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Abstract Many filamentous fungi secrete considerable
quantities of enzymes including protease, cellulase and
xylanase, which are of major industrial importance. Over
the past few decades, many of these fungal enzymes have
been isolated and their relevant genes characterised. Solid-
state fermentation (SSF), an ancient technique described as
a fermentation process performed on non-soluble material
whereby the material acts as a physical support and as a
source of nutrients, is widely employed in the production of
industrially important enzymes. Control mechanisms gov-
erning gene expression in SSF however, have been rarely
studied. The influence of carbon and nitrogen sources on
the production and transcriptional regulation of hydrolase
enzymes secreted by an Aspergillus strain was investigated
with the hope of expanding on the relatively small amount
of knowledge regarding cellular control of gene expression.
This study involved screening a collection of fungal strains
for protease, cellulase and xylanase production under SSF
conditions. From this, one fungal strain was then chosen for
further analysis. Factors affecting the secretion of the
hydrolase enzymes were optimised, and following this, the
influence of nutritional supplementation on the production
and transcriptional regulation of the enzymes was investi-
gated. Real-time PCR techniques were used to assess the
relative expression levels of genes encoding hydrolase
activities and of the genes encoding regulatory elements
such as AreA, PacC and CreA in an effort to identify possi-
ble transcriptional regulation mechanisms. The complexity
of gene regulation under SSF conditions became apparent
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during the study, as other factors such as post-transcrip-
tional regulation appeared to play a far greater role than
previously imagined.
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Introduction

Over the past few years many genes playing fundamental
roles in the regulation of gene expression have been iso-
lated and characterised from fungal species including
Aspergillus [1]. The ability of organisms to regulate gene
expression is essential for their development and adaptation
to environmental changes, which in turn are essential for
survival [2, 3]. Despite the fact that filamentous fungi have
long been exploited for the production of enzymes under
SSF conditions, very little research has been documented as
yet to illustrate the control mechanisms of gene expression
in SSF. It has been documented that the expression of some
hydrolase-producing genes are controlled at the level of
transcription [4, 5]; however, events that occur after tran-
scription and translation are much less understood in fungi
and are consequently much harder to control [6]. A number
of key regulatory circuits, including carbon catabolite
repression (CCR) and nitrogen metabolism, have been
described under submerged fermentation conditions (SmF)
in Aspergilli and the main regulatory genes identified. In
addition to metabolic regulation, another important regula-
tory phenomenon, namely in response to external pH, has
also been characterised.
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In this study, the influence of carbon and nitrogen sources
on the production and transcriptional regulation of cellulase,
xylanase and protease produced by Aspergillus oryzae M,K
under solid-state conditions was investigated using real-time
PCR techniques with the aim of clarifying the control mech-
anisms and pathways involved in nutrient metabolism. In
Aspergillus species, enzyme secretion is influenced by many
mechanisms that are controlled by certain key transcription
factors. With this in mind the transcript accumulation levels
of 12 genes were examined after cultivation of A. oryzae
M,K fermentation supplemented with various carbon and
nitrogen sources (ammonium phosphate, pb-mannitol, yeast
extract, glucose, carboxymethyl cellulose (CMC), peptone
and casein). Each gene utilised in this study is explained
below with regard to its role in regulation.

The creA gene is the main gene governing carbon CCR
in Aspergillus species [3, 7, 8]. This mechanism allows
fungi to cope smoothly with changes in the carbon source
present in their environment. Glucose is extremely abun-
dant in nature, and many living organisms have evolved
efficient mechanisms to utilise glucose as a carbon and
energy source [9]. In the presence of a readily metabolisa-
ble carbon source, such as glucose, the expression of struc-
tural genes required for utilisation of alternative carbon
sources is decreased [10]. creA is known to be involved in
the repression of many industrially important enzymes,
including cellulase, protease and xylanase [2, 11, 12], and
has also been shown to be regulated at a transcriptional and
post-transcriptional level [4, 13].

With respect to nitrogen metabolism, Aspergillus species
are capable of utilising a wide range of nitrogen-containing
compounds as a sole nitrogen source, including ammonia,
nitrate and nitrites [14, 15]. The areA gene encodes the
major nitrogen regulatory protein, which activates tran-
scription of many structural genes encoding enzymes for
nitrogen source catabolism under nitrogen-limiting condi-
tions. The availability of favoured nitrogen sources pre-
vents expression of enzymes required for the catabolism of
less preferred nitrogen sources [16-18]. In relation to
enzyme regulation, the results of the role of areA in cellu-
lase and protease regulation are still in its infancy; how-
ever, a role for areA in the expression of cellulases in
A. nidulans has been suggested [19, 20], while research by
Christensen et al. [17] showed that A. oryzae transformants
did not form clearing halos, which is an indicator of extra-
cellular protease activity, in the presence of ammonium. In
addition to areA, a number of other genes have been identi-
fied as influencing the nitrogen regulatory circuit including
tamA [21]. It has been proposed that tamA is a coactivator
of areA and is therefore required for full expression of
genes under the control of areA [22].

