APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 1999, p. 5500-5503

0099-2240/99/$04.00+0

Vol. 65, No. 12

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Regulation of the Feruloyl Esterase (faeA) Gene
from Aspergillus niger
RONALD P. pE VRIES anp JAAP VISSER*

Molecular Genetics of Industrial Micro-organisms, Wageningen Agricultural University,
NL-6703 HA Wageningen, The Netherlands

Received 29 March 1999/Accepted 9 September 1999

Feruloyl esterases can remove aromatic residues (e.g., ferulic acid) from plant cell wall polysaccharides
(xylan, pectin) and are essential for complete degradation of these polysaccharides. Expression of the feruloyl
esterase-encoding gene (faeA) from Aspergillus niger depends on p-xylose (expression is mediated by XInR, the
xylanolytic transcriptional activator) and on a second system that responds to aromatic compounds with a
defined ring structure, such as ferulic acid and vanillic acid. Several compounds were tested, and all of the
inducing compounds contained a benzene ring which had a methoxy group at C-3 and a hydroxy group at C-4
but was not substituted at C-5. Various aliphatic groups occurred at C-1. faed expression in the presence of
xylose or ferulic acid was repressed by glucose. fae4 expression in the presence of ferulic acid and xylose was
greater than faeA expression in the presence of either compound alone. The various inducing systems allow A.
niger to produce feruloyl esterase not only during growth on xylan but also during growth on other ferulic
acid-containing cell wall polysaccharides, such as pectin.

Feruloyl esterases are enzymes that release aromatic resi-
dues, such as ferulic acid, from plant cell wall polymers (5).
Ferulic acid residues in plant cell walls are linked mainly to
xylan and pectin and may cross-link cell wall polymers, which
increases rigidity, inhibits cell elongation, and reduces biode-
gradability by microorganisms (15). In xylans, ferulic acid is
attached to arabinose residues, which are linked to the xylan
backbone (26, 32). In pectins, ferulic acid can be attached to
galactose or arabinose residues in the side chains (15). Ferulic
acid can be enzymatically converted into vanillin, a major fla-
vor compound (10, 13, 18).

Feruloyl esterases can be isolated from a wide range of
microorganisms (3, 5, 8, 11, 16) when they are grown on com-
plex substrates, such as xylan, pectin, wheat bran, or sugar beet
pulp. Most of these enzymes are active with feruloylated oli-
gomers obtained from xylan or pectin but exhibit little or no
activity with the polymeric substrates. The feruloyl esterase A
(FaeA)-encoding gene (faeA) from Aspergillus niger has been
cloned, and induction of this gene has been studied at the
protein level (5). A high level of FaeA activity in the culture
filtrate was detected when an overproducing transformant was
grown on medium containing wheat arabinoxylan. Low levels
of FaeA activity were detected when A. niger was grown on
sugar beet pectin (31). Addition of ferulic acid to media con-
taining xylan increased the levels of FaeA activity in culture
filtrates (12).

In A. niger, two regulatory systems affect the expression of
genes encoding enzymes involved in the degradation of cell
wall polymers. The carbon catabolite repressor protein, CreA,
prevents transcription of these genes in the presence of sub-
strates that are easy to metabolize, such as glucose or fructose
(9, 23). The xylanolytic transcriptional activator, XInR (28), is
required for expression of all of the xylanolytic genes (includ-
ing faeA) and some cellulolytic genes when A. niger is grown on
xylose or xylan (29). These two systems are not sufficient to
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account for the induction pattern observed for faed (5, 12).
The fact that induction on pectin and enhanced induction on
xylan in the presence of ferulic acid occur suggests that there is
a more complex regulatory system. Our objectives in this study
were (i) to determine the involvement of XInR and CreA in
the regulation of faeA expression, (ii) to demonstrate the pres-
ence of a third factor regulating fae4 expression, (iii) to iden-
tify the nature of the inducing compounds for this new factor,
and (iv) to analyze the relationships among the three regula-
tory factors.

