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Abstract

Background: The filamentous fungus, Aspergillus niger, responds to nutrient availability by modulating secretion
of various substrate degrading hydrolases. This ability has made it an important organism in industrial production
of secreted glycoproteins. The recent publication of the A. niger genome sequence and availability of microarrays
allow high resolution studies of transcriptional regulation of basal cellular processes, like those of glycoprotein
synthesis and secretion. It is known that the activities of certain secretory pathway enzymes involved N-
glycosylation are elevated in response to carbon source induced secretion of the glycoprotein glucoamylase. We
have investigated whether carbon source dependent enhancement of protein secretion can lead to upregulation
of secretory pathway elements extending beyond those involved in N-glycosylation.

Results: This study compares the physiology and transcriptome of A. niger growing at the same specific growth
rate (0.16 h'') on xylose or maltose in carbon-limited chemostat cultures. Transcription profiles were obtained
using Affymetrix GeneChip analysis of six replicate cultures for each of the two growth-limiting carbon sources.
The production rate of extracellular proteins per gram dry mycelium was about three times higher on maltose
compared to xylose. The defined culture conditions resulted in high reproducibility, discriminating even low-fold
differences in transcription, which is characteristic of genes encoding basal cellular functions. This included
elements in the secretory pathway and central metabolic pathways. Increased protein secretion on maltose was
accompanied by induced transcription of > 90 genes related to protein secretion. The upregulated genes encode
key elements in protein translocation to the endoplasmic reticulum (ER), folding, N-glycosylation, quality control,
and vesicle packaging and transport between ER and Golgi. The induction effect of maltose resembles the unfolded
protein response (UPR), which results from ER-stress and has previously been defined by treatment with
chemicals interfering with folding of glycoproteins or by expression of heterologous proteins.

Conclusion: We show that upregulation of secretory pathway genes also occurs in conditions inducing secretion
of endogenous glycoproteins — representing a more normal physiological state. Transcriptional regulation of
protein synthesis and secretory pathway genes may thus reflect a general mechanism for modulation of secretion
capacity in response to the conditional need for extracellular enzymes.
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Background

The black-spored mitosporic fungus, Aspergillus niger, is
specialized to grow on plant cell wall- and storage-
polysaccharides such as xylans, pectins, starch and inulin
[1,2]. It does so by secreting high levels of a wide range of
substrate degrading enzymes into its habitat. Enzyme
mediated degradation of plant polysaccharides results in
liberation of monomeric carbohydrates, which are effi-
ciently taken up and metabolised by the fungus. The
inherent high enzyme secretion capacity of A. niger and its
high productivity of organic acids, like citric acid, has
made it an interesting organism to study processes such as
protein production and primary metabolism [3,4]. Mem-
bers of the genus Aspergillus, including A. niger, are also
reputed for biosynthetic potential of a variety of mycotox-
ins [5], such as the carcinogenic aflatoxins [6,7] and
ochratoxins [8] and, as discovered recently in A. niger, also
the carcinogenic fumonisins [3,9].

In eukaryotic cells, protein secretion involves ER-associ-
ated translation, folding and modification of proteins,
which are then transported via vesicles to the Golgi appa-
ratus or other compartments for further modification. The
mature glycoproteins are finally transported with secre-
tory vesicles to the cell membrane and secreted into the
environment. The components and mechanisms of the
secretory pathway in eukaryotes are highly conserved.
Main elements of the secretory pathway in fungi and
mammals are described in recent reviews [10-13]. A
genomic comparison of genes encoding secretory path-
way components in A. niger, Saccharomyces cerevisiae and
mammals has not revealed major differences in the
number of genes involved in protein secretion and the
analysis did not explain why A. niger is a more efficient
secretor of extracellular proteins than the yeast S. cerevisiae
[3]. However, it has been shown that activity of certain
secretory pathway enzymes involved N-glycosylation is
elevated in response to overexpression of the glycoprotein
glucoamylase in A. niger [14]. There is also a positive cor-
relation between glucoamylase expression and activity of
glycosylation enzymes when comparing growth on malto-
dextrin, which induces glucoamylase expression, to
growth on xylose, which is a non-inducing carbon source
[14]. These observations suggest that A. niger can adapt
the activity of at least parts of its secretory pathway to han-
dle the increased load of secreted proteins induced by a
given environment. In the present work, we have investi-
gated whether carbon source dependent enhancement of
protein secretion can lead to upregulation of secretory
pathway elements, which extend beyond those involved
in N-glycosylation.