The nitrate assimilation pathway is composed of two
transporters, nitrate reductase encoding the structural gene
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niaD and nitrite reductase encoding niiA [23, 24]. These
structural genes are very closely linked and probably con-
tiguous in Aspergillus [25]. The respective genes are sub-
ject to regulation at the level of transcription, including
nitrogen metabolite repression mediated by AreA, and
induction by nitrate or nitrite, mediated by the pathway-
specific transcription factor NirA [25, 27]. Both transcrip-
tion factors act synergistically to regulate the structural
genes when nitrogen is limiting and either nitrate or nitrite
is available.

In addition to adapting to metabolic changes, microor-
ganisms must also be able to adapt physiologically to
changes in environmental pH as it influences many factors
including growth. Failure to do so would negatively impact
on an organism’s competitiveness and therefore success
[28]. The ability of fungi to thrive over a wide pH range is
partly due to a genetic regulatory system that tailors gene
expression to the ambient pH [29-31]. pacC is one of seven
genes involved in pH regulation, the others being the pal
genes. The PacC protein functions as a transcriptional
activator of alkaline-expressed genes and a repressor of
acid-expressed genes. When growth is at acidic pH, PacC is
non-functional as a transcriptional activator of alkaline
expressed genes and a repressor of acid expressed genes.
Under alkaline growth conditions, the pal ambient pH
signalling pathway causes the activation of the PacC protein
as both an activator of alkaline-expressed genes and a repres-
sor of acid-expressed genes. The pal/PacC pathway tailors
the synthesis of extracellular hydrolytic enzymes including
protease to the needs imposed by the ambient pH [32].

Fungi including A. oryzae are well known for their
ability to secrete proteolytic enzymes, and as such gene
expression has been studied a great deal. Analysis of the
proteolytic spectrum revealed four extracellular acid prote-
ases including pepA, which is only expressed when the pre-
ferred carbon and nitrogen source is not available to the cell
[33, 34]. This extracellular protease is strictly pH regulated
[35] and only expressed in solid-state fermentation (SSF)
cultures [36]. In addition to pepA only being expressed in
SSF, the glucoamylase gene glaB also follows this trait.
While pepA is the main gene involved in protease regula-
tion, the transcriptional activator XInR mainly controls
xylanolytic systems of A. niger [37-39]. XInR regulates the
transcription of the xInB, xInC and xInD genes encoding
the main xylanolytic enzymes (endoxylanases B and C and
f-xylosidase, respectively) [5, 40]. Xylanolytic production
is regulated by three independent mechanisms, ambient pH,
carbon catabolite repression and specific induction in the
presence of xylan or xylose. Not only does XInR control
transcriptional activation of the xylanolytic genes, it also
directs transcription of the endoglucanase (eg/A and eglB)
and cellobiohydrolase (cbhA and cbhB) encoding genes,
indicating that the transcriptional activation mechanism in
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Aspergillus is partially shared between cellulases and
xylanases [41]. Finally, the brlA gene is one of three genes
expressed during conidiophore development [42]. It has
also been reported to directly affect enzyme production, as
secretion occurs mainly from hyphal tips [43, 44].

In this study, an Aspergillus strain was isolated for fur-
ther research. Enzymatic and molecular analyses were
performed to further enhance the understanding of molec-
ular mechanisms involved in enzyme regulation under
SSF conditions, and the results are discussed. It was antic-
ipated that this type of analysis would enable a direct
evaluation of the effect of nutrient supplementation on
gene expression.

Materials and methods
Microorganism

Several fungal strains were screened to assess their
enzyme-producing capabilities under SSF (data not shown).
Of these, one fungal strain, Aspergillus oryzae M,K, was
chosen for further analysis. The strain was maintained on
PDA slants at 4°C until required for inoculation.

Culture conditions for SSF

Initially seed culture incubations were carried out in 500-ml
conical flasks containing 200 ml cornstarch medium (g/1:
glucose 5, peptone 18, KC10.5, MgSO,-7H,0 1.5, KH,PO,
1.0 and starch from corn 60), incubated at 30°C for 72 h.
A dilution (1 in 4) of the mycelium suspension was used
as inoculum in all SSF experiments. A modified method of
a previously described technique was used for all SSF
fermentations [45].

Enzyme extraction

Following optimal incubation, enzymes were extracted
using a modified method described by Tunga et al. [46].

Enzyme assays

Protease activity was determined as described previously
[47] with modified conditions including the use of 5 mM
glycine/HCl buffer pH 2.5 as substrate. In addition, samples
were incubated for 30 min at 40°C. Previously described
techniques [48] were used for determination of cellulase
and xylanase activity. Modifications included the use of
50 mM sodium acetate buffer pH 4.8 as substrate for cellu-
lase assays. Both enzyme assays used dinitro salicylic acid
(DNS) as stopping solution. Following this step both sets of
samples were incubated at 100°C for 5 min and then cooled

in an ice bath prior to spectrophotometric analysis at Asyp,,-
All the above measurements were made in quadruplicate,
and all enzymatic activities were expressed as units per
gramme of dry weight, HUT g~! in the case of protease,
CMCU g~ ! for cellulase and Xu g~ for xylanase.