MATERIALS AND METHODS

Strains. All of the strains used were derived from A. niger N400 (=
CBS120.49). A low-sporulating mutant, N402 (cspA1), was used as a wild-type
strain in all experiments. Mutations were obtained by UV mutagenesis. The A4.
niger creA mutant NW200 (bioAl cspAl  creAd4  pyrA13:pGW635
areA1::pAREG1), which had a derepressed phenotype, was selected in an areA1
background (24) and was cotransformed with pAREG1 (containing the 4. niger
areA gene [20]) and pGW635 (containing the pyrA selection marker). A. niger
NXAI1-4 [argBI13 cspAl nicAl pyrA6 UAS(xinA)-pyrA xinR1I] has been described
previously (28). No expression of xylanolytic genes on xylose was observed with
this loss-of-function mutant (29). Escherichia coli DH5aF' (BRL Life Technol-
ogies Inc., Gaithersburg, Md.) was used for routine plasmid propagation.

Chemicals. Caffeic acid, cinnamic acid, p-coumaric acid, ferulic acid, 4-hy-
droxybenzoic acid, 3,4-dimethoxycinnamic acid, protocatechuic acid, sinapic
acid, syringic acid, vanillic acid, veratric acid, veratryl alcohol, vanillyl alcohol,
and anisyl alcohol were obtained from Acros (Oxon, United Kingdom). p-
Glucose, D-fructose, and p-xylose were obtained from Merck (Darmstadt, Ger-
many). L-Arabinose was obtained from Sigma (Zwijndrecht, The Netherlands).
All other standard chemicals were obtained from either Sigma or Merck. 3-Me-
thoxy-4-hydroxyphenyl propionic acid was a gift from Gary Williamson, Institute
of Food Research (Norwich, United Kingdom).

Media and culture conditions. Minimal medium contained (per liter) 6 g of
NaNOs;, 1.5 g of KH,PO,, 0.5 g of KCl, 0.5 g of MgSO, - 7TH,0, trace elements
(30), and 1% (mass/vol) glucose as a carbon source unless otherwise indicated.
For complete medium, minimal medium was supplemented with 0.2% (mass/vol)
tryptone, 0.1% (mass/vol) yeast extract, 0.1% (mass/vol) Casamino Acids, and
0.05% (mass/vol) yeast RNA. Liquid cultures were inoculated with 10° spores/ml
and incubated at 30°C in an orbital shaker at 250 rpm. Bacto-Agar (Difco) (1.5%,
mass/vol) was used to solidify the media. To grow auxotrophic strains, the
necessary supplements were added to the media at the following concentrations:
biotin, 4 wg/liter; uridine, 200 mg/liter; arginine, 200 mg/liter; and nicotinamide,
1 mg/liter.

For all transfer experiments, the strains were grown first in complete medium
(containing 2% fructose) for 16 h at 30°C in an orbital shaker at 250 rpm. The
mycelium was harvested by suction over a nylon membrane (100-um mesh) and
washed with minimal medium or complete medium without a carbon source.
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FIG. 1. Expression of faeA in the presence of aromatic compounds. A. niger
N402 mycelium was incubated for 4 h in complete medium (blank), in complete
medium containing 0.03% (mass/vol) fructose, and in complete medium con-
taining different aromatic compounds at a concentration of 0.03% (mass/vol).
The blots are Northern blots prepared as described in the text. 18S rRNA was
used as an RNA loading control. Abbreviations: hydr., hydroxy; meth., methoxy;
dimeth., dimethoxy; ppa, phenylpropionic acid.

Aliquots (1.5 g, wet weight) of the mycelium were transferred to minimal me-
dium or complete medium containing different carbon sources and incubated at
30°C. The mycelium was again harvested by suction over a nylon membrane,
frozen in liquid nitrogen, and stored at —70°C. Aromatic compounds were used
at a concentration of 0.03% (mass/vol).

DNA manipulation. Standard methods, such as subcloning, DNA digestion,
and plasmid DNA isolation (25), were used for DNA manipulation. A sequence
analysis was performed for both strands of DNA by using either a Cy 5 Auto-
Cycle sequencing kit or a Cy 5 Thermo Sequenase dye terminator kit (Pharmacia
Biotech, Uppsala, Sweden). The reaction mixtures were analyzed with an AL-
Fred DNA sequencer (Pharmacia Biotech). Nucleotide sequences were analyzed
with computer programs based on the programs of Devereux et al. (4).

