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Genome sequencing and assembly

The A. niger genome was sequenced using a BAC walking approach as explained in the
Methods. On average, a BAC end-sequence was found every 2.04 kb in the genome,
indicating a genome size of approximately 36 Mb. Pulsed-field gel electrophoresis of A. niger
strain N400 (CBS 120.49) chromosomes suggested a genome size of about approx. 37 Mb".
Mapping the end-sequences onto the final genomic sequence showed a very even distribution
of those end-sequences with no local clustering, underlining the good random cloning of large
genomic sub-fragments into this BAC library. The only exceptions were clones and
sequences relating to the rDNA region of the genome. There were no further large repetitive
regions noticed. Smaller repeat regions have been resolved for each individual BAC. Further,
no repeats within BAC/BAC overlapping regions, potentially confounding a correct BAC-to-
BAC assembly, were found. In addition to the BAC-to-BAC assembly based on overlapping
regions, all BAC end-sequences with their forward/reverse constraints per clone as well as
sizing information for individual BAC clones were used to layer a BAC map on top of the
resulting assemblies. The consistency of the assembly was checked on the back of that BAC
map for each BAC/BAC overlap and assembly.

In total, 505 BACs have been sequenced with an average insert size of 76.8 kb and an
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average 7.5-fold coverage. The assembled BACs contained on average 2.14 contigs per BAC
corresponding with on average 1.14 sequence gaps per BAC. Six BACs have been identified
as chimeric clones using BAC end-sequence information.

The genome was assembled and logically joined using clones physically bridging gaps to
form 19 supercontigs with a unique total size of 33.9 Mb. Sequenced overlaps between
individual BACs was 4.4 Mb (approximately 11.4% of the total sequence generated). The
estimated 5% of the genome not yet sequenced includes telomeric regions, additional rDNA
repeats, and small gaps. These results indicated that using end-sequencing as a way to map
the BAC clones allowed for high accuracy and eventual direct alignment onto the assembled
genomic contigs as well as sequence comparisons between all sequences obtained during

the course of the project.

Establishing the orientation of supercontigs on chromosomes

Four different methods were used to establish the orientation of supercontigs on the
chromosomes. First, we searched for telomeric repeats. In A. nidulans telomeric repeats of
the hexamer TTAGGG were found?, while for A. oryzae TTAGGGTCAACA repeats were
found®. In our sequences we found only one telomeric repeat, consisting of a sixteen fold
repeat of TTAGGGTT, where in two cases a T was missing. This telomeric repeat was
located in BAC end EQO03278.pl, positioning it on the end of supercontig An04 on
chromosome VI. Apparently this sequencing method is unfavorable for detecting telomeres.

A second method was to determine which supercontigs represent the left or the right arms.
For three chromosomes we could make a direct link using the cloned genetic markers niaD,
nicB, nirA and pyrA. Thus, the orientation of the corresponding supercontigs representing
linkage groups lll, VIl and VIII could be concluded (Table 2).

A third method uses the high degree of synteny between Aspergillus species near the
centromeres. For A. nidulans a high quality genetic map is available, which has been linked to
the physical map®. Although synteny with A. niger was very weak near the telomeric regions
of the A. nidulans scaffolds, synteny was remarkably high near the centromeres. On one side
of 16 A. niger supercontigs there is a high degree of synteny with the A. nidulans scaffolds
closest to the centromeres, representing eight pairs of supercontigs allocated to each linkage
group, leaving three small supercontigs with unknown orientation.

Finally, microarray expression data underpin the proposed orientation of the supercontigs (not
shown). The telomeric positioning effect, a reduced expression of genes located near the
telomeres is clearly applicable for A. niger in the known telomeric ends of the supercontigs of
chromosomes |, 11, Ill, VI and VII. Looking at expression on either side of the three other
supercontig pairs and the three unpositioned supercontigs, the telomeric ends could be

identified and the proposed reciprocal orientation of all supercontigs is presented in Table 2.

A. niger genes relating to early sexual development



A characteristic MAT-1 family alpha-domain mating-type gene is closely linked to genes found
flanking the MAT locus in other euascomycete fungi, although some syntenic rearrangement
is observed compared to other aspergilli®. No MAT-2 family HMG mating-type gene was
detected. Hence, the A. niger isolate used for genome sequencing is of MAT-1 genotype.
Furthermore, a pheromone-precursor gene containing two internal repeats for an a-factor-like
pheromone is present, together with a series of genes for enzymatic processing and
maturation of a-factor and a-factor-like pheromones, and a gene for pheromone efflux. In
contrast, the presence of an a-factor like pheromone-precursor gene could not be confirmed,
although various candidate sequences were identified. Complementary a-factor and a-factor
pheromones are required for sex to occur in heterothallic species, and the absence of an a-
factor pheromone could provide an explanation for asexuality in A. niger. However, a-factor
precursor genes are highly divergent and short in length® and thus very difficult to detect.
Indeed, it was not possible to find an a-factor like precursor in the known sexual species A.
nidulans °.

In sexual species, pheromone binding to a cognate pheromone receptor leads to activation of
a MAP-kinase signaling pathway’. The A. niger genome contains genes encoding
characteristic G-protein coupled seven transmembrane domain receptors for both a- and a-
factor-like pheromones. In addition, genes encoding alpha, beta and gamma G-protein
subunits were found. The gamma-subunit gene was found as a partial 136 bp sequence at
the direct start of a contig. Finally, the full complement for a MAP-kinase pathway, including
elements linked specifically to sexual reproduction and a linked homeodomain transcriptional
activator were detected (Supplementary Table 5).