Molecular techniques
RNA extraction and reverse transcription

Quadruplicate samples of SSF cultures were snap frozen in
liquid nitrogen and ground using a sterilised pestle and
mortar. Total fungal RNA was isolated from using the
RNAqueous® Kit according to the manufacturer’s instruc-
tions. Total RNA integrity was determined by agarose gel
electrophoresis, with purity established by calculating the
ratio of the absorbance readings at 260 and 280 nm and
quantified using the 260-nm absorbance reading. The ratio
should fall in the range of 1.8-2.1.

Reverse transcription of RNA (1 pg) was then carried
out using the High Capacity cDNA Reverse Transcription
Kit according to manufacturer’s instructions. The cDNA
was then quantified spectrophotometrically at 260 and
280 nm, and stored at —80°C until required for real-time
PCR analysis.

PCR primers

Each gene was amplified from cDNA. Primers for each
chosen gene were designed based on sequences obtained
from the nucleotide database at NCBI web page. Primer
sequences are represented in Table 1.

Polymerase chain reaction

A typical PCR reaction contained the following: 1 ng
cDNA, primers (500 ng each); MgCl, (2.5 mM); (NH,),SO,
reaction buffer; dNTPs (500 uM each) and sterile water
to 98 ul. Aliquots (15 pl) of the reactions were analysed
on a 2% (w/v) agarose gel. Amplification by PCR was
performed by modified methods previously described
[49].

One-step cloning reaction

PCR products were cloned in the plasmid vector pCR2.1
using the TA cloning® kit according to the manufacturer’s
protocol.

Subcloning

DNA fragments were ligated to plasmid using the Rapid DNA
Ligation kit, according to the manufacturer’s instructions.
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Table 1 Primer sequences used

Direction Primer sequence (5'-3")

. . Gene Accession no.

to amplify the entire target and

internal control genes fro.m treat- creA AJ272151

ed and untreated Aspergillus

cDNA by conventional PCR
pacC AB035899
tamA AF272849
pepA D1389%4
glaB AB007825
palA AB062767
niaD D49701
brlA D89010
areA AJ002968
hapB AY324802
p-tub EF422213

F = forward primer; R = reverse
primer

ATG CCA CCA CCGGCT TCT TCA
AAG CGT GTG GCT TTT CAC CCG
ATG TCG GAA CCC CAA GAC ACC
ATA GAG GGA TTC TGG GGT GGG
ATG GCT GCC GTT ATC ACT TTG
CTC TTG GGC GAA TCT ACA TCC
ATG GTT ATC TTG AGC AAA GTC
AGA TCG GCC GAG CCA GTG TCG
ATG CGG AAC AACCTTCTT TTT
AGT CGG GAT TAC TCT TGG ATC
AAA TAT CCT TCA GAT CCC CTT
ATC GAC CGG AAA CTT TCC ACC
ATC CTT GTT CAT GCT CCC TCC
CTT CTT TAT ACA GAT CTG TGA
ATG AGA ACT CAA AAC AAT CTC
ATT TGA GGT CAT CCC CGC TAA
ATG TCC GGG TTA ACC CTC GGG
GTC AGG TTT TCC ATA CGC TCC
ATG ATG GAA TAC CCG CCG CAG
TCA ACC ATC CTC GTC GGA CAG
TGG GGA TGG ACA TCG TCT CTT AGA
GAC CTT TGG CCC AGT TGT TAC CAG

o T T T T ® T R” TR TR® TR TR T I T

The ligation reaction was carried out at room temperature
using a T4 DNA ligase.

Transformation of competent cells

Escherichia coli strain INVaF' competent cells were trans-
formed with insert-containing vectors according to the
manufacturer’s instructions. The pCR 2.1™ vector contains
an ampicillin resistant gene used in the selection and main-
tenance of E. coli. INVaF E. coli cells do not express the
lac repressor, which represses transcription from the lac
promoter. The lac promoter is responsible for bacterial
expression of the lacZo fragment that allows blue white
screening of putative transformants to be performed in the
presence of X-Gal. Cells transformed with the insert-con-
taining plasmid appear white due to the interruption of the
reading frame of the lacZ gene and are referred to as lacZ
disruptants. Those cells, which have not taken up the plas-
mid-containing insert, appear blue because of f-galactosi-
dase activity in the presence of X-Gal as the lacZ gene is
not interrupted [50].

Restriction enzyme digestion of DNA
All restriction enzyme digests of DNA were carried out

under optimal reaction conditions as specified by the manu-
facturer of the restriction enzyme.
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Sequencing of PCR products

Sequencing of insert DNA was carried out by Cogenics
(UK) using M13 forward and reverse primers. Sequence
and homology data were analysed using the Basic Local
Alignment Search Tool (BLAST) online at the National
Centre for Biotechnology Information (NCBI) home-

page.
Real-time PCR primer sequences

PCR-amplified gene fragments were used as template in
the design of real-time PCR primer sets. The real-time
PCR primers were designed using Primer Express Soft-
ware (Version 2.0, Applied Biosystems, Foster City, CA).
The primers were commercially prepared by Sigma-
Genosys Inc. The BLAST tool was used to confirm the
homology of primer sets. Primer sequences are displayed
in Table 2.