Northern analysis. Mycelium was powdered with a Micro-dismembrator
(Braun, Melsungen, Germany). Total RNA was isolated from the powdered
mycelium by using TRIzol reagent (Life Technologies) as recommended by the
supplier. For Northern analysis, 5 g of total RNA was incubated with 3.3 pl of
6 M glyoxal, 10 ul of dimethyl sulfoxide, and 2 pl of 0.1 M phosphate buffer (pH
7) in a 20-ul (total volume) mixture for 1 h at 50°C in order to denature the
RNA. RNA samples were separated on a 1.5% agarose gel by using 0.01 M
phosphate buffer (pH 5) and were transferred to Hybond-N filters (Amersham,
Little Chalfont, United Kingdom) by capillary blotting. The filters were hybrid-
ized at 42°C in a solution containing 50% (vol/vol) formamide, 10% (mass/vol)
dextran sulfate, 0.9 M NaCl, 90 mM trisodium citrate, 0.2% (mass/vol) Ficoll,
0.2% (mass/vol) polyvinylpyrrolidone, 0.2% (mass/vol) bovine serum albumin,
0.1% (mass/vol) sodium dodecyl sulfate, and 100 ug of single-stranded herring
sperm DNA per ml. Washing was performed under similar stringency conditions
(30 mM NaCl, 3 mM trisodium citrate, 0.5% [mass/vol] sodium dodecyl sulfate;
68°C). A 0.6-kb cDNA fragment of faeA, a 0.8-kb EcoRV-KpnI fragment of aguA
encoding an a-glucuronidase (6), and a 0.7-kb EcoRI fragment of the 18S rRNA
subunit (21) were used as probes. The aguAd gene was used to compare the
expression of faeA to the expression of another gene regulated by XInR, and the
18S rRNA probe was used as an RNA loading control.

RESULTS

Analysis of the promoter region of faed. We sequenced the
promoter region of faeA (EMBL accession no. Y09330) and
identified a consensus sequence for the CreA repressor pro-
tein, SYGGRG (S, Y, and R represent C or G, Cor T, and A
or G, respectively [17]) at position —376 upstream of the ATG
in the 3'—5’ orientation, and for the xylanolytic transcriptional
activator, XInR (GGCTAA [29]) at position —265 upstream of
the ATG in the 5'—=3’ orientation. An XInR-like sequence
(GGCTAG) was detected at position —225 upstream of the
ATG in the 5'—3’ orientation.

Expression of fae4A on aromatic compounds. High levels of
faeA expression were observed when the A. niger wild-type
strain was grown on ferulic acid, vanillic acid, vanillyl alcohol,
coniferyl alcohol, and 3-methoxy-4-hydroxyphenyl propionic
acid (Fig. 1). Lower levels of expression were observed when
this strain was grown on vanillin, veratric acid, and veratryl
alcohol. No expression was detected with any of the other
aromatic compounds.

CreA represses expression of faed. A. niger N402 and
NW200 mycelia were transferred to minimal medium contain-

REGULATION OF A. NIGER faeA 5501

CreA mutant

faeA

188

FIG. 2. CreA repression of faeA expression. To determine the influence of
the carbon catabolite repressor protein CreA on faeA expression, A. niger N402
and NW200 (CreA mutant) mycelia were incubated for 4 h in minimal medium
containing different carbon sources. The blots are Northern blots prepared as
described in the text. 18S rRNA was used as an RNA loading control. Abbre-
viations: glc, glucose; xyl, xylose; FA, ferulic acid.

ing different carbon sources and were harvested after 4 h. The
faeA gene was expressed in the presence of xylose, xylan, and
ferulic acid at similar levels in the two strains (Fig. 2). Glucose
strongly reduced the expression of fae4 by the wild-type strain
on xylose, but only a small decrease was observed with the cre4
mutant. The presence of glucose eliminated expression of faeA
in the presence of ferulic acid and xylan with the wild-type
strain, but a low level of expression in the presence of ferulic
acid was detected with the cre4 mutant.

Interaction between the different systems for induction of
JaeA expression. We compared expression of faeA to expres-
sion of aguA, which encodes an a-glucuronidase and also is
regulated by XInR (29), in the wild type and an XInR-deficient
mutant 2 h after induction. Expression of fae4 and expression
of aguA were both greater in the presence of 0.03% xylose than
in the presence of 1% xylose in the wild-type strain (Fig. 3).
Addition of ferulic acid to the carbon sources strongly in-
creased faeA expression but did not have a significant effect on
aguA expression. aguA expression was not observed in the
presence of any carbon source in the XInR mutant, but faeA
expression was detected in this mutant in the presence of
ferulic acid, especially when arabinose was also present.