A further 17 genes implicated in development of ascomata in other ascomycete species®®
were detected in A. niger. These include genes required for the initiation of sexual
morphogenesis, for Psi hormone production, for ascus development, for synthesis of
elements of the COP9 signalosome, for general metabolism required during sexual
development and genes for a series of transcription factors (Supplementary Table 5). All
appear to encode functional proteins. Only the prol gene equivalent which is required for
development of protoascomata in Sordaria '° contained an apparent stop codon in the centre
of the reading frame, and therefore may not be functional. In addition, only a partial medA
gene with a truncated C-terminus is found at the direct end of a contig. The genome was not
at this stage screened for genes involved with meiosis and ascospore formation.

The genes involved in heterokaryon incompatibility were never characterized at the molecular
level in any Aspergillus species. A series of genes similar to genes involved in vegetative

incompatibility in other organisms™™*

is present in the A. niger genome, consistent with
observations of heterokaryon incompatibility among natural isolates of A. niger*
(Supplementary Table 6). Manipulation of het-genes offers the possibility of utilizing the

parasexual cycle, which has been previously used for genetic mapping®, for strain



improvement in a biotechnological setting.

Transport

Transport systems play essential roles in cellular metabolism, such as nutrient uptake,
excretion of toxic compounds and secondary metabolites, maintenance of ion homeostasis
but also in sensory processes™®. Insight in the distribution of transport protein classes is vital
to allow understanding of the metabolic capability of sequenced organisms*’ .Transport
systems differ in their membrane topology and subunit composition, energy coupling
mechanisms and substrate specificities'® . Mostly, ATP and the electrochemical
transmembrane gradient of sodium ions or protons are used to drive the transport processes.
For A. niger, a complete set of membrane transport systems was identified with predicted
functions, and classified into protein families based on the transporter classification system

(http://www.tcdb.org/). This system represents a systematic approach to classify transport

systems according to their mode of transport, energy coupling mechanism, molecular
phylogeny, and makes predictions on substrate specificity. Herein, the transport mode and
energy coupling mechanism serve as the primary basis for classification because of their
relatively stable characteristics , whereas substrate specificity prediction is uncertain. There
are three major classes of solute transporters found in A. niger within the transporter
classification system: channels, primary (active) transporters, and secondary transporters.
Transporters of unknown mechanism or function are included as a distinct class. Transporters
involved in protein export and import were excluded from the analysis to allow focus on
nutrient and ion transport only. Each transporter class is further classified into individual

families and subfamilies according to their function, phylogeny, and/or substrate specificity.

A total of 865 transport proteins were predicted by our analysis of the A. niger genome. These
were classified into 56 families, including 4 families of primary transporters, 39 families of
secondary transporters, 10 channel protein families, and 3 unclassified families
(Supplementary Table 12). With respect to genome size, a relatively high density of
transporter genes is apparent in A. niger, a characteristic shared with A. oryzae

(http://www.tcdb.org/). In particular, the major facilitator superfamily (MFS) with multiple

transporter gene paralogs appears exceptionally large in both A. niger (461) and A. oryzae
(507) with lower numbers in A. fumigatus (275) and A. nidulans (358) (Supplementary Table
13). MFS proteins have been shown to facilitate the transport of a diverse range of molecules
including the following: di- and monosaccharides; polyols; quinate; inorganic phosphate;
siderophores; drugs such as antifungals; mono- and dicarboxylates; and various other organic
acids. MFS proteins catalyze uniport, solute:cation (H+ or Na+) symport and/or solute:H+ or
solute:solute antiport. In addition, a few MFS proteins have been shown to function as
glucose sensors. To date all characterized fungal sugar transporters belong to the MFS. The

relatively high abundance of this transporter family in A. niger is consistent with its nutritional


http://www.tcdb.org/
http://www.tcdb.org/

versatility. Another large group of secondary transporters belong to the amino acid polyamine-
organocation (APC) family. These transporters allow the cell factory to efficiently internalize
the amino acids resulting from extracellular proteolytic degradation (Supplementary Table
18). Also, the ATP binding cassette (ABC) superfamily of transporters is relatively abundant in
A. niger which includes members involved in multidrug resistance, long chain fatty acids and
(pheromone) peptide transport. Several of the MDR-like ABC transporter genes are found in
NRPS and PKS encoding gene clusters and are likely to be involved in the secretion of

secondary metabolites.

Central metabolism

Despite a highly active glycolysis the genes encoding the enzymatic steps from glucose to
pyruvate through the Embden-Meyerhof-Parnas and hexose monophosphate pathways did
not reveal any exceptional features except for the presence of five hexokinases and four
aldolases. Two of the putative hexokinase-related proteins may not function as such. A
homolog (XprF) in A. nidulans regulates extracellular protease production upon carbon
starvation’®. Single genes are present for 6-phosphofructokinase and fructose-1,6-
bisphosphatase (Supplementary Figure 3). Furthermore, single genes for 6-
phosphofructokinase-2 (An07g02100) and fructose-2,6-bisphosphatase (An15g00200)
involved in synthesis and degradation of the regulatory metabolite F2,6P were found. These
enzymes bear consensus sequences for regulation by protein phosphorylation, similar to the
situation in other organisms. Consequently, a full complement of the G-protein/CAMP
signaling pathway was identified. Only the distribution of G-protein-coupled receptors
(GPCRs) among the various structural and functional classes and the occurrence of an
additional heterotrimeric G-protein alpha subunit and a second regulatory subunit of the

cAMP-dependent protein kinase'®#

indicate differences with other fungi (Supplementary
Figure 4). The last two enzymes of the Entner-Doudoroff pathway that distinguish it from the
hexose monophosphate pathway were lacking, suggesting that this route is absent in A. niger.
However, this finding should be considered with some caution as enzyme data have been
reported in the past indicative for the presence of both gluconate dehydratase and 2-keto-3-
deoxygluconate aldolase activities**#. Moreover, two genes with high similarity to 2-deoxy-D-
gluconate 3-dehydrogenase (An04g02770 and An12g02700) were found.