Quantitative real-time PCR assay

All quantitative real-time PCR amplifications were carried
out using the Applied Biosystems 7500 Fast Real-Time
PCR system (Foster City, CA) in accordance with an exper-
imental procedure previously described by Liu and Saint
[51]. Following amplification, the cycle threshold (Cy)
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Table 2 Primer pairs designed

Direction Primer sequence (5'-3")

for real-time PCR amplification Gene Accession no.

of targe.t and control genes from creA AJ272151

Aspergillus oryzae treated and

untreated cDNA
pacC AB035899
tamA AF272849
pepA D13894
glaB AB007825
palA AB062767
niaD D49701
brlA D89010
areA AJ002968
hapB AY324802
p-tub EF422213
xinR AB044941
eglA AB195229

F = forward primer; R = reverse
primer

TGG CTT TTC ACC CGT ATG TG
CAA GTG TCC CCT GTG TGA TCG
CCT TGC CAA AGA CAA GAC AACTC
TGT GGC ATC TCC CCC TGT TA
TCG CCT TCC ACA TCC ATT ACT
GTC ACA ACT TTG CCC ATC CC
GCT CGG GAG AAG TCA CGA CA
CGC TTG CTA AGT ATG GCG GT
CTG TTT GGC GAT GGG TGT CT
CAG TCG GAT CTC AACGCCTT
TCC TTC AGA TCC CCT TTC GA
TCG CAT CTG ACA AGG AAA CG
CTC AAC AAA TCG CCT GAC TCC
CGC AGC CAT CAC TCG GAT ATA
CCT TGG GTT CCA ACG AGT GT
CCA TGG GCG AGA AGC TAG AAG
CGC AACTTT TAC CAC CCA CC
GAA AAG TCA TCG GAC AGC TGC
TGG TTA TGA CGC GAT TCG TG
GCT TAC TTC CAA GGG TCG CA
GAA GGT CTC GTC GGA GTG CTC
AGG TCT CCG ACACCGTTGTT
TTC GAA CCA ATG CACCATCTAT
AAA ACT GCG TAA AGG TCG CC
AGA TGC ACC AGT ATT TGG ACT CG
CGC AGG TCT CGG AAG TAC CA

AmM®MmMxX®xTW AT A TXHI®THX®TWMI®THAITATAITAITRIT

values of the target and endogenous control genes were
transformed to raw quantities according to the pAACT
method for relative quantification [52]. Each of the cDNA
samples was treated separately, and the results after the
27AACT calculation were averaged. Results (Z’AACT) were
plotted as log,, transformations.

Assessment of the specificity of real-time PCR primers

The specificities of the primer sets utilised for the real-time
PCR amplification were evaluated by performing melting
curve analysis [53, 54].

Assessment of endogenous control efficiency

The effect of treatment on the expression of the endogenous
control genes was examined in order to validate the endog-
enous control gene for use in the quantitative real-time PCR
assay. Following the analysis of a number of common ref-
erence genes [55-57] (GAPDH, f-actin and f5-tubulin), the
f-tubulin gene was selected as the endogenous control gene
because of its stability across all samples analysed regard-
less of treatment.

Assessment of real-time PCR assay efficiency

Prior to gene expression analysis, the real-time primers
were assessed for accuracy by confirming that the amplifi-
cation efficiencies of the target genes (Table 2) and the
endogenous control gene (f-tubulin) were approximately
equal. The cDNAs were diluted over a 100-fold range and
amplified by real-time PCR using gene specific primers.
A method previously described was used to determine
efficiency of the reactions [25, 58]. Validation of the 2-AACT
method is represented in Fig. 1.

Statistical analysis
Data were analysed using the Minitab statistical software
package version 15.0 (Coventry, UK). Analysis pro-

grammes used included Pearson’s correlation and ANOVA.

Effect of carbon and nitrogen supplementation on gene
expression

Subsequent to real-time PCR amplification, the cycle
threshold (CT) number was extracted for both reference
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Fig. 1 Validation of the 2"2A°T method for the amplification of target
gene hapB from A. oryzae M,K

gene and target gene with auto baseline and manual thresh-
old. The concentration of supplemental carbon and nitrogen
sources was then plotted against the log,, relative quantifi-
cation value and enzyme activity (% RA), which allowed
for the direct comparison of the effect of nutritional supple-
mentation on both gene expression and activity. Data were
analysed using one-way analysis of variance (ANOVA).
A significance level of 95% (P < 0.05) was used to discrim-
inate between significant and non-significant increases or
decreases in enzyme activity or gene expression. In addi-
tion, an evaluation was made of the strength and direction
of the association using Pearson’s correlation coefficient.
The measured correlation coefficient is always between —1
and +1; the closer the correlation is to &1, the closer the
relationship is to being perfectly linear.