Consequently, we have compared transcriptomic profiles
of A. niger cultures, expressing the endogenous glucoamy-
lase gene, growing on a glucoamylase-inducing carbon
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source, maltose, to profiles from cultures growing on
xylose (non-inducing). We have used carbon-limited che-
mostat cultivation to control the specific growth rate ()
during growth on the two different carbon sources and to
obtain highest reproducibility in well defined culture con-
ditions.

We show that the rate of protein secretion is 2-3 times
higher on maltose compared to xylose, and that the
increased protein secretion by A. niger on maltose is
accompanied by upregulation of transcription of more
than 90 genes encoding elements of the secretory path-
way. Most of the upregulated secretory pathway elements
reside in the ER or are involved in vesicle trafficking
between ER and Golgi. The transcriptional response to
maltose resembled the unfolded protein response (UPR)
induced by diverse types of artificial ER-stress [15]. We
suggest that the transcriptional regulation of the secretory
pathway is part of a physiological mechanism, which has
evolved to allow varying output of substrate degrading
enzymes.

Results and discussion

Physiology of xylose- or maltose-limited chemostat
cultures of A. niger

Steady state cultures, growing on xylose or maltose, were
homogenous and characterized by dispersed filamentous
hyphae (Fig. 1), and during the whole cultivation only
minimal amount of biomass adhered to surfaces in the
reactor (< 0.5 g dry biomass in the end). Carbon was
accounted for in carbon balances of the influent medium
and effluent culture broth and exhaust gas. The carbon-
recoveries were approximately 100% (Table 1), thus vali-
dating that p was equal to the dilution rate (D = 0.16 h-1)
in all 12 steady state cultures. In addition, the relatively
large volume (4.3 1) and steady-state biomass concentra-
tion of the cultures allowed sampling of sufficient mate-
rial for analyses without perturbations of the steady state.

Growth physiology of two A. niger strains was evaluated
from triplicate chemostat cultures. The duration of initial
xylose-grown batch cultures was approximately 21 h, fol-
lowed by approximately 63 h of continuous cultivation.
After five volume changes (5 x D!) of xylose-limited
growth, the xylose-containing growth medium was
replaced with a medium containing maltose. Growth was
then followed for another five residence times. As shown
in Fig. 2, the shift of carbon source led to a transient
decrease of the biomass concentration, indicating that the
cells were unable to grow at the same specific growth rate
on maltose during the first hour after the shift. Once the
metabolic machinery necessary for consumption of mal-
tose was induced, growth rate increased and approxi-
mately eight hours after the shift the biomass
concentration stabilized at a new steady state value. RNA
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Table I: Physiology in chemostat culture.
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C-source Strain cbiomass cxylosel Yxls Yx/C qco2 902 RQ Qprotein-EC C-
(gDW kg-l) maltose (gDW (gDWgcarbon (mmOI g-l (mmOI g (mg gl h-l) recovery
(“’M) 8substrate” . I) h-! ) 'h- I) (%)
Xylose AB94-85 406 +£007 2336 054+002 135+0.04 340%0.I1 336%0.14 1.0l%0.02 06800l 98 +2
ABGTI02 396+007 256+18 053+001 132+003 341 +0.10 342+0.10 1.00+£0.0l 0.72+0.02 101 £3
6
Maltose AB94-85 3.68 1605 0.52+0.0l 123 + 292 % 3.38+0.14 0.87 1.98 + 101 £ 1
0.08* 0.03* 0.05* 0.05* 0.28*
ABGTI02 3.68 £ 158 £24 0.52 +0.02 123 + 284 + 3.57+0.27 0.80 = 1.69 = 97 +2
6 0.12* 0.04* 0.17* 0.10* 0.24*

Steady state results of chemostat cultures with xylose or maltose as growth-limiting substrates. Standard deviations ( + ) are given for mean values
of triplicate independent steady state results. Cy,,s, dryweight biomass concentration; C,y\ose/matcoser €ONCeNtration of substrate (NB: maltose as
glucose equivalents); Y., growth yield on substrate; Y, ., growth yield on substrate carbon; qcq,, specific carbon dioxide evolution rate; qp,,
specific oxygen consumption rate; RQ, respiratory quotient calculated as the ratio of C, production and O, consumption rates; q,oein.ecr SPecific
production rate of extracellular protein; C-recovery, carbon recovery. Two-tailed t-tests were used to evaluate significance (p < 0.05) of
differences in each column (except substrate concentration and carbon recovery).

* results are significantly different from unmarked results in the same column.