A. niger appears to be well equipped for alcoholic fermentation with three genes encoding
pyruvate decarboxylase and a large family of alcohol dehydrogenases. However, the
functions of these enzymes in alcoholic fermentation or alcohol utilization are not clear and
they may have various substrate specificities. A similar but smaller diversity of alcohol
dehydrogenases has been observed in N. crassa .

A. niger comprises extensive metabolic pathways for protection against osmotic stress. The

genome contains three genes encoding trehalose 6-phosphate synthase subunits, one for



trehalose 6-phosphate phosphatase and two for regulatory subunits. Interestingly, one
trehalose 6-phosphate synthase gene (tpsB )** and one regulatory subunit gene are located
adjacently, as in A. fumigatus and A. oryzae. The absence of these two genes in A.

nidulans®?%%’

may explain the phenotypic differences that have been observed between A.
nidulans and A. niger mutants lacking one of the T6P synthases®™?®.The high-osmolarity
compatible solute glycerol can be synthesized through two parallel pathways®®
(Supplementary Figure 3). Genes encoding components of both pathways were identified
except for a postulated DHAP phosphatase. Hence, we speculate that the two glycerol 3-
phosphate phosphatases of A. niger may also serve the function of DHAP phosphatases as
previously suggested for A. nidulans *°. Genes for uptake of glycerol, a glycerol kinase and a
mitochondrial FAD-dependent glycerol 3-phosphate dehydrogenase were identified except
the small and membrane bound subunits of the latter enzyme®'. Genes encoding efflux
pumps related to S. cerevisiae Fpsl and to aquaporins® were also identified. These may

serve an important role in regulating intracellular glycerol levels (Supplementary Figure 3).

The A. niger protein secretion machinery

A. niger encodes three soluble lumenal protein disulphide isomerases and one putative
membrane-bound PDI-family protein (EpsA). Although the same number as in yeast, only
PdiA (Pdilp) and EpsA (Epslp) appear to be close homologs of yeast proteins. TigA** and
PrpA ** are not direct homologs of yeast Mpdlp or Mpd2p. PdiA, TigA and EpsA have two
thioredoxin domains each whereas PrpA has only one. The domains in EpsA are not the
typical CGHC as in the others (being CPHC and CHHC) so functionality is not assured.
Indeed, yeast Epslp was shown not to have detectable isomerase activity®> and Pdilp has
more activity than the other foldases in yeast™®.

Interestingly, the A. niger ER lumenal protein EroA has a predicted C-terminal ER-retention
signal (HEEL) as seen in A. nidulans (RDEL), A. fumigatus (HDEL) and N. crassa (LDEL),
whereas in several yeast species, plants and mammals no such retention signal is present.
Retention in the ER is due to a so far unspecified interaction with a membrane protein®’. In
contrast, the EvrA ortholog of yeast Erv2p, has no predicted ER retention sequence.

An additional peptidyl prolyl isomerase is apparently present in the ER lumen of A. niger, in
addition to CypB®*. Moreover, a calnexin and putative lumenal HSP70s are present including
BipA and LhsA. Kar2p (equivalent to A.niger BipA) and Lhslp function together in yeast
alongside DnaJ proteins and the nucleotide exchange factor Sil1p®. Surprisingly, no homolog
of Sillp can be found in A. niger and other aspergilli. Although the degree of similarity
between Sil proteins from various sources is low except for one region (Colin Stirling,
personal communication), there are readily detectable putative homologs in N. crassa.

The Unfolded Protein Response (UPR) signaling pathway seems to be yeast-like in its gene
complement except for the presence of a putative ortholog of mammalian p58 of the

PERK/elF2alpha/ATF4 pathway which is absent in yeast*>*%. P58 is involved in translational



regulation, attenuating the UPR during ER stress in mammalian cells*®. No homologs of
PERK or ATF4/6 are apparent in A. niger, hence the role of the putative p58 in A. niger
remains intriguing.

ER-associated protein degradation (ERAD) which degrades misfolded or unassembled
proteins at the proteasome following dislocation from the ER, is largely yeast-like with some
differences. Putative homologs to several membrane proteins which seem to be essential
players in ERAD in yeast, have a reduced similarity to predicted A. niger orthologs (similarity
to Derlp, Hrd1lp, DoalOp, Hrd3p). No homologs are found to several proteins known to be
involved in ERAD in S. cerevisiae: (i) Cuelp, a membrane protein that recruits the ubiquitin-
conjugating enzyme Ubc7p to the ER.; (ii) Rad23p, associated with the Cdc48p-Npl4p-Ufdlp
complex involved in binding ubiquitinated proteins prior to their degradation; (iii) Ubx2p, of the
family of UBX (ubiquitin-regulatory x)-domain containing proteins that bind ubiquitinated
proteins; (iv) Yos9p, a receptor that recognizes misfolded N-glycosylated proteins and
participates in their targeting to ERAD**. Homologs to all the subunits of the 26S proteasome
are found whereas homologs of the regulatory proteins Rpnl3 and Rpnl4, subunits of the
19S regulatory particle of the 26S proteasome lid*, appear to be either absent or weakly
similar in A. niger and other filamentous fungi.