Results

Effect of glucose supplementation on transcriptional
regulation of enzyme production

The effect of glucose supplementation on transcriptional
regulation of enzyme production by A. oryzae M,K is rep-
resented in Fig. 2. In terms of enzymatic productivity, glu-
cose addition had no effect on cellulase activity, and only a
slight decrease in xylanase activity was evident. It was also
apparent that there was no association with the correspond-
ing gene transcripts, x/nR and eglA, respectively. Statistical
analysis (ANOVA) of protease activity revealed that there
was a significant (P < 0.05) decrease in protease activity at
the 10% (w/v) supplemental level, despite the expression of
the protease gene, pepA, increasing at all inclusion levels.
Glucose supplementation positively influenced areA
expression with a significant (P < 0.05) increase noted at all
inclusion levels relative to the unsupplemented control,
while ramA expression significantly increased at 1 and 5%
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inclusion levels; however, it remained downregulated. The
pH regulatory genes, pacC and palA, were in a derepressed
state; however, palA expression positively increased at an
inclusion level of 10% (w/v). brlA expression significantly
(P < 0.05) increased at all inclusion levels when compared
to the unsupplemented control; however, it remained down-
regulated. Overall, the strain appeared to move into a car-
bon-repressed state evidenced by an increase in creA
transcription with increasing glucose concentration.

Analysis of gene expression results was also performed
using Pearson’s correlation. It must be stressed that this
type of statistical approach only measures the relationship
between two variables and does not allow for determination
of cause and effect. With respect to gene associations, areA,
brlA, palA, pepA, pacC, creA, tamA and xInR were all posi-
tively correlated with each other (P < 0.05), but negatively
with pH (P < 0.05). In summary, the addition of glucose
resulted in all the transcription factors being downregulated
relative to the unsupplemented control.

Effect of p-mannitol supplementation on transcriptional
regulation of enzyme production

There was a statistically significant (P < 0.05) linear
decrease in cellulase activity with increasing D-mannitol
concentration (Fig. 3). Both xylanase and protease activity
remained relatively constant at 1 and 5% inclusion levels;
however, a significant (P < 0.05) decrease in enzyme activ-
ity was noted at 10% inclusion relative to p-mannitol addi-
tion. Despite a linear decrease in cellulase activity, one-way
statistical analysis revealed that eg/A gene expression was
significantly (P < 0.05) upregulated with increasing b-man-
nitol concentration when compared to the control. In addi-
tion, there was no apparent relationship between xylanase
activity and xInR gene expression as the x/nR gene signifi-
cantly increased at each inclusion level despite a trend
towards a decrease in activity levels. The protease encoding
gene (pepA) also appeared to have no association with the
measured proteolytic activity, thus suggesting the involve-
ment of other elements. Overall it was apparent that there
were distinct differences noted with respect to gene expression,
with most genes being upregulated following p-mannitol
supplementation. The organism was in a carbon-repressed
state as evidenced by the upregulation of creA at 5 and
10% (wlv).

Analysis using ANOVA also showed that the regulation
of a number of genes was significantly (P < 0.05) different
(both up- and downregulated) when compared to the con-
trol at all inclusion levels. These included hapB, palA,
areA, brlA, niaD, glaB, eglA and xInR. In terms of associa-
tions, Pearson’s analysis indicated that tamA gene expres-
sion was negatively correlated with protease activity
(P < 0.05), although there was no noted effect on areA.
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Effect of CMC supplementation on transcriptional
regulation of enzyme production

From Fig. 4 it was clear that the addition of CMC caused an
overall decrease in all hydrolytic enzyme activities with

increasing concentration. Statistical analysis revealed a sig-
nificant (P < 0.05) difference at 3% (w/v) inclusion levels
for all enzymatic activities when compared with their
unsupplemented controls. The protease encoding transcript
(pepA) was upregulated at 1, 2 and 3% (w/v) despite a
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Fig. 4 Effect of CMC concen- 1.40
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decrease in protease activity. One-way analysis of variance
indicated that a number of genes were significantly
(P <0.05) upregulated at all supplemental concentrations,
including hapB, pepA, brlA, tamA, pacC, creA and glaB.
CMC addition also caused the downregulation of niaD,
eglA and xinR. Despite differing CMC concentrations, the
expression of the creA gene remained relatively constant.
In essence, the strain remained in a carbon-repressed state
relative to the unsupplemented control. Pearson’s analysis
indicated that expression of a number of genes encoding
regulatory elements, namely areA, palA and tamA, were
negatively associated (P < 0.05) with protease, cellulase
and xylanase activity. Cellulase and xylanase activity were
negatively correlated (P < 0.05) with areA, palA, pacC,
tamA and eglA. Gene associations suggested a positive rela-
tionship (P < 0.05) among pacC, areA, palA and pepA.