T substrate concentration on maltose is given as concentration of glucose released into filtrate after incubation with o-glucosidase.

for transcriptome analysis was isolated from steady state
cultures on xylose or maltose after at least four residence
times on each carbon source. Growth profiles and sam-
pling events are shown in Fig. 2.

The results listed in Table 1 summarize steady state phys-
iology of xylose- and maltose-limited chemostat cultures.
The reproducibility of the triplicate cultures was very high.
The coefficient of variation (CV) of steady state biomass
concentrations was approximately 0.02 for both carbon
sources. While replicate variability was low, there were
marked differences between cultures grown on xylose or
maltose. Notably, specific productivity of extracellular

Figure |

protein (qprorein-pc) Was 2 to 3 fold higher on maltose than
on xylose, indicating increased protein-secretory activity
of maltose-limited cultures. The biomass yield on carbon
(Y,c) was lower on maltose, probably at the expense of
increased product formation. The carbon concentration in
the culture filtrate and the acidification rate of maltose-
limited cultures were higher compared to xylose-limited
cultures (results not shown). These observations, taken
together with a respiratory quotient (RQ) lower than 1 of
maltose-limited cultures, most likely reflect higher pro-
ductivity of organic acids in addition to increased protein
secretion on maltose.
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Morphology of mycelium in chemostat cultures of A. niger. (A) Steady state on xylose (50 h). (B) Steady state on mal-

tose (80 h).
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Growth profiles of triplicate A. niger AB94-85 (A) and ABGT 1026 (B) chemostat cultures, Dry weight biomass

concentration (gDW kg!) as a function of time (h) illustrates growth of three replicate cultures (open square, circle and trian-
gle). Dot-line indicates start of continuous cultivation — exit from batch culture. Dash-line represents the switch to maltose as
carbon source after 5 RT with xylose as the growth-limiting substrate. Arrows indicate time-points, where mycelium was har-

vested for transcriptomic analysis.

Reproducibility of steady state gene-expression
Microarray analysis revealed, that less than 50% of the
14,165 predicted open reading frames (ORF) were tran-
scribed on any of the two substrates, xylose or maltose
(raw signal intensities and detection calls for all genes are
given in [Additional file 1]). The high reproducibility of
replicate chemostat cultures was reflected by a very low
degree of replicate variation in transcript levels (Fig. 3).
The average CV of all genes expressed was 0.14-0.15 and
0.17-0.22 in triplicate xylose- and maltose-limited chem-
ostat cultures, respectively. This is fully comparable to the
level of reproducibility reported for genome-wide tran-
scription in chemostat cultures of S. cerevisiae [16]. A
closer look at some (14) of the genes with most variable
transcript level on maltose, reveals interesting correlations
(Fig. 3B, D). Five of the genes are involved in metabolism/
degradation of xylose or xylans and had varying transcript
level in replicate cultures. Transcription of xylose-related
genes, in absence of xylose, indicates derepression or
influence of previous growth conditions under xylose-
limitation, where all five genes were highly expressed.
However, after 25 h or 4 residence times (RT) of continu-
ous cultivation with maltose, more than 98% of the cul-
ture from xylose-limited steady state had been removed
and any residual xylose depleted.

Nine other genes with a CV higher than 1 were all more
expressed in a replicate culture of AB94-85 (culture "#95")
on maltose. These genes are all part of the putative fumon-
isin gene cluster in A. niger [3]. In total, twelve genes in the
fumonisin gene homolog cluster were expressed on mal-

tose [see Additional file 2]. This appears to correspond to
all homologous genes needed for biosynthesis of fumon-
isins in Fusarium verticillioides. Recently, Frisvad et al. [9]
reported of fumonisin B2 production by progenitors of
three genome sequenced A. niger strains, including the
source of the strains in this study (A. niger N400). The var-
iable transcription of homologs in a putative mycotoxin
gene cluster demonstrates the need for careful evaluation
of a given strain s mycotoxin-producing ability.