Sugar nucleotides act as activated monosaccharide donor substrates for the synthesis of
oligosaccharide structures in the ER and Golgi. A. niger contains several homologs of genes
involved in the synthesis of UDP-GIlc, UDP-GIcNAc, GDP-Man and UDP-Gal. Furthermore,
two homologs of UDP-Galp mutase*® are present, enabling the organism to synthesize UDP-
Galf. Genes involved in the transport of sugar nucleotides into the lumen of the ER or Golgi
apparatus, were also identified. Almost all genes involved in the synthesis of the lipid-linked
oligosaccharide precursor GlcsMangGIcNAc, and in its transfer to the growing polypeptide,
could be identified in the A. niger genome. One exception is ALG14, although homologs of
this gene were found in A. fumigatus and A. nidulans. Interestingly, the dolichol-P-mannose
synthase gene is more mammalian- than yeast-like since it does not contain a C-terminal
hydrophobic transmembrane region. One glucosidase | and several genes with homology to
the catalytic alpha subunit of glucosidase Il were found. However, some of the latter might
also encode glucosidases that may be secreted into the medium, depending on the growth
conditions. One of those has a very high similarity to S. cerevisiae Rot2p and to the Glslla
from T. reesei *’. One homolog was found to the glucosidase Il beta subunit and the ER
soluble UDP-GIc:glycoprotein glucosyltransferase. Hence, A. niger, potentially possesses a
well-developed glycosylation-dependent quality control system. Several homologs of the
yeast ER mannosidase Mnslp were identified, which trims the MangGIcNAc, structure to
MangGIcNAc,. One of those shows high similarity to the yeast Htmlp/EDEM homolog,
involved in directing unfolded proteins to the ERAD pathway*®.

Although hyperglycosylation is rare in A. niger, in some cases the N-glycans on secreted

proteins can contain up to 18 or more hexose residues** due to the activity of



glycosyltransferases within the Golgi apparatus. Accordingly, many genes encoding Golgi-
typical putative type Il mannosyltransferases are present. The presence of two homologs of
yeast Mnn4p confirms the potential of the organism to synthesize fungal-specific
phosphomannose residues. Galactose residues in the furan form are often found on N- as
well as O-glycans of A. niger ****. However, a galactofuranosyl transferase could not be
identified.

O-glycans in A. niger are of the O-mannose type and small with, typically, 1 to 3 residues.
They may contain alpha-1,2 and alpha-1,6-mannoses as well as glucose and galactofuranose

residues and can be branched®®*

. The A. niger genome contains three protein O-
mannosyltransferase (PMT) family homologs which are highly similar multi-membrane-
spanning proteins that transfer the first mannose to the Ser/Thr residue of the polypeptide. In
addition, several homologs of mannosyltransferases are found (Ktrlp, Mnn2p, Mnt2p), but as
yet it is unclear whether they act on N- or O-glycans or on both. Expression data
(Supplementary Table 7) reveal that in all cases one to several of the redundant genes for
glycosylation are transcribed in standard fed-batch conditions.

Of the secretion-associated small GTPases the Sec4p homolog in A. niger was shown not to
be essential®®. A total of ten secretion-related GTPase-encoding genes is present in the A.
niger genome with varying similarity to mammalian or to yeast counterparts. No homologs to
YPT10/11 could be found. Vesicles moving from the ER to Golgi are Copll-coated. Whereas
S. cerevisiae contains eight coat protein genes, only seven homologs are present in A. niger.
A homolog of Sec28p seems to be present in neither A. niger nor A. nidulans, A. fumigatus or
N. crassa. Vesicles involved in retrograde transport from the Golgi to the ER are COPI-coated
and all COPI coat proteins have clear homologs in A.niger. Several genes are present
encoding v-Snare and t-Snare proteins which interact in vesicle fusion at the receiving
secretion compartment. Two highly similar homologs with t-Snare activity and three with v-
Snare activity were identified, together with nine homologs with moderate similarity to S.
cerevisiae v- or t-Snares. Intriguingly, A. niger appears to contain nine v- and t-Snare genes
less than S. cerevisiae.

For vesicles moving from the ER to Golgi a conserved oligomeric tethering complex (Cogl
through Cog8) is involved in transporting and docking of the vesicles. In A. niger clear
homologs of Cog3 and Cog4 are found and homologs with weak similarity are present for
Cog5 and Cog6. Similar results were found for A. nidulans, A. fumigatus and N. crassa. The
transport protein particle (TRAPP) complex mediates vesicle docking and fusion at the cis-
Golgi. Eight TRAPP-protein genes with moderate similarity were found whereas no homologs
could be identified for Trs20p and Krellp. The exocyst complex is required for the docking of
secretory vesicles to the plasma membrane. Homologs of all eight proteins of the S.
cerevisiae exocyst are found in A.niger, together with homologs of the three small GTPases

interacting with this complex (Rholp, Cdc42p and Sec4p).
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Polysaccharide degrading enzymes

Fungal cellulases, hemicellulases, pectinases, amylases and inulinases are used in a wide
range of industrial applications, for example in increasing filterability in brewing®’, in the

%839 " increasing bread volume and dough quality in baking®®®!, and the

biobleaching of pulps
conversion efficiency in animal feeds®, in clarifying juices®, and are used to reduce the
amount of oligosaccharides in soybean milk and sugar beet syrup®®. Depending on the
application, specific (sets of) enzymes are required. A. niger is one of the most frequently
used organisms to produce these enzymes and therefore well studied, particularly with
respect to plant polysaccharide degradation®®®. The availability of genome sequences for A.
niger , A. nidulans °, A. oryzae “and A. fumigatus ?’ allows a comparison of these aspergilli
with respect to their hydrolytic potential to degrade different kinds of biopolymers which they
utilise in their natural environment as substrates. The carbohydrate-active enzymes content
of A. niger has been compared against a set of more than 10 fungal genomes recently
annotated in the Carbohydrate-Active enZYmes (CAZy) database (http:// afmb.cnrs-

mrs.fr/CAZY/)%.