Effect of ammonium phosphate supplementation
on transcriptional regulation of enzyme production

In the presence of ammonium phosphate, there was an
inverse relationship between cellulase and protease activity
(Fig. 5). With respect to protease activity, there was a
strong linear decrease with a significant difference
(P <0.05) recorded at 1 and 10% inclusion levels when
compared to the unsupplemented control. Cellulase activity
increased slightly from 1 to 5% and remained relatively
constant at a 10% (w/v) inclusion level. Xylanase activity
was statistically different (P < 0.05) to the control at all
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supplementation levels. It is also apparent that the inclusion
of ammonium phosphate caused the upregulation of the
majority of genes.

Statistical analysis using one-way ANOVA revealed that
a number of genes were significantly (P < 0.05) increased
at all additions, including hapB, palA, areA, brlA, niaD,
glaB and tamA. In addition, nutrient supplementation
resulted in an increase in pacC and creA gene expression
with increasing ammonium phosphate concentration, effect-
ing a change from a derepressed to a repressed state. In
terms of associations, protease and cellulase activity were
positively correlated (P < 0.05) with their associated gene
transcripts. This was the first instance noted in this study
where enzyme activity could be correlated with the corre-
sponding gene. In terms of relationships among regulatory
elements, areA was positively correlated (P < 0.05) with
hapB, palA, xInR, niaD and glaB, while negatively
(P < 0.05) with pepA and protease activity. It has been doc-
umented that areA is involved in controlling the expression
of some of these transcription factors [25, 26, 33]. palA was
negatively correlated with pacC and creA, while pacC was
positively associated with creA, tamA and eglA. In terms of
pH, Pearson’s analysis indicated that negative correlations
(P <0.05) were noted with briA, pacC, creA and tamA,
while a positive association was noted with eglA and
xylanase activity. In addition, pH was clearly associated
with protease activity and pepA expression (P < 0.05), as
evidenced by the decrease noted with increasing ammo-
nium phosphate concentration. Overall, the strain is in a
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nitrogen-repressed state, evidenced by the upregulation of
areA gene expression.

Effect of casein supplementation on transcriptional
regulation of enzyme production

As can be noted in Fig. 6, the majority of genes assessed
were upregulated following casein addition. With respect to
enzyme activity, protease remained at a relatively constant
level despite an increase in casein concentration. In addi-
tion, the protease-encoding transcript (pepA) was upregu-
lated with increasing casein concentration and therefore
had no association with the measured enzyme activity.
Similarly, cellulase activity decreased despite a dramatic
upregulation in eg/A gene expression with increasing casein
concentration. Xylanase activity remained relatively con-
stant, despite an increase in the expression of the x/nR regu-
latory factor being observed at the 5 and 10% (w/v)
inclusion levels, once again implying the involvement of
additional control mechanisms. Statistical analysis (ANOVA)
showed that areA, tamA, pepA and eglA genes were
positively influenced (P < 0.05) by increasing casein con-
centration, whereas brlA, pacC, creA and glaB expression
levels significantly (P < 0.05) decreased.

In terms of gene associations, Pearson’s correlation indi-
cated a number of relationships. areA was negatively
(P < 0.05) correlated with briA, palA, pacC, creA and glaB,
but positively with pepA, tamA, eglA and xInR. pacC was
negatively associated with pepA, but positively with creA.

In terms of pH, there was a negative association with pacC
and creA and a positive one with tamA and eglA. Overall,
with increasing casein concentration, the strain moved from
a nitrogen-derepressed to -repressed state as evidenced by
an increase in areA gene expression with increasing con-
centration.

Effect of peptone supplementation on transcriptional
regulation of enzyme production

The effect of peptone supplementation on transcriptional
regulation of enzyme production is represented in Fig 7. In
terms of enzyme activity, protease activity was significantly
(P < 0.05) downregulated with increasing peptone concen-
tration despite an increase in pepA gene expression. Xylan-
ase activity increased significantly (P <0.05) at all
inclusion levels, while expression of the regulatory factor
xInR increased from 1 to 5% (w/v); however, it did drop
slightly at 10% (w/v). Cellulase activity remained relatively
stable despite the upregulation of eglA gene expression
with increasing concentration. Statistical analysis
(ANOVA) revealed that the majority of genes were signifi-
cantly (P < 0.05) enhanced at all additions (1, 5 and 10%)
with increasing nutrient concentration. These included
palA, pepA, areA, brlA, tamA and eglA. In addition pacC
expression increased with increasing peptone concentration
and was significantly (P < 0.05) upregulated at the 10% (w/v)
inclusion level. Peptone addition at 1% (w/v) effected a
downregulation of the majority of regulatory elements,
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Fig. 6 Effect of casein concen-
tration on transcriptional regula-
tion of enzyme production.
Treatments with a superscript
(*) were statistically different
from the control (P < 0.05)

Fig. 7 Effect of peptone con-
centration on transcriptional reg-
ulation of enzyme production.
Treatments with a superscript
(*) were statistically different
from the control (P < 0.05)
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while increasing nutrient concentrations to 5 and 10% (w/v)
reversed this trend. The upregulation of areA at 5 and 10%
(w/v) would indicate that the organism was in a nitrogen-
repressed state. Overall, the addition of peptone resulted in
a reduction in protease activity, and potentially there may
be a very complex regulatory mechanism at work as pepA
transcription was increased but protease activity was
decreased.

