
enzyme systems

The fungal transformants pPcbhl-AnfaeA4 and
pPcbh1-AnfaeB5 were picked out to prepare enzymes and
release FA from wheat bran. After 7-9 days of fermenta-
tion, the highest FAE activities were detected in the crude
extracts of the fungal transformants (Fig. 4). The maximum
activity levels were 20.69 U/gds for AnNFAEA and 15.08 U/
gds for AnFAEB. The levels of FPase, xylanase and total
extracellular proteins produced by the recombinant 7. reesei
strains were close to those of their parental strain (Fig. 5),
suggesting that the expression of exogenous FAE genes did
not significantly affect the normal enzyme production of 7.
reesei D-86271.

The optimum temperature of recombinant AnFAEB was
lower than the reported value as described above. Release
of FA from DSWB by the crude enzymes of transformant
pPcbhl1-AnfaeB5 was compared under different tempera-
tures for 24 h. Under 35 °C, the highest level of FA was
released from DSWB. The releasing efficiency had a slight

25- —@— Pcbhl-AnfacA
—- Pcbhl-AnfaeB
2 201
20
2 |54
>
Z
5 104
&
2 s
G I L) L) I 1
3 5 7 9 11 13

Time (days)

Fig.4 Production of feruloyl esterase by the recombinant 7. reesei
strains in solid-state fermentation. T. reesei transformants Pcbhl-
AnfaeA4 and Pcbhl-AnfaeB5 were cultured in SSF medium at 30 °C
for 2 weeks. The activities of FAEs in crude extract were assayed
under optimum temperature and pH value, using MFA as substrate.
Error bars represent standard deviations from three independent
assays
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Fig.5 Comparison of FAE, FPase, xylanase and extracellular pro-
teins produced by 7. reesei parental strain and the recombinant
strains. The T. reesei strains (D-86271, pPcbhl-AnfaeA4 and pPcbhl-
AnfaeB5) were cultured in SSF medium at 30 °C for 11 days. The
activities of FAE, FPase and xylanase in crude extract were assayed
as described in Materials and methods, and extracellular protein con-
centrations were determined with the BCA method. Error bars repre-
sent standard deviations from three independent assays

3 without T1Xylanase
ER with TIXylanase
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s
1

Fig.6 Release of FA from de-starched wheat bran by crude enzymes
from different 7. reesei strains. In a 10 ml reaction buffer (pH 6.0),
20 mg crude enzymes with or without 30 U xylanase (TI1Xylanase,
from T. longibrachiatum) per gram dry substrate (gds) was added to
release FA from DSWB at 45 °C or 35 °C (only for AnFAEB) for
24 h. FA content was determined by HPLC analysis, and the release
efficiency was calculated using alkali-extractable FA as 100%. Error
bars represent standard deviations from three independent experi-
ments

decrement at lower or higher hydrolysis temperatures. By
incubation at 50 °C, the liberated FA from DSWB was
decreased by 7.51% (see supplementary Figure s2). Fur-
ther, the enzymatic hydrolysis of DSWB was conducted
by the crude extracts of different fungal strains at 45 or
35 °C (only for AnFaeB). The result of HPLC detection
indicated that 62.9 and 52.2% of total FA were released
by the crude enzymes of transformants pPcbh1-AnfacA4
and pPcbhl-AnfaeB5, respectively (Fig. 6). The crude

enzymes of A. niger 0913 released 46.3% FA under
the same conditions. No detectable FA was released by
the enzymes from 7. reesei parental strain. Obviously,
AnFAEA was more efficient than AnFAEB in releasing
FA, which was in agreement with a previous report [30].
Different types of FAEs show preferences to synthesized
or natural substrates. FAEA was more active than FAEB
against wheat arabinoxylan, and FAEB was more active
than FAEA against sugar beet pectin [30]. The constructed
recombinant 7. reesei strains could be used in preparation
of various hydroxycinnamic acids from different plant cell
walls.

Endoxylanase plays a very important role in synergy
with FAEs to enhance the liberation of FA from plant
materials [14, 35]. In this study, the exogenous T. longi-
brachiatum xylanases enhanced the releasing efficiencies
by 9.62, 5.50 and 6.88% for A. niger 0913, transformant
pPcbhl-AnfaeA4 and transformants pPcbhl-AnfaeBS5,
respectively (Fig. 6). The different increments suggested
that the xylanases (or enzyme system) of 7. reesei were
more efficient than those of A. niger in releasing FA from
DSWB. Bartolome et al. found that various xylanases
showed strong effect on the liberation of FA from DSWB
by FAE-III, and the A. niger xylanases displayed a lower
effect compared to other xylanases [36, 37]. At the same
time, at least two kinds of FAEs exist in the crude extract
of A. niger 0913 according to the expression characteristic
of AnfaeA and AnfaeB genes in A. niger [30, 38]. The co-
enzymatic hydrolysis with FAEA and FAEB decreased the
release of FA from pre-treated WIP (water-insoluble pen-
tosan of wheat arabinoxylan) by an unknown mechanism
[30]. These reasons could explain why the recombinant
T. reesei strains were more efficient than A. niger 0913 in
releasing FA from wheat bran.

In conclusion, FAE-encoding genes AnfaeA and AnfaeB
derived from A. niger 0913 were successfully expressed in
T. reesei D-86271 under the control of the gpdA promoter
and/or cbh I promoter. The cbh I promoter was more efficient
than the gpdA promoter in the expression of the AnfaeA
gene. Under solid-state fermentation, the maximum FAE
productions were 20.69 U/gsd for AnFAEA and 15.08 U/
gsd for AnFAEB by the corresponding recombinant strains.
The optimum pH values and temperatures were 5.0 and
50 °C for the recombinant AnFAEA, and 6.0 and 35 °C for
the recombinant AnFAEB. The recombinant fungal strains
(especially containing the AnfaeA gene) could be used to
efficiently release FA from de-starched wheat bran.
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