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Genome sequencing and analysis of the filamentous
fungus Penicillium chrysogenum
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Industrial penicillin production with the filamentous fungus Penicillium chrysogenum is based on an unprecedented effort

in microbial strain improvement. To gain more insight into penicillin synthesis, we sequenced the 32.19 Mb genome of

P. chrysogenum Wisconsin54-1255 and identified numerous genes responsible for key steps in penicillin production. DNA
microarrays were used to compare the transcriptomes of the sequenced strain and a penicillinG high-producing strain, grown

in the presence and absence of the side-chain precursor phenylacetic acid. Transcription of genes involved in biosynthesis

of valine, cysteine and a-aminoadipic acid—precursors for penicillin biosynthesis—as well as of genes encoding microbody
proteins, was increased in the high-producing strain. Some gene products were shown to be directly controlling p-lactam output.
Many key cellular transport processes involving penicillins and intermediates remain to be characterized at the molecular level.
Genes predicted to encode transporters were strongly overrepresented among the genes transcriptionally upregulated under
conditions that stimulate penicillinG production, illustrating potential for future genomics-driven metabolic engineering.

Penicillins and derived B-lactam antibiotics have dramatically trans-
formed health care and quality of life in the 80 years since Fleming’s
discovery of Penicillium that produces penicillins!. Large-scale pro-
duction of B-lactam antibiotics is the result of sustained industrial
strain improvement, representing numerous rounds of mutagenesis
and selection. Although information on industrial processes is pro-

@prietary, product titers and productivities have increased by at least

=" three orders of magnitude in the past 60 years?, representing an

unprecedented success in classical strain improvement.

Current industrial strains are derived from a single natural isolate of
P. chrysogenum, NRRL1951, obtained during WWII from an infected
cantaloupe®. Biochemical and genetic analysis of industrial strains led
to the identification of several important mutations in high-producing
strains, including amplification of penicillin biosynthesis genes?.
However, much of the molecular basis for improved productivity
remains to be elucidated. A detailed understanding of the molecular
biology of P. chrysogenum is not only relevant for ‘classical’ penicillins.
By applying genetic engineering approaches, it has become possible to
extend the range of fermentation products to include P-lactam

derivatives that could hitherto only be produced by chemical
modification leading to great potential in terms of economy and
sustainability. This is exemplified by the expression of the
Streptomyces clavuligerus cefE gene, which encodes an expandase and
has enabled high-yield production of cephalosporins with engineered
P chrysogenum strains®.

Accessibility to the full range of genomics techniques will be
invaluable for further innovation in antibiotics production. Here, we
present the complete genome sequence of P. chrysogenum Wiscon-
sin54-1255 (ref. 6). An in silico analysis of the genome sequence has
focused on key processes in penicillin production. Moreover, DNA
microarrays have been applied for transcriptome comparisons of the
sequenced strain and a derived high-producing strain.

RESULTS

Genome sequence and analysis

The P. chrysogenum genome was sequenced by the whole-genome
sequencing method. The nuclear genome of 32.19 Mb was covered
by 49 supercontigs, including 21 supercontigs larger than 5 kb and
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Table 1 Genome statistics overview

Nuclear genome

General information

Size (Mb) 32.2
G+C content (mole%) 48.9
Coding (%) 56.6
Gene number (with similarities) 12,943 (11,472)
Putative pseudogenes 592
Truncated ORFs 116

Questionable ORFs 2

>
<)

o

2  Genes (<100 aminoacids) 283
§ Mean gene length (bp) 1,515
° Genes with intron (%) 10,812 (83.5)
@ Exons

% Mean number per gene 3

£ Mean length (bp) 434
g GC content (mole%) 52.8
o Introns

% Mean number per gene 2.2
< Mean length (bp) 87.4
§ GC content (mole%) 45.3
< Intergenic regions

£ Mean length (bp) 842
< GC content (mole%) 44.4
a RNA

g tRNA number 145
(®  5SrRNA number 28
ccn Mitochondrial genome

= Size (bp) 31,790
% GC content (mole%) 249
0:_! Gene number 17
© Mean gene length 985.4
S Coding (%) 52.7
S Genes with intron (%) 0
foe) tRNA number 26
o

o

N

© 14 supercontigs larger than 100 kb. Annotation based on a minimum

=Ye» Open reading frame (ORF) size of 100 amino acids revealed 13,653
RFs (Table 1), including 592 probable pseudogenes and 116 ORFs
= whose sequences were truncated because their coding regions spanned
contig borders. Two ORFs were considered
unlikely to encode proteins because of their
small size, absence of detectable protein
motifs and low codon adaptation index.
The sequenced mitochondrial genome com-
prised 31,790 bp and 17 identified ORFs.
BLASTP matches were found for 11,472
ORFs (P < 0.001) to a nonredundant

7,703 (57%)

Figure 1 Genome characteristics of

P. chrysogenum. Functional classification of

P. chrysogenum ORFs. FunCat classes indicated
are, 01 metabolism, 02 energy, 03 cell cycle and
DNA processing, 04 transcription, 05 protein
synthesis, 06 protein fate (folding, modification,
destination), 67 transport facilitation, 08 cellular
transport and transport mechanisms, 10 cellular
communication/signal transduction mechanism,
11 cell rescue, defense and virulence,

13 regulation of/interaction with cellular
environment, 40 subcellular localization, 29
transposable elements, 99 unclassified proteins.

283 (3%)
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Unclassified proteins

Transposable elements

Subcellular localization
2,417 (18%)

protein database, whereas the remaining 2,198 ORFs showed no
significant similarities. Predicted protein-coding sequences account
for 56.6% of the P. chrysogenum genome, with an average gene length
of 1,515 bp. The GC content was 48.9% (52.8% for exons, 45.3% for
introns and 44.4% for intergenic regions). On average, each gene
contained 3.0 exons, with 83.5% of the genes containing introns.
Using the FunCat classification system7, 5,329 of the 12,943 predicted
nuclear-encoded proteins could be assigned to the functional protein
classes metabolism, energy, cellular transport and protein fate (Fig. 1).

Comparison with other fungal genomes

The sequenced P. chrysogenum genome is comparable in size to that of
other filamentous fungi (Supplementary Table 1 online). FunCat
classification revealed a conserved orthologous core fungal proteome
(Supplementary Fig. 1 online) involved in energy production, protein
fate and cell fate. Phylogenetic analysis based on the concatenated
protein set (Fig. 2a) confirmed a close relationship to Aspergillus
species. The tree topology indicated that P. chrysogenum is only
distantly related to the other two sequenced Penicillium species,
Penicillium marneffei and Talaromyces stipitatus (teleomorph of
Penicillium  stipitatum). This contradicts a previously published
phylogeny® but is consistent with morphological observations®.

The 14 largest supercontigs (between 167 kb and 6,387 kb),
presumably correspond to chromosome arms or even entire chromo-
somes. Alignment against various Aspergilli chromosomes suggests
extensive reshuffling has occurred after divergence of the Aspergillus
and Penicillium lineages (Fig. 2b). Several supercontigs are bounded
by areas with multiple synteny breaks, which may correspond to
subtelomeric regions (Fig. 2b). Indications for subtelomeric instability
have also been observed in Aspergilli'® and Magnaporthe oryzae'!. Five
supercontigs (nos. 12, 16, 20, 21 and 22) contain gaps surrounded by
larger syntenic blocks, which appear to be recombination cold spots.
These gaps resemble putative centromeres in the eight A. fumigatus
chromosomes!2. Due to their high repeat content, centromeres as well
as ribosomal DNA (rDNA) repeats regions typically do not get
assembled into supercontigs in fungal genomes'>!3. Coincidentally,
the upper gap on supercontig no.16 is not surrounded by large
syntenic blocks and is likely to contain the rDNA region (Fig. 2b).

Genome alignment revealed four supercontigs (nos. 17, 19, 23 and
24), representing 4% of the genome, that show little similarity to

Metabolism
2,448 (18%)

Cell cycle
509 (4%)

Energy
308 (3%)

Transcription
990 (8%)

Protein synthesis
261 (2%)

Protein fate
870 (7%)

Transporter
816 (6%)

Cellular transport
909 (7%)

Communication/
signal transduction
307 (3%)
Regulation of/interaction
with cellular environment
250 (2%)

Cell rescue/death
796 (6%)
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Figure 2 Comparison of the P. chrysogenum a
genome to other sequenced filamentous fungi.
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(a) Phylogenetic tree showing the relationships
among sequenced Aspergillus and Penicillium
species using Gibberella zeae as an outgroup.
Branch lengths correspond to substitutions per
site calculated using a maximum likelihood
approach. Identical topologies were predicted
using maximum parsimony and neighbor-joining
methods. (b) Alignment of A. nidulans, A. niger,
A. fumigatus and A. oryzae chromosomes against
P. chrysogenum assemblies. Large assembled

G. zea
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A. clavatus

A fumigatus | S 4 §
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N. fischeri E
A. oryzae 3
c
A. terreus ]
A. nidulans 2
A. niger :
10 T. stipitatus 11

P. marneffei

supercontigs (> 100 kb) from four Aspergillus
genomes were aligned to the 14 largest

P. chrysogenum assemblies using MUMmer
(http://mummer.sourceforge.net/). Regions with

16 20 18 24
P. chrysogenum supercontigs

12 13

conserved gene order are represented by vertical columns of colored blocks. From left to right, A. nidulans, A. niger, A. fumigatus and A. oryzae, respectively.
Each assembly (supercontig) from the target genomes is represented by a single color. Arrows indicate putative centromeres. Note: because the number of
A. nidulans supercontigs (221) far exceeds the number of supercontigs available for the other Aspergilli, the length of aligned blocks between A. nidulans
and A. niger may not represent the true extent of synteny between these two species.

Aspergilli. These regions contain P. chrysogenum-specific genes, which
are typically smaller and contain fewer introns than other genes. Their
biological roles are mostly unknown, although some seem to function
in transport, metabolism or transcriptional regulation (Supplemen-
tary Fig. 2c online). These four nonsyntenic regions also contain
numerous repeat elements and 23% of the genome’s transposable
elements (Supplementary Table 2 online). Similar genomic islands
have been found in other fungal genomes' 1314,

Almost 30% of the predicted P. chrysogenum proteins lack orthologs
in other sequenced fungi. In the closely related genus Aspergillus, the
origin of lineage-specific genes has been largely attributed to either gene
acquisition through horizontal gene transfer'®!> or to gene duplication
followed by accelerated diversification and differential gene loss'>.
These genes tend to function in secondary metabolism and other
accessory roles (Supplementary Fig. 2a) and may have a recent
evolutionary origin. Phylogenetic analysis was applied to a subset of
putative secondary metabolism genes. Thirty-three of such genes were
identified using SMURF software (http://www.tigr.org/software/)

e, encoding for: 20 polyketide synthases (PKS), 10 nonribosomal peptide

ynthetases (NRPS), 2 hybrid NRPS-PKS enzymes and 1 dimethyl-

=" allyltryptophan synthase (Supplementary Table 3 online). This is

similar to the numbers found in Aspergilli'®'>!>1°, The penicillin
cluster is well known!’, and the siderophore synthetases for ferri-
chrome  (Pc13g05250) and triacetylfusarinine  (Pc16g03850,
Pc22g20400) were readily assigned by homology (Supplementary
Table 4 online). None of the remaining six NRPS could be confidently
identified. Pc21g15480 may encode roquefortine synthetase!® and is
clustered with tryptophan dimethylallyl transferase (Pc21g15430). The
putative tetrapeptide synthetases Pc13g14330 and Pc16g04690 have
similar architectures to those in Aspergilli and may form cyclopeptides
with two adjacent p-amino acids presumably related to malformin!®.
Pc21g10790 may form a cyclohexapeptide containing a fatty-acid
derived component and is orthologous to a similar NRPS found
in A. oryzae.

Penicillin biosynthetic genes

Several prokaryotic features of two penicillin biosynthetic genes,
pcbAB and pcbC, encoding a-aminoadipoyl-L-cysteinyl-p-valine
synthetase and isopenicillinN (IPN) synthase, suggested that the
penicillin gene cluster emerged through horizontal gene transfer from
bacteria to fungi?’. Both genes lack introns (which is unique for large
NRPS genes like pcbAB), are highly homologous to their bacterial

NATURE BIOTECHNOLOGY VOLUME 26 NUMBER 10 OCTOBER 2008

counterparts and are physically linked. Other features to consider are
GC content (which is above 60% in prokaryotic penicillin producers)
and specific codon usage. In P. chrysogenum, the GC content of the
penicillin biosynthetic genes is only slightly higher than the overall
genome average (Supplementary Data online). In the clavulanic acid
producer S. clavuligerus the phenylalanine-codon UUU is extremely
rare compared to UUG; UUU comprises only ~2.3% of total
phenylalanine-codons. Whereas, in P. chrysogenum, the UUU codon
overall is used in one-third of the cases, it is used for 26.2% and 17.6%
of the phenylalanine-codons in pcbAB and pcbC, respectively. This can
be interpreted as near complete codon adaptation because of the
hypothesized transfer acquisition event.

Three other examples of possible horizontal gene transfer were
identified in the P chrysogenum genome: the arsenate-resistance
cluster and two 6-methylsalicylic acid clusters (Supplementary Data
and Supplementary Table 4). These gene clusters contain highly
conserved bacterial-like genes with GC content well above the sur-
rounding genes (exons with 55-58% GC).

The penicillin biosynthetic genes are clustered on supercontig 21 in
the middle of a 120-kb region that is amplified in industrial
P. chrysogenum strains®. Thirty-nine additional ORFs were identified
in this region (Supplementary Table 5 online), including genes
encoding transporters and transcriptional regulators. However, the
predicted annotation of these ORFs does not suggest clear functions in
penicillin biosynthesis as reported recently?>22,

The third penicillin biosynthetic gene, penDE, encoding acyl-CoA:
isopenicillinN acyltransferase, has a paralog, Pc13g09140. This gene
was not transcribed under the conditions studied (Supplementary

a

Figure 3 Microbodies in P. chrysogenum strains. (a,b) Cells of the

P. chrysogenum type strain NRRL1951 (a) and the high penicillin producing
strain DS17690 (b) producing the microbody-targeted protein GFP. SKL
(Supplementary Data) were cultivated in batch cultures on penicillin-
production media. Hyphae of strain DS17690 show enhanced microbodies
numbers relative to the type strain NRRL1951. Scale bar, 5 um.
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Table 6 online). Detailed analyses are needed to reveal its actual
function. Several orthologs of B-lactam biosynthesis genes were iden-
tified throughout the genome (Supplementary Table 6). As deletion of
phl, which encodes phenylacetyl-CoA ligase, resulted only in a partial
loss of penicillinG production®®, other phenylacetyl-CoA ligases must
be present?%, These may include identified orthologs of 4-coumarate-
CoA ligase. Surprisingly, several orthologs of bacterial®® and fungal?®
isopenicillinN  epimerase were identified. The predicted protein
sequence of Pc12g11540 shares 40% homology with S. clavuligerus
isopenicillinN epimerase, although it probably functions as an amino-
transferase. Also, orthologs of Acremonium chrysogenum cefDI and
cefD2 were identified. The presence of these ORFs is remarkable, as
P. chrysogenum can only produce penicillinN after introduction of both
A. chrysogenum genes®’. The P. chrysogenum ORFs may be remnants of
an ancestral cephalosporin pathway.
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Microbodies

In P. chrysogenum, microbodies (peroxisomes) are essential for peni-
cillin biosynthesis because the two final enzymatic steps catalyzed by
acyl-CoAtisopenicillinN  acyltransferase?® and phenylacetyl-CoA
ligase? are located in these organelles. Moreover, high-producing
strains have enhanced microbody volume fractions (Fig. 3). Also, a
further increase in microbody abundance by overexpression of the
proliferation gene pexII leads to a significant increase in penicillin
production®. Genome 2D-searches’’ with known consensus
sequences for microbody targeting signals (PTS)*? identified 214
putative matrix proteins (196 and 17 with putative PTS1 and PTS2
respectively; 1 with both signals) (Supplementary Table 7 online).
Remarkably, the putative isopenicillinN-CoA epimerase (Pc22g13680)
has a predicted PTS1. Many of the proteins are 3-oxidation homologs,
including multiple acyl-CoA synthetases and putative 3-ketoacyl-CoA
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Figure 4 Transcriptional response of significantly changed genes, K-means clustered and the overrepresented functional categories in each cluster. Genes
that showed a significantly different transcript level in at least one comparison (DS17690 + (DS+) versus — PAA (DS-); Wisconsin54-1255 + (Wis+) versus
— PAA (Wis—); DS17690 + PAA versus Wisconsin54-1255 + PAA and DS17690 — PAA versus Wisconsin541255 — PAA) were grouped in eight clusters by
K-means clustering. The thick lines represent the average of the mean normalized transcript levels of the genes in each cluster. The y axis represents 10log
transcript levels. Three main categories were observed; (i) genes whose transcript levels were not influenced by the strain improvement program but with a
higher transcript level in the presence of PAA (clusters 1 and 2); (ii) genes with a constitutively higher transcript level in DS17690 than in Wisconsin54-
1255, irrespective of the presence of PAA (clusters 4 and 5); (iii) genes with a lower transcript level in DS17690, irrespective of the presence of PAA
(clusters 7 and 8). Cluster 3 contains genes that showed a higher transcript level in DS17690 than in Wisconsin54-1255 and only responded to PAA in
DS17690. Cluster 6 contains genes that only showed a lower transcript level in the presence of PAA in the DS17690 strain. Functional categories are
mentioned together with a P-value indicating their overrepresentation in each cluster and the number of genes belonging to functional category in the cluster
relative to the total number of these genes in the genome. Due to redundancy in the functional categories, statistically significant overrepresentation may not
always reflect biological significance. Genes encoding enzymes containing the peroxisomal targeting signal PTS1 occurring in each cluster are indicated in

the same manner.
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Figure 5 Eisen diagram of transcript levels of key genes in penicillin
biosynthesis, amino-acid biosynthesis and phenylacetate catabolism.

P. chrysogenum Wisconsin54-1255 and DS17690 strains were grown in
glucose-limited chemostat cultures in the absence and presence of
phenylacetic acid (PAA). The color bar indicates the range of the transcript
levels for each gene, normalized to the average transcript level of the gene.
Genes (putatively) related to penicillin biosynthesis, synthesis of the
penicillin precursors cysteine, valine and a-aminoadipic acid and to
phenylacetate catabolism are depicted.

thiolases (Pc13g12930, Pcl15g00410 and Pc22g06820). Indeed,
P. chrysogenum readily consumes oleate as the sole source of carbon
and energy. Other PTS-containing proteins, such as p-amino acid
oxidases, may play a role in the metabolism of various carbon or

r .I nitrogen sources.

=" Transcriptome analysis

When genomic DNA of P. chrysogenum was hybridized to microarrays,
99.4% of the probe sets hybridized (Supplementary Data). Once
validated (Supplementary Data), these microarrays were used to
investigate, at the transcriptome level, the molecular basis of the
improved penicillin productivity achieved via classical strain improve-