Effect of yeast extract supplementation on transcriptional
regulation of enzyme production

Yeast extract addition brought about a downregulation of
the majority of genes at each supplemental level (Fig. 8).
An inverse relationship between xylanase and protease
activity was apparent (P < 0.05). In addition, there was a
trend towards increasing x/nR expression with increasing
activity, indicating that xylanase activity was regulated by
its corresponding activator at the level of transcription.
However, pepA gene expression was downregulated. Cellu-
lase production remained constant despite varying supple-
ment concentrations, and in addition, no relationship with
eglA gene expression was noted.

Statistical analysis revealed that there was a significant
increase in the expression of a number of regulatory ele-
ments with increasing nutrient concentration. These
included areA, briA, tamA, pacC and creA. In terms of gene

associations, pH was positively correlated (P < 0.05) with
numerous genes, including brlA, palA, pepA, pacC, creA,
tamA, xInR and xylanase activity. Protease activity had neg-
ative associations with areA, brlA, palA, pepA, pacC, creA
and tamA genes, and due to the inverse relationship, all
these factors were positively correlated with xylanase pro-
duction. In simple terms, in the presence of yeast extract, A.
oryzae M,K produced protease at the expense of xylanase,
and cellulase activity remained unaffected. Overall, the
organism remained in a carbon-derepressed and nitrogen-
derepressed state as evidenced by the downregulation of
creA and areA, respectively, compared to the unsupple-
mented control.

Discussion

Over the last decade, research has focussed mainly on gene
regulation in submerged fermentation (SmF); however,
with current production interests focussing more heavily on
SSF, intense efforts are being made to expand on the rela-
tively small amount of knowledge regarding cellular con-
trol of gene expression [48]. In this study, the expression
levels of 12 transcript genes were examined after the culti-
vation under SSF conditions. Following real-time PCR
analysis, it became clear that the mechanisms involved in
transcriptional regulation were quite complex. Gene
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expression analysis revealed that noticeable differences
existed between observed data generated during the course
of this work and the published research detailing control in
submerged fermentation.

Filamentous fungi can grow under varying environmen-
tal conditions and can utilise a wide variety of nutrients
including carbon, nitrogen and sulphur sources, and it is
widely known that these nutritional factors along with envi-
ronmental factors such as pH can affect enzyme secretion
[1]. Although the dominant factor in regulating these
parameters has been documented to be controlled at the
level of transcription, it became apparent in this study that
it is often not the main step involved in protein expression
and secretion in a fungal system. The regulation of gene
expression begins at the level of transcription of DNA into
mRNA [59]. The mRNA content of the cell will change as
different genes are expressed in response to external factors.
Although genes expressed within a cell are an indication of
the proteins being produced, they may not necessarily refl-
ect protein function. During the passage of protein secre-
tion, proteins are subjected to various post-translational
modifications, which play a crucial role in protein structure,
stability and function. Major modifications can include the
formation of disulphide bridges, proteolytic cleavage and
glycosylation [43, 60]. Recent studies have led to the iden-
tification of over 300 post-translational modifications, and
in addition many of these are regulatory and reversible
[61]. However, an understanding of these regulatory mech-
anisms is still in its infancy in solid-state cultivation.

In terms of this study, it was apparent that there was no
association between the majority of enzyme activities and
their corresponding gene transcripts following nutrient sup-
plementation. The only exception to this was following
ammonium phosphate addition whereby all enzymatic
activities could be positively correlated with the associated
gene. It is understood that an increase or decrease in tran-
scription does not necessarily result in an increase or
decrease of the corresponding protein encoded by that gene
[62]. Therefore, in this case, other mechanisms of regula-
tion were potentially highly influential on protein produc-
tion.