Here we analysed the Aspergillus genomes for the presence of ORFs that could be assigned
to the different CAZy families (Table 3) . The number of identified ORFs was found to be
similar in all four species. However, the A. niger genome contains a significantly higher
number of ORFs than the other aspergilli for CAZy family GH28 and also contains the highest
number of ORFs belonging to family GH13. Enzymes within these families are involved in the
degradation of pectin (GH28) or in the case of family GH13 in starch degradation, alpha 1,3-

glucan synthesis and glycogen debranching.

Glycosyl hydrolase family 28

Pectins are complex heteropolysaccharides which occur in the middle lamella and primary cell
wall of plants. These molecules have long been considered to form an extended backbone
composed of smooth regions of homogalacturonan (partially methyl-esterified and O-
acetylated) and of “hairy” regions consisting of rhamnogalacturonanl (RGI)™.
Homogalacturonan has recently been proposed to be a side chain of RGI™. The latter
structure is decorated by neutral sugars, usually (polymers of) arabinosyl and/or galactosyl
residues’. Other pectin structures described are xylogalacturonan and rhamnogalacturonanil
which appear as decorations on homogalacturonan’® "2 To degrade this complex substrate,
fungi require the combined action of a variety of enzymes. Two enzymatic mechanisms are
known to cleave the main chains in the different pectin structures. One involves hydrolysis
catalysed by hydrolases with different specificities, the other involves transelimination
catalysed by various lyases. Many of the enzymes concerned and their corresponding genes
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have been characterised in the past®. The hydrolases are comprised of endo- and exo-
polygalacturonases, endo- and exo-rhamnogalacturonan hydrolases, xylogalacturonan
hydrolases and rhamnogalacturonan rhamnohydrolases/a-rhamnosidases .They all belong to
the GH28 family whereas the lyases belong to different families viz. PL1 (pectin lyases),
PL1,3,9 (pectate lyases) and PL 4,11 (rhamnogalacturonan lyases). Also relevant are pectin
methyl esterases (CE8) and rhamnogalacturonan acetyl esterases, (CE12) which are known
to influence the action of the main chain cleaving enzymes”"*. Comparative analysis with
other fungi shows that the GH28 family is particularly enriched in the aspergilli (data not
shown). ORFs assigned to GH28 from the four Aspergillus genomes were therefore analysed
in more detail to assign enzymatic functions. This analysis was based on similarity to already
characterised genes encoding GH28 enzymes of known function, and on the presence of
specific residues in the amino acid sequence which in the case of polygalacturonase Il (PGlII)
have been shown to be involved in substrate binding or catalysis®®. The presence or
absence of specific signhatures was determined for all GH28 members of the four aspergilli. In
particular the presence of a specific Arg and His residue (in A. niger PGII at position 256 and
223, respectively) is diagnostic for activity on homogalacturonan allowing polygalacturonases
and rhamnogalacturonases to be distinguished. Endo-rhamnogalacturonan hydrolases
characteristically contain a conserved catalytic Glu residue instead of an Asp (located at the
comparable Asp 202 position of the conserved Asp201 Asp 202 residues of PGII)"""8. In a
recent study the exo-acting members of the GH28 family were characterized, resulting in the

discovery of three exo-polygalacturonases and three putative exo-rhamnogalacturonases’®.

The enzyme activity had been discovered before® but genes for the latter enzymes not. This
analysis results in GH28 ORFs being assigned to the various enzyme functions as indicated
in Table 3.

A. niger contains a significantly higher number of endo-polygalacturonases (7) than the other
aspergilli (3-4). The same trend is observed for the endo-rhamnogalacturonases (6) with the
exception of A. oryzae. In contrast, the number of pectate lyases in the A. niger genome (only
one PL1 pectate lyase and no PL3 or PL9 pectate lyases) is much lower than for the other
Aspergillus genomes (Table 3). The pectin lyase family is large in all cases. A slight
difference is also found in the number of GH88 protei family. These enzymes are believed to
hydrolyse 4,5-unsaturated galacturonic acid oligosaccharides, which are formed by the action
of pectate lyases and pectin lyases The A. niger genome contains only one of these ORFs,
while the other Aspergillus genomes contain two or three. Taken as whole, these
observations suggest that A. niger uses a different enzyme repertoire to degrade pectin than
the other described aspergilli. A possible reason for this difference is that A. niger acidifies its
environment much more strongly than A. nidulans, A. fumigatus and A. oryzae . Pectate
lyases have very low or no activity at all at acidic pH and would therefore not be efficient

enzymes for an acidifying fungus, while polygalacturonases and pectin lyases are active at
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(slightly) acidic pH. It is also likely that A. niger degrades rhamnogalacturonan backbones by
hydrolysis. A further difference in pectin degradation between A. niger and the other three
aspergilli relates to the degradation of the arabinan side chains. Unlike the other Aspergillus
genomes the A. niger genome contains no exo-arabinanases (family GH93), indicating that A.
niger relies on the combined action of endo-arabinanase and a-L-arabinofuranosidase for the

hydrolysis of the arabinan side chains.