Carbon source dependent gene expression

Analysis of variance (Two-Way ANOVA) identified
approximately 1,250 genes differentially expressed (sig-
nificance: p < 0.005) in response to the carbon source,
xylose or maltose, and independent of strain background
[see Additional file 3]. Transcription of 57% of these were
higher on maltose compared to xylose in steady state cul-
tures. Most changes in gene expression were characterized
as low-fold differences; for expression of about 890 genes
the difference was less than 2-fold. Low-fold differences (<
2) are often precluded from studies due to limitations set
by sample size and reproducibility. Generally, one would
expect that differences in transcript levels of genes encod-
ing basal functions and elements of basal pathways con-
sisting of many interdependent processes will be small.
Transcription of genes encoding functions specific to one
condition display high-fold differences, as evidenced by
genes involved in conversion of the sole carbon source,
xylose, to the pentose phosphate pathway intermediate,
xylulose-5-phosphate (Table 2), whereas central meta-
bolic processes, also needed in the other condition
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Signal intensity variation among replicate cultures. Variation is expressed as coefficient of variation (CV) of mean signal
intensities of independent triplicate measurements, and shown for steady-state gene-expression of xylose- (A, C) and maltose-
limited (B, D) cultures of AB94-85 and ABGT 1026. Only genes with Detection call Marginal or Present in at least one of three
measurements are shown (expressed genes). Blue and red circles and identifiers indicate maltose-expressed genes involved in
xylose/xylan catabolism and clustered fumonisin biosynthesis gene homologs, respectively.

(growth on maltose) are characterised by low-fold differ-
ences. The latter is exemplified by the low but significant
differences in transcription of genes in the pentose phos-
phate pathway itself (Table 2). Large differences are also
found when comparing transcript levels of genes encod-
ing extracellular enzymes, expression of which are specif-
ically induced by particular carbon sources (Table 3).
Whereas the basal process of protein secretion is governed
by a multitude of proteins and protein complexes, many
of which are conditionally expressed, but only with small
differences in transcript level (Table 4). A solid context of
identical specific growth rates has allowed us to study
such small, but significant, differences in gene expression

between two similar growth conditions. Andersen et al.
[4] defined, for three Aspergillus species (incl. A. niger), a
conserved transcriptional response to xylose as carbon
source compared to glucose (degradation product of mal-
tose). This list does not include pentose phosphate path-
way (PPP) genes, showing that the substrate-effect on
expression of these genes may be specific for A. niger or
simply that it is difficult to observe such effects without
control of the specific growth rate.

Using the FunCat annotation tool [3,17], an overview of
up- or down-regulation of major functional classes during
maltose-limitation (compared to xylose-limitation) is

Page 5 of 16

(page number not for citation purposes)



BMC Genomics 2009, 10:44

http://www.biomedcentral.com/1471-2164/10/44

Table 2: Xylose utilisation metabolic genes with significantly higher expression on xylose compared to maltose.

ORF gene name  encoded enzyme (homolog) fold difference signal xylose ~ SD Signal maltose SD [ FDR

Xylose conversion:

An01g03740 xyrA D-xylose reductase 15.9 9,267 511 1,048 1,033  4.1-10-3 4.5-102

An07g03140 xylulokinase (Xks| — S. cerevisiae) 16.0 916 103 58 34 2310 1.3-10°3
Pentose phosphate pathway — nonoxidative phase:

An08g06570 transketolase (Tkll — S. cerevisiae) 1.4 5410 439 3,522 448 16104 47-103

An07g03850 transaldolase (Tall — S. cerevisiae) 1.4 5127 615 3,257 566 1.6:104  47-103

An07g03160 transaldolase (TalB — Synechocystis sp.) 8.9 551 32 60 26 2.1-10° 1.2:10°3
Glycolysis/gluconeogenesis:

An16g05420 glucose-6-phosphate isomerase 1.7 1,481 278 789 61 25103 32102

(Pgil - S. cerevisiae)

Pentose phosphate pathway — oxidative phase:

An02g12140 gsdA glucose-6-phosphate dehydrogenase 1.5 1,588 159 966 I 45105 20103

ORF = identifier for open reading frame in A. niger CBS513.88 genome sequence [3]; gene name in A. niger; enzyme encoded by ORF (gene product and species name in
parenthesis indicate closest ORF-homolog with characterized function); fold difference reflects ratio of normalized transcript levels on xylose compared to maltose (xylose/
maltose); mean signal values of six experiments on each carbon source and standard deviations (SD) is given in Affymetix units; significance of each observation is given by p-

value (p) and the Benjamini-Hochberg false discovery rate (FDR).

given in Fig. 4A. "Metabolism (01)" and "Transport facil-
itation (67)" were represented as two major functional
classes with differentially expressed genes, reflecting need
for uptake and metabolism of two different carbon
sources. The efficient energy-metabolism on xylose, evi-
dent from the high biomass yield and high specific oxygen
consumption rate of xylose-limited cultures (Table 1),
may be rooted in enhanced expression of genes encoding
glucose-6-phosphate dehydrogenase, xylose conversion
enzymes and the nonoxidative phase of pentose phos-
phate pathway (Table 2).

In the carbon metabolism category were also genes encod-
ing secreted carbohydrases (Table 3). Highly expressed
genes on maltose include genes encoding the acid amy-

Table 3: The 10, most highly and differentially expressed, secreted-

lase (AamA), glucoamylase (GlaA) and the alpha-glucosi-
dase (AgdA), enzymes which have also been identified as
highly induced genes, when grown on maltose in batch
cultures [18]. On maltose, glaA displayed the highest tran-
script level of all genes. Array signals and Northern blot
analysis indicated that probes for glaA were saturated,
resulting in an underestimation of fold difference [see
Additional file 4]. The list of highly-induced genes on
xylose, contains enzymes involved in xylan degradation.
Induction of xInD, eglA and aguA by xylose in a XInR-
dependent way have been described [19]. High expression
of axIA on xylose supports its proposed function as an
alpha-xylosidase [18]. Strong induction of xynB on xylose
has not been reported before, but its function as an endo-
xylanase fits well with its expression profile.

carbohydrase genes on xylose or maltose.

ORF gene name encoded enzyme (homolog) fold difference  signal xylose SD  signal maltose SD p FDR

High expression on maltose (maltose/xylose):

An03g06550 glaA glucoamylase 35 4,175 574 *12,892 805 1.8:108 45:10°
An04g06920 agdA extracellular alpha-glucosidase 25.0 468 54 10,460 1,117 6.810-'2 85-108
Anl1g03340 aamA acid alpha-amylase 100.5 37 I 3202 356 3.6-10-'0 1.1-10®
An09g00260 aglC alpha-galactosidase 4.9 450 6l 1,973 310  1.8:108 1.4-105
An12g08280 inul extracellular exo-inulinase 252 57 9 1,279 44 9.9-10-'0 2.4-10¢
High expression on xylose (xylose/maltose):

An01g00780 xynB endo-1,4-xylanase 223 7,846 1,169 422 346 1.5:104 4.6103
An01g09960 xInD xylosidase 433 5260 205 182 185 1.7:104 5.1-103
An4g02760 eglA endo-glucanase 8l1.3 4,079 476 56 47  4.0-107 I.1-104
An14g05800 aguA alpha-glucuronidase 45.0 3,619 433 8l 45  1.4-10¢ 2.2-104
An09g03300 axIA alpha-xylosidase 10.3 3,365 529 438 398 25103 3.2:102

ORF = identifier for open reading frame in A. niger CBS513.88 genome sequence [3]; gene name in A. niger; enzyme encoded by ORF (gene product
and species name in parenthesis indicate closest ORF-homolog with characterized function); fold difference reflects ratio of normalized transcript
levels (maltose/xylose or xylose/maltose); mean signal values of six experiments on each carbon source and standard deviations (SD) is given in
Affymetix units; significance of each observation is given by p-value (p) and the Benjamini-Hochberg false discovery rate (FDR).

*signal of An03g06550-probeset appears saturated, leading to underestimation of glaA-transcription in maltose-limited chemostat cultures.
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Table 4: Differential expression of secretory pathway genes.

ORF gene name  homologous protein in S. cerevisiae fold difference maltose/xylose p FDR
Translocation to ER:
An07g05800 SRP14 (YDL092w) - signal recognition particle SU 1.3 1.7-104  4.9-103
Anl5g06470* signal sequence receptor, aSU (Botryotinia fuckeliana) 1.7 1.6:10  [1.1-103
An03g04340 SEC61 (YLR378c) - SEC61 complex SU 1.7 2.1-10%  1.2:103
AnOlgl 1630* SSS1 (YDRO86c) — SEC61 complex SU 1.5 1.1-103  1.8-102
An0lgl3070* SEC63 (YOR254c) - SEC63 complex SU 1.6 6.9-10° 2.7-103
An02g01510 SEC62 (YPL094c) — SEC63 complex SU 1.7 1.5-103  2.3-102
An|6g08830* SEC66 (YBR171w) — SEC63 complex SU 1.8 3.5-104  83:103
Cleavage of signal sequence:
Anl6g07390 SPC2 (YMLO55w) - signal peptidase complex SU 1.7 2.5-105 14103
An09g05420** SPC3 (YLRO066w) - signal peptidase complex SU 1.7 2.1-10%  1.2103
An01g00560* SECI1 (YIR022w) — signal peptidase complex SU 1.7 1.7-103  2.5:-102
Glycosylation:
Anl6g04330 DPMI (YPRI183w) - dolichol phosphate mannose synthase 1.6 23-105  1.3:103
An14g00270 dolichyl-phosphate mannosyltransferase (B. fuckeliana) 1.4 75104 14102
An03g044|0** ALGS5 (YPL227c) — dolichyl-phosphate glucosyltransferase 1.6 2.8-104  7.2:103
An02g03240* ALG7 (YBR243c) — N-acetyl-glucosaminephosphotransferase 1.7 22:104  6.0-103
An14g05910* ALG2 (YGL065c) — mannosyltransferase 1.9 1.3:103  2.1-102
An04g03130 mannose-phosphate-dolichol utilization protein (Mus musculus) 1.6 2.1-104  57-103
An08g07020 ALG9 (YNL219c) — mannosyltransferase 1.4 42103 4.6-102
An02g12630 ALG6 (YOR002w) — glucosyltransferase 1.3 1.7-103  2.5-102
An02g14940* RFTI (YBL020w) - flippase 1.5 7.6:105 28103
An02g14560* OSSJI (YJLO02c) - oligosaccharyltransferase complex, 1.7 1.7:10¢  5.0-103
o
An07g04190* EZSPI (YELO002c) - oligosaccharyltransferase complex, 1.7 1.2:104 3.8:103
Anl8g03920* OSZTZ (YORI103c) - oligosaccharyltransferase complex, 1.5 14104  4.4-103
€
An02gl14930 OstT3 (YORO085w) - oligosaccharyltransferase complex, 1.5 9.7:10°  3.4-103
¥
Anlé6g08570 g'lI;T3 (YGLO022w) - oligosaccharyltransferase complex, 1.7 4.1-10°%  1.9-103
An04g06990 MNSI (YJR13Iw) — class | a-mannosidase 1.3 2.0-103 28102
An06g01510 class | a-mannosidase (Aspergillus fumigatus) 1.7 2.1-104 57-103
An12g00340 ER glucosyl hydrolase, Edem (A. fumigatus) 1.4 1.0-103  1.7-102
An07g04940 HOCI (YJRO75w) - a-1,6-mannosyltransferase 1.5 1.9-105 1.2:10°3
Anl6g08490 PMT4 (Y)JR143c) - O-mannosyltransferase 1.3 1.5-104  4.7-103
Anl5g04810 MNT2 (YGL257c) — a-1,3-mannosyltransferase 0.7 14103 2.2-102
An08g04450 GDAI (YELO24w) — guanosine diphosphatase 1.3 7.7-104 14102
Folding:
An02g14800* pdiA PDII (YCLO043c) - protein disulfide isomerase 1.8 I.1-10%  3.6-103
An02g05890 epsA thioredoxin domain protein, TXNDCS5 (Homo sapiens) 1.3 1.3:103  2.1-102
An8g02020* tigA protein disulfide isomerase 1.6 2.3-104  6.1-103
An01g04600** prpA MPDI (YOR288c) — protein disulfide isomerase 1.9 6.0-104 1.2:102
An16g07620%* EROI (YMLI30c) — thiol oxidase 1.5 3.1-103  2.1-102
An18g04260* HUTI (YPL244c) - UDP-galactose transporter 1.6 1.5-104  4.6:103
An08g07810 FADI (YDLO045c) — FAD synthase 1.3 1.3:103  2.1-102
Anl1g04180** bipA KAR2 (YJL034w) - ER chaperone 22 5.0-10°% 22-103
An18g06470 ERJ5 (YFRO4Ic) — ER located DNA-] protein 1.5 34104  82:103
An01gl3220%* LHS! (YKLO73w) — ER lumen Hsp70 chaperone 1.9 28:104  7.1-103
An01g06670 FPR2 (YDR519w) — peptidyl-prolyl isomerase 1.7 1.9-103  2.7-102
Trimming and quality control of N-glycosylated folded proteins:
Anl5g01420* CWHA4I1 (YGLO027c) - alpha glucosidase | 1.7 3.3-106 3.8:104
An09g05880 ROT2 (YBR229c) - glucosidase Il, aSU 1.5 I.1-105 85104
Anl3g00620* GTBI (YDR221w) - glucosidase Il, BSU 1.7 26:10° 14103
An01g08420+* clxA CNEI (YALO058w) - calnexin 23 6.5-10¢ 58104
Vesicular transport of proteins between ER and Golgi:
An04g00360 SECI3 (YLR208w) — COPII complex SU 1.4 22:10%  1.3-103
An02g01690 SEC31 (YDLI95w) — COPII complex SU 1.6 2.7-104  7.0-103
An08g10650 SEC24 (YIL109c) — COPIl complex SU 1.5 1.6:103  2.3-102
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An01g04730 SEC23 (YPRI8Ic) - COPII complex SU 1.6 14104  43-103
An08g03590 EMP24 (YGL200c) — COPII vesicle membrane component 1.4 28103 34:102
An04g01780 ERPI (YAR002c-a) — COPII vesicle component 1.5 1.3-103  2.1-102
An09g05490 ERP3 (YDLOI8c) — p24 family protein 1.5 1.3-104  4.1-10°3
An04g08830 EMP47 (YFL048c) — COPII vesicle membrane component 1.4 1.2:105  89-104
An08g03960 ERV29 (YGR284c) - glycoprotein cargo receptor 1.5 2.1-10%  1.2103
An02g04250* vesicular integral-membrane protein (Pyrenophora tritici- 1.6 7.6:105 28103
repentis)

An07g09960 BET! (YILOO4c) — v-SNARE 1.3 5.0-103 5.1-102
An07g02170 BOSI (YLRO078c) — v-SNARE 1.4 1.8:103  2.6:102
An08g06780* USOI (YDLO58w) — SNARE complex assembly protein 1.8 22104  6.0-103
An02g06870 RADS50-interacting protein | (M. musculus) 1.2 2.3-103  3.0-102
An04g01990 centromere protein ZW 10 (Gallus gallus) 1.3 I.1-103 18102
An04g08690 GSGI (YDR108w) — TRAPP complex SU 1.3 4.9-103  5.0:102
An04g06090 BET4 (YJLO3 I c) — geranylgeranyltransferase, o SU 1.5 8.1-10¢ 6.8-104
An03g04940** ERV41 (YMLO067c) - involved in COPII vesicle fusion 2.1 1.2:105  9.0-104
An01g04320* ERV46 (YAL042w) - involved in COPII vesicle fusion 1.8 1.7-10%  [1.1-103
An08g00290 RUD3 (YOR216c) - Golgi-matrix protein 1.4 2.8-105  1.5-103
An08g03690 ARF2 (YDLI137w) — ADP-ribosylation factor 1.3 1.8:105 1.1-103
An07g02190 SEC7 (YDR170c) — guanine nucleotide exchange factor 1.3 2.7:103  3.4-102
An18g02490 GEA2 (YELO022w) — guanine nucleotide exchange factor on ARF 1.3 6.8:104  1.3-102
Anl6g02460 COPI (YDLI145c) - COPI complex, o SU 1.4 35105 1.7-103
An07g06030 SEC21 (YNL287w) — COPI complex, y SU 1.4 2.9-10%  1.5-103
An08g06330 SEC28 (YIL076w) — COPI complex, ¢ SU 1.5 32:10°  1.6:103
An08g03270 SEC26 (YDR238c) - COPI complex, 3 SU 1.4 1.8-104 53-103
An02g05870 SEC27 (YGLI37w) — COPI complex, ' SU 1.5 54-104 1.1-102
An02g02830 RERI (YCLO00Iw) - retention of ER membrane proteins 1.3 I.1-104  3.8:103
An04g05250* RER2 (YBR0O2c) — retention of ER membrane proteins 1.2 3.7-103  4.2:102
An07g07340 ERD2 (YBL040c) - ER retention HDEL-receptor 1.4 I.1-104  3.8:103
Other processes in the secretory pathway:

Anl1g02650 AGE2 (YIL044c) — ARF GTPase activating protein effector 1.1 3.6:103  4.0-102
An16g03590 SEC14 (YMRO79w) — phosphatidylinositol/-choline transfer protein 1.2 3.3-103  3.8:102
An04g02070 CHCI (YGL206c) — clathrin, heavy chain 1.2 2.7-103  34-102
An16g02490 APL2 (YKLI35c) — B-adaptin 1.5 33103 3.8102
Anl6g03010 VPS4 (YPR173c) — vacuolar protein sorting AAA-ATPase 0.8 3.1-103  3.7:102
An02g05380 VPS33 (YLR396c) — vacuolar protein sorting 1.3 25104 65103
Anl4g05130 VPS16 (YPLO45w) — vacuolar protein sorting 0.8 4.0-103 4.4-102
An01g02910 VPS52 (YDR484w) — vacuolar protein sorting 1.4 4.2:103  4.6°102
An02gl 1720 AMS| (YGLI56w) — vacuolar o-mannosidase 0.8 2.3:103  3.0-102
An06g01200 EMP70 (YLRO83c) — conserved endosomal membrane protein 1.3 3.2-104 78103
An03g06900 SEC10 (YLR166c) — exocyst complex SU 1.2 35104 83-103
An02g04030 EXO70 (YJLO85w) — exocyst complex SU 1.3 3.7:103  4.1-102
AnOlgl 1960 BFRI (YOR98c) — component of mRNP complex 1.4 2.3-104  6.1-103
An04g01950 STE24 (YJR117w) — zinc metalloprotease 1.3 2.7-104  6.9-103
An07g10050 microtubule binding protein HOOKS3 (A. fumigatus) 1.2 2.7-103  34-102
Protein misfolding (UPR and ER associated degradation):