In addition to analysing gene transcripts and their corre-
sponding hydrolase activities, statistical analysis including
Pearson’s correlation and ANOVA (analysis of variance)
were also used and produced results not commonly associ-
ated with SmF. It has been documented that the production
of protease activity in SmF is regulated by pH, which is
mediated by the pacC/palA signalling pathway [63]. How-
ever, following glucose supplementation there was a
decrease in protease activity from 5% (w/v) to 10% (w/v)
despite an increase in the pH regulated transcripts, namely
pepA, pacC and palA. In terms of associations following
D-mannitol supplementation, Pearson’s analysis indicated that
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tamA gene expression was negatively correlated with protease
activity (P < 0.05), although there was no noted effect
on areA, which would have been anticipated as tamA has
been suggested as a coactivator of areA [22]. These find-
ings again indicate the complexity of the mechanisms gov-
erning transcriptional regulation in SSF. In terms of CMC
addition, derivatives of cellulose including carboxymethyl
cellulose (CMC) have been widely documented as a suffi-
cient carbon source for the production of cellulase enzymes
and have also been reported to induce cellulase genes [64].
Pearson’s analysis indicated that cellulase and xylanase
activity were negatively correlated (P < 0.05) with areA,
palA, pacC, tamA and eglA. This may imply that the main
contributors towards controlling cellulase and xylanase
activity were the effect of the areA/tamA interaction and
pH. In Aspergillus, secreted cellulases are affected by both
the carbon and nitrogen source present in the medium and
therefore are regulated directly and/or indirectly by the car-
bon metabolism regulator CreA and the global nitrogen
metabolism regulator, AreA. The putative regulatory
regions of the genes controlling cellulase and xylanase
activity contain potential binding sites for creA and areA;
therefore, in this case areA could have had more of an influ-
ence on enzyme activity [19]. Obviously this would require
further studies to validate this hypothesis. In addition, fol-
lowing CMC supplementation protease activity decreased
despite an upregulation of pepA implying the involvement
of other mechanisms not included in this study. The pepA
gene is the main gene involved in the regulation of extracel-
lular protease activity; however, in this case an upregula-
tion in transcription levels did not result in an increase in
enzymatic activity. Positive gene associations outlined in
the “Effect of CMC supplementation on transcriptional reg-
ulation of enzyme production” section may imply that pH
played a role in stimulating transcription of areA and tamA,
thus negatively affecting protease production. However,
given that the pepA transcript was upregulated relative to
the unsupplemented control, it is unlikely that areA and
tamA negatively affected protease activity, as their affects
are known only at a transcriptional level. Other elements
involved in post-transcriptional and translational control
must clearly be involved.

Despite the positive relationship between protein produc-
tion and gene transcript expression following ammonium
phosphate addition, statistical analysis revealed results that
were not anticipated, including niaD not being downregu-
lated. niaD is a structural gene involved in the nitrate assim-
ilation pathway and is subject to repression by nitrogen
metabolism in the presence of the preferred nitrogen source
such as ammonium,; it is generally only expressed when the
less favoured source is available [65]. In addition, it has
recently been shown that niaD can become very unstable in
the presence of ammonia or glutamine [66].
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Following casein supplementation cellulase activity
decreased dramatically despite an upregulation in eg/A
gene expression. This may have been influenced by XInR
as mechanisms involving this transcription factor are
shared among cellulases and xylanases in Aspergillus. It is
therefore possible that xinR affected cellulase production
[41]. It is also worth noting that the shared relationship
between cellulase and xylanase strengthens the hypothesis
that there is an evolutionary analogy between the regulation
of these enzyme systems [67]. It has also been shown that
casein as a nitrogen source is a sufficient inducer of proteo-
lytic activity in submerged fermentation [47]; however, this
did not appear to be the case in this instance because of the
reduction in protease levels with increasing concentration.
In relation to yeast extract supplementation is a mixed car-
bon and nitrogen source and therefore may effect transcrip-
tional regulation in a manner different than only carbon or
nitrogen supplementation. This again underlines the com-
plexity of growth in solid-state fermentation and more
importantly how nutritional supplementation may not
always be beneficial in terms of enzyme productivity.

Conclusion

In summary, this study revealed the limited knowledge sur-
rounding gene regulation of hydrolase enzymes under SSF
conditions. The conditions for growth of A. oryzae differ
between SSF and SmF in many aspects, including gradients
of nutrients, oxygen, temperature and water availability,
and consequently differences in transcriptional regulation
must be expected [68]. Although this research did show
that the regulation of some genes could be influenced by
carbon and nitrogen addition, a full understanding of the
mechanisms involved remains unclear. Throughout this
research, mechanisms involved subsequent to transcription
appeared to play a far greater role in regulating enzyme
production than were previously detailed. No clear link can
be made between the transcriptional elements involved in
regulation and the noted enzyme activities even though in
submerged fermentation these elements have been shown
to directly regulate enzyme activity [5, 19, 69]. To develop
a more comprehensive understanding of the mechanisms
involved in transcriptional regulation of SSF processes, it
would be necessary to consider not only transcriptional but
also translational and post-translational regulation. Clearly
from this work the latter two mechanisms must play a far
greater role in enzyme regulation than noted in classical
submerged fermentation.

In the past, mechanisms for studying gene regulation in
SSF have been hampered as agri-industrial substrates such
as wheat bran, rice bran, silage, corn and apple pomace con-
tain plant polyphenols and polysaccharides, which are

known to inhibit PCR and reverse transcription (RT)-PCR
[70]. Currently, tremendous strides are being made in our
understanding of gene regulation largely because of the
powerful combination of genetics, biochemistry and molec-
ular approaches and the isolation and characterisation of reg-
ulatory and structural genes and their protein. The insight
into the mechanisms controlling the regulatory circuits will
aid in SSF process design and optimisation in areas such as
strain improvement, solid substrate engineering and process
control. In addition, further understanding will enhance pro-
tein secretion levels in important industrial species such as
Aspergillus using solid-state fermentation conditions. Thus,
over the next few years the perspective that SSF will gain in
significance in the industrial production of enzymes among
other important products is warranted.
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