DISCUSSION

The data described in this paper revealed that regulation of
faeA transcription is complex. faeA is subject to carbon catab-
olite repression, and its expression is subject to the carbon
catabolite repressor CreA, the xylanolytic transcriptional acti-
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FIG. 3. Interaction of different systems for induction of faeA expression.
Relationships between XInR and ferulic acid induction of fae4 expression were
studied by incubating A. niger N402 and NXA1-4 (XInR mutant) mycelia for 2 h
in minimal medium containing different carbon sources. The blots are Northern
blots prepared as described in the text. 18S rRNA was used as an RNA loading
control. Abbreviations: xyl, xylose; ara, arabinose; FA, ferulic acid.
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vator XInR, and a factor that responds to the presence of
certain aromatic compounds.

Expression of faeA on xylose in the presence of glucose is
reduced strongly in the A. niger wild-type strain but only
slightly in the creAd4 mutant, which indicates that CreA reg-
ulates the expression of faeA. The creAd4 mutant is not a
complete loss-of-function mutant, and the degree of derepres-
sion is target and allele specific (31). This phenotype may
explain in part the reduced faeA expression on ferulic acid by
the creA mutant when glucose is present in the medium. Ad-
ditional repression by glucose, independent of CreA, also may
be important. The residual glucose-mediated repression of
faeA expression in the cre4 mutant indicates that the ferulic
acid-dependent regulatory system is more sensitive to glucose
repression than XInR. The xylose concentration influences
XInR-induced expression of xylanolytic genes, as revealed by
the expression of fae4 and aguA in the presence of 1 and 0.03%
xylose. This phenomenon has been explained by modulation of
gene expression via CreA (7). Expression of fae4 and aguA on
arabinose may be due to xylose contamination of the arabinose
(6). Adding ferulic acid to xylose or arabinose resulted in
increased levels of expression of faeA but not aguA, xInB, and
xlnD (data not shown), indicating that ferulic acid does not
influence the overall regulation of the xylanolytic enzyme spec-
trum. The difference in auxotrophic markers might have some
effect on the levels of expression observed in the strains used in
this study, as demonstrated previously for Saccharomyces cer-
evisiae (3). However, a comparison of strains with different
auxotrophic markers did not reveal significant differences in
the expression of the genes examined in this study (data not
shown).

faeA is expressed in the presence of aromatic compounds
with the following substituents on the aromatic ring: a methoxy
group at C-3, a hydroxy group at C-4, and an unsubstituted
C-5. The C-1 substituent seems to be less important for the
level of expression. When we examined a group of aromatic
compounds with the substitutions on the aromatic ring de-
scribed above, only vanillin resulted in a low level of faeA
expression. Perhaps an aldehyde linkage at C-1 results in a
lower level of induction of faeA. Alternatively, the low level of
expression may be caused by the toxicity of vanillin to 4. niger.
All of the aromatic compounds which we tested are toxic to A4.
niger to some extent (14, 19). Vanillin is the most toxic of these
compounds, as determined by plate growth experiments (data
not shown). The regulatory system described here differs from
other systems in A. niger that respond to the presence of aro-
matic compounds in that benzoic acid and 4-hydroxybenzoic
acid, which induce the production of enzymes involved in the
catabolism of benzoic acid via 4-hydroxybenzoic acid and 3,4-
dihydroxybenzoic acid to protocatechuic acid (1, 2, 27), do not
induce expression of faeA. Thus, at least two independent
regulatory systems respond to induction by aromatic com-
pounds in A. niger. Milstein et al. (22) suggested a model for
the degradation of certain aromatic compounds by Aspergillus
japonicus. They suggested that there are four groups of aro-
matic compounds with individual catabolic pathways that con-
verge at protocatechuic acid, followed by ring opening via a
common pathway. Ferulic acid and 4-hydroxybenzoic acid are
in different groups, and this model also could explain the data
presented here.

faeA expression in A. niger is affected by at least three reg-
ulatory systems. faeA is coexpressed with other genes involved
in xylan degradation and is under the control of the transcrip-
tional activator XInR. Xylose simultaneously induces this sys-
tem and causes carbon catabolite repression, which is mediated
by CreA. The response of an additional regulatory system to
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the release of ferulic acid from xylan and pectin might make
these plant cell wall polymers more accessible for degradation
even at higher xylose concentrations. The data presented here
provide more insight into the complex regulation of A. niger
genes that encode cell wall-degrading enzymes and a better
understanding of the changes in the fungal enzyme spectrum
that occur during degradation of plant cell wall components.
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