An08g01480 TRLI (YJL087c) — tRNA ligase 0.7 I.I-104  3.7:103
An01g07900 GCN4 (YELO09c) — bZIP transcription factor 0.8 2.6-103  3.3:102
Anllgl1250* protein kinase inhibitor p58 (Rattus norvegicus) 1.6 47-10%  2.1-103
An01g08980 ORMI (YGRO038w) — conserved ER protein 0.7 3.8:104 88103
An15g00640 DERI (YBR20Iw) — involved in ER associated protein degradation 1.4 22-103  3.0-102
An16g07970 HRDI (YOLOI 3c) — ubiquitin-protein ligase 1.3 83-104 1.5:102
An01gl12720 HRD3 (YLR207w) - ubiquitin-protein ligase 1.6 6.4-105 25103
An09g061 10 UBC7 (YMR022w) — ubiquitin conjugating enzyme 1.2 3.0-103  3.6:102
An04g01720 HLJI (YMR161w) — DnaJ co-chaperone 1.3 2.6:104  6.8:103

ORF = identifier for open reading frame in A. niger CBS513.88 genome sequence [3]; gene name in A. niger; protein encoded by ORF-homolog in S. cerevisiae and
yeast protein function if available; fold difference reflects ratio of normalized transcript levels on maltose compared to xylose (maltose/xylose); significance of each
observation is given by p-value (p) and the Benjamini-Hochberg false discovery rate (FDR).

Bold indicates observations with very high significance (FDR < 0.005).
* and ** denote genes with increased transcription during ER-stress with 2/3 or 3/3 types of protein folding stress [|5], repectively.
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Figure 4

Functional classification of differentially expressed
genes (open bars indicate number of genes with
higher transcript levels on xylose; hatched bars rep-
resent genes higher expressed on maltose). (A) Repre-
sentation of major functional categories (Funcat) among
differentially expressed genes. (B) Subcellular localization of
differentially expressed genes. Unclassified ORFs: high on
xylose, 40% (213/528); high on maltose, 30% (214/712).

Lipid and sterol biosynthesis and fatty acid metabolic
genes also constituted a large group in differentially
expressed metabolic genes [Additional file 5]. Perhaps
most striking in this group, was the 12-fold increase in
transcript level on maltose of a highly expressed and
apparently secreted lipase (An16g01880; FDR=2.9-104).
In general, several genes involved in biosynthesis of ergos-
terol and phospholipids were upregulated on maltose,
while inositol and choline biosynthesis genes were down-
regulated. Among these genes, we find a homolog of inol
(An10g00530), encoding inositol-1-phosphate synthase,
a key enzyme in inositol biosynthesis in S. cerevisiae. The
differential expression of genes in this category indicate
changes (proliferative and/or compositional) in mem-
brane components or energy storage. Intermediates of
phospholipid and inositol metabolic pathways also play
important roles in cell signalling and global regulatory
pathways [20].

"Protein fate (06)" and "Cellular transport and transport
mechanisms (08)" comprise most genes of the secretory
pathway, and were the second and third largest functional
categories of genes with higher transcript level on maltose
than on xylose (Fig. 4A). "Subcellular localization (40)"
also points to maltose-induced upregulation of the secre-
tory pathway, since many genes are associated with
organelle compartments, like the ER, Golgi, transport ves-
icles, nuclei and mitochondria (Fig. 4B). Subcategories in
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Fig. 5(A, B) clearly illustrate the uniform upregulation of
genes in secretory processes on maltose compared to
xylose. Genes in "Protein synthesis (05)" were only upreg-
ulated on maltose. Among these are several genes
involved in ribosome biogenesis, translation initiation
and polypeptide elongati