Glycosyl hydrolase family 13
The GH13 glycosyl hydrolase family is enriched in the aspergilli compared to other fungi. The

annotation and analysis of the ORFs from family GH13 revealed the presence of a diverse
group of enzymes homologous to a-amylases. Based on phylogenetic clustering, three
separate groups of enzymes can be distinguished (Supplementary Figure 6). The first
consists of four a-amylases which are secreted extracellularly, and play a role in the
degradation of starch (Table 3).

A second group consists of ORFs that do not contain a signal sequence and therefore appear
to be intracellular enzymes. This group of enzymes is evolutionary related to bacterial
liguefying amylases rather than to the fungal extracellular amylases described thus far.
Representative members are present in all Aspergillus genomes, and it is therefore very likely
that these intracellular amylase-like enzymes have a specific but thus far unknown role in
fungal metabolism.

A third group of ORFs are most likely anchored to the cell wall by a glycosyl-phosphatidyl-
inositol (GPI)-anchor, because their amino acid sequences contain a C-terminal GPIl-anchor
attachment site®’. It is known that GPI-anchored B-glucanases play a role in the maintenance
of the cell wall containing B-glucan®®. The clustering of An00g07038 and An00g07039 with
genes encoding putative a-glucan synthases suggests an involvement in a-glucan
metabolism. The conserved domains of the GPI-anchored a-glucanases differ slightly but
clearly from the consensus sequence for the a-amylase family, with Asn, GIn or Asp replacing
one or two highly conserved His residues involved in substrate binding. These histidines are
conserved throughout the whole a-amylase family, except in a few cases where enzymes
have different enzymatic activity, for example in the case of acarviosyltransferase®. Similar
divergence from the consensus sequence are also found in other annotated fungal amylases
predicted to be GPIl-anchored, suggesting the presence of a group of enzymes with specific
biochemical activity and conserved function in the cell. The combination of cell wall location
and aberrant conserved motifs might indicate that these enzymes process cell wall polymers
such as nigeran, a glucan with alternating a-1,4- and a-1,3-glycosidic bonds which are not

normally substrates for GH13 enzymes®.
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Other glycosyl hydrolase families
Other large glycosyl hydrolase families in the aspergilli are the GH 3 (17-23 members,

predominantly beta-glucosidases), GH 31 (7-11 members, predominantly alpha-
glucosidases), GH 43 (10-20 members) and GH 78 families (8 members, all alpha-
rhamnosidases). A significant number of the A. niger ORFs present in the CAZy families do
not contain a predicted signal sequence (Supplementary Table 17). Of those only one ORF
seems to encode an endo-acting enzyme, a putative endo-galactanase (GH53); all others
encode exo-acting enzymes and are most likely involved in the degradation of di- or
oligosaccharides or glycosides imported by the fungus, or of oligosaccharides which are
produced intracellularly. A substantial number of these enzymes are classified as beta-
glucosidase (GH 3; 5 members) or alpha-rhamnosidase (GH 78; 4 members), but of the 7
alpha-glucosidases (GH 31) and 7 alpha- galactosidases (GH 27 and 36) there are only two
and one enzymes, respectively, lack a signal sequence. While no evidence exists for
oligosaccharide transport in Aspergillus, transport of the disaccharides maltose and lactose
has been reported in the yeasts S. cerevisiae % and Kluyveromyces lactis %, respectively.
Transporters involved in sugar uptake are nearly all members of the Major Facilitator
Superfamily and candidate disaccharide transporters have been identified in A. niger
(Supplementary Data; Supplementary Table 12). The large number of different intracellular
exo-acting glycosidases detected in the Aspergillus genomes reflects the ability of these fungi
to metabolize a wide variety of glycosidic structures present as distinct metabolites or in the

cell wall structures of plants.

SUPPLEMENTARY METHODS

Construction of the genomic BAC library

Aspergillus niger strain CBS 513.88 was used as the DNA donor. For the construction of the
genomic BAC library of A. niger, the vector pBeloBAC 11 was used as described #’. A. niger
cells from a 50 ml YPD (1% yeast extract, 2% peptone, 2% glucose) culture were washed
twice with TSE buffer (25 mM Tris-HCI, 300 mM sucrose, 25 mM EDTA, pH 8) and
resuspended in TSE buffer. Then, agarose plugs from these cells were prepared according to
the Bio-Rad manual of the Chef DR Il pulsed-field gel electrophoresis system (PFGE system)
using 1.5% low melting point agarose. Pre-electrophoresis was carried out on a Bio-Rad
PFGE system. Partial digestion of genomic DNA was carried out using Sau3Al for
restriction®”. Gel electrophoresis was carried out on a Bio-Rad PFGE system under the
following conditions: 6 V/cm, 90 s pulse,13°C 18 h. Agarose digestion with gelase, ligation
and transformation was carried out using the protocol mentioned®’. Subsequent
electroporation of DH10B cells (Invitrogen) was again carried out according to the same
protocol, and bacteria were plated onto 2YT plates supplemented with chloramphenicol as

selecting agent. Clones obtained from that procedure were picked and used to inoculate 1.2
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ml of 2YT supplemented with chloramphenicol. These bacterial cultures were used to prepare

glycerol stocks in 96-well microtitre plate format as resource for all subsequent work.

Construction of shotgun libraries from BAC DNA

Large-scale preparations of BAC DNA were carried out using the Large-Construct kit from
Qiagen (Qiagen GmbH, Hilden, Germany). After sonification and enzymatic repair of the
ends, fragments of desired size (usually 1.2 - 1.5 kb) were isolated from a 1% preparative
agarose gel using the MinElute Gel Extraction kit (Qiagen) and inserted into a Sma I-digested
and alkaline phosphatase-treated pUC19 vector®. Ligation was carried out with the Rapid
Ligation kit (Roche) according to the manufacturer’s protocol. The ligation mixture was then
desalted using a QIAquick kit (Qiagen) according to the instructions of the supplier with the
exception of the elution step performed with distilled H20. 1/10 volume of the eluted DNA was
used for transformation of competent Escherichia coli DH10B cells using a Genepulser I
device (Bio-Rad). 1 ml Luria Bertani (LB) medium was added and incubated for 1 h at 37°C.
1/200 and 1/20 volumes of the transformed cells were plated onto Petri dishes containing LB
agar, ampicillin, X-Gal and isopropylthiogalactoside (IPTG)® and grown overnight at 37°C to
determine the yield of recombinant clones. Usually the transformation frequency exceeded
108 transformants per pug vector DNA and the white:blue ratio was approximately 10:1 or
better.

DNA sequencing and DNA assembly

For subsequent DNA sequencing, plasmid DNA from white colonies was isolated from
cultures grown in 1.2 ml 2YT containing ampicillin for 24 h at 37°C by shaking at 220 rpm.
Plasmid purification of shotgun clones was carried out using the REAL Prep 96 kit (Qiagen).
DNA sequencing reactions were set up using BigDye Terminator v 2.0 cycle sequencing
chemistry (Applied Biosystems) and purified using DyeEx 96 (Qiagen). Sequencing data were
generated using ABI Prism 3700 sequence analyzers. Base calling and quality checks were
carried out using Phred ®. BAC assemblies and raw data were visualized and edited using
the STADEN package (version 4.5; http://www.mrc-
Imb.cam.ac.uk/pubseg/staden home.html).

Gene identification and annotation

Analysis and annotation of the genomic sequences of A. niger was performed with a
combined automatic and manual approach. Genes were predicted by a version of FGENESH
% trained on known A. niger genes and genes of related organisms. In addition GeneMark **,
GENSCAN %2 and GeneWise * were used. FGENESH, GeneMark and GENSCAN were all
three run on the entire genomic sequence to provide an initial set of predicted genes.
Preference was given to FGENESH genes, for regions without any FGENESH prediction.

GeneMark or GENSCAN models were extracted with preference for the GeneMark models. A
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test set of 65 known A. niger proteins was used to evaluate the quality of automatic gene
identification by FGENESH. Of the 65 proteins evaluated 62 proteins (94%) were positively
identified and the gene model of 43 proteins (66%) was fully correct. For the annotation of the
full genome all automatically predicted ORFs were manually curated on the basis of Blastp
alignments and the predictions made by the other algorithms. This led to the modification of
5681 (40%) ORFs. In addition, the genomic sequence was also searched against the non-

% For all initially predicted genes a Blastp %

redundant protein database using Blastx
analysis against a non-redundant protein database was performed. Based on the Blastp
results for each gene GeneWise was run against the best blast matches. The gene models of
the initially predicted genes were manually adjusted in case that the Blastp and GeneWise
alignment indicated a suboptimal gene model.

For regions without any gene prediction with one of the three algorithms but with a significant
Blastx match, genes were manually extracted by usage of the respective GeneWise
alignment. Incomplete GeneWise protein alignments were extended to the first exon upstream
to the nearest start codon, and the last exon downstream to the first stop codon.

Transfer RNAs were identified using the tRNAScan-SE program *. Ribosomal RNAs were

identified by Blastn against a database of all publicly available rRNA sequences.

Transcriptional analysis

Biomass samples from fermentations were directly frozen into liquid nitrogen and stored at 80
C.. Under liquid nitrogen grinded mycelium was treated with Trizol and chloroform. Total RNA
was further isolated using the RNA easy kit (Qiagen). Concentration of total RNA was
determined by spectrophotometry (A260). Quality and integrity of RNA were checked with the
A260/A280 ratio and on the Agilent 2100 Bioanalyser. Probe synthesis and fragmentation
were performed according to Affymetrix protocol. The probe synthesis was performed using
the Bioarray High Yield RNA transcript labeling kit from Enzo. Hybridisation, washing,
staining and scanning were done according to Affymetrix protocol (Affymetrix, inc. “GeneChip
Expression Analysis Technical Manual, august 2002).

Micro Array Suite (MAS 5.0 Affymetrix) software was used for data extraction. Spotfire
Decision Site for functional genomics 7.1 was used for data analysis.
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LEGENDS SUPPLEMENTARY FIGURES
Supplementary Figure 1 Phylogeny of filamentous fungi. Maximum likelihood tree based

on concatenation of twenty orthologous proteins (Supplementary Table 3). Branch length
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and likelihood values were calculated by TREE —PUZZLE and indicate substitutions per site.

Numbers at nodes are bootstrap values.

Supplementary Figure 2 Cell wall integrity pathway. Signaling proteins of the S. cerevisiae
Cell Wall Integrity (CWI) pathway and their proposed orthologs in the A. niger genome. Cell
wall stress is detected by the plasma membrane-localized sensor proteins (Wsc proteins).
This causes the activation of the small GTPase Rholp, a step that involves the Rom1/2p
GDP/GTP exchange proteins. GTP-bound Rholp activates the Pkcl-controlled MAP-kinase
cascade that is comprised of Bcklp, Mkk1/2p, and Mpklp. The main target of the CWI
pathway is the MADS-box transcription factor RIm1p that controls the induction of several
genes involved in cell wall reinforcement. The consensus sequence for the RIml1p binding site
(RBS; CTA(T/A)ATAG) in the promoter region of cell wall stress-induced genes is conserved

between S. cerevisiae and A. niger.

Supplementary Figure 3 Central metabolism. Glycolysis, hexose monophosphate pathway
and glycogen, trehalose and glycerol metabolism in A. niger. Gene products contributing to
these pathways are indicated. An numbers in italics are for proteins that show significant
homology to the established enzyme in the pathway but are not necessarily performing the
same reaction. GLYCOLYSIS: GK, glucokinase; HK, hexokinase; PGM,
phosphoglucomutase; GPI, Glucose-6-phosphate isomerase; PFK, 6-phosphofructokinase;
FBA, Fructose-biphosphate aldolase; TPI, Triose-phosphate isomerase; GAPDH,
Glyceraldehyde-3-phosphate dehydrogenase; PGK, Phosphoglycerate kinase; PGAM,
Phosphoglycerate mutase; ENO, enolase; PYK, pyruvate kinase. HEXOSE
MONOPHOSPHATE PATHWAY: GPDH, Glucose-6-phosphate 1-dehydrogenase; PGL, 6-
phosphogluconolactonase; PGD, 6-phosphogluconate dehydrogenase; RPE, Ribulose-5-
phosphate 3-epimerase; TK, Transketolase; TA, Transaldolase. GLUCONEOGENESIS:
PYCK, Phosphoenolpyruvate carboxykinase; FBP, Fructose-bisphosphatase. ETHANOL
PATHWAY: PDC, pyruvate decarboxylase; ADH, alcohol dehydrogenase. GLYCOGEN
METABOLISM: GSI, glycogen synthesis initiator; GS, Glycogen synthase; UGP, UDP-glucose
pyrophosphorylase; GP, Glycogen phosphorylase. TREHALOSE METABOLISM: TPS,
Trehalose 6-phosphate synthase; TPP, Trehalose 6-phosphate phosphatase; NT, neutral
trehalase; AT, acid trehalase; AGT, trehalose transporter. GLYCEROL METABOLISM: GFD,
Glycerol 3-phosphate dehydrogenase; GPP, Glycerol 3-phosphate phosphatase; DHAP,
Dihydroxy acetone phosphate phosphatase; GLD, Glycerol dehydrogenase; DHAK,
dihydroxyacetone kinase; GLK, glycerol kinase; GT, glycerol transporter; GF/AQ, glycerol
facilitator/aquaporin; DHAS, dihydroxyacetone synthase; MGFD, mitochondrial glycerol 3-
phosphate dehydrogenase.

Supplementary Figure 4 G protein and cAMP signaling. Accession numbers are indicated
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for all identified components of these signaling pathways. G-protein coupled receptors
(GPCRs) are classified according to Lafon et al., 2006. FadA, GanA, GanB, GagC:
heterotrimeric G protein alpha subunit. SfaD: heterotrimeric G protein beta subunit. GpgA:
heterotrimeric G protein gamma subunit (truncated ORF at 5’end of contig An01c0160). FIbA,
RgsA: RGS proteins regulating FadA and GanB, respectively, it is not known whether these
proteins may also regulate the GTPase activity of GanA and the A. niger-specific GagC
heterotrimeric G protein alpha subunits. CyaA: adenylate cyclase. CapA: cyclase associated
protein. PdeA: low-affinity phosphodiesterase. PdeB: high affinity phosphodiesterase. PkaR:
cAMP-dependent protein kinase regulatory subunit; note that A. niger has two genes
encoding such regulatory subunits; PkaC, PkaB: cAMP-dependent protein kinase catalytic

subunit.

Supplementary Figure 5 Phylogeny of citrate synthases. Phylogenetic analysis of A. niger
citrate synthases aligned with ClustalX 1.8. Phylogenetic analyses were performed in MEGA
2.1 using the Minimum Evolution model. Stability of clades was evaluated by 1000 bootstrap
rearrangements. Bootstrap values lower than 50% and branch length values lower than 0.01

are not displayed in the cladogram.

Supplementary Figure 6 Phylogeny of GH13 glycoside hydrolases. The bootstrapped
phylogenetic tree shows the relationship of all GH13-type enzymes identified in the genome
sequences of A. niger, A. fumigatus, A. nidulans and A. oryzae. Putative localization and
function based on sequence similarity are indicated. The alignment and phylogenetic analysis
were performed with MEGA version 3.1 using default settings. A bootstrapped tree was

constructed with the neighbor-joining method using 500 replicates.

Supplementary Figure 7 Putative A. niger fumonisin cluster. Orthologs of the Gibberella
moniliformis fumonisin gene cluster are connected to the gene cluster region of A. niger.
Genes at the left and right hand borders of the A. niger cluster region do not appear to be
secondary metabolism genes. G. moniliformis genes which have been shown by deletion
and/or over-expression to be involved in fumonisin biosynthesis are highlighted by cross-
hatching. Deletion of fum19 (ABC transporter) had a slight effect, and the fum19 ortholog in A.
niger is the only gene for which significant transcription could be detected under standard
fermentation conditions (highlighted in black). Orthologs of Gibberella fum11 (tricarboxylate
transporter), fuml12 (P450 hydroxylase) and fuml16 (fatty acyl-CoA synthetase) were not
identfied in the A. niger genome. Predicted gene functions are: fuml polyketide synthase,
fum6 cytochrome P450 monooxygenase, fum7 dehydrogenase, fum8 aminotransferase, fum9
dioxygenase, fum10 fatty acyl-CoA synthetase, fuml1 tricarboxylate transporter, fumi12
cytochrome P450 monooxygenase, fuml13 short chain dehydrogenase, fuml14 NRPS-like

condensation domain, fum15 cytochrome P450 monooxygenase, fum16 fatty acyl-CoA
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synthetase, fum17 longevity assurance factor, fum18 longevity assurance factor, fuml19 ABC

transporter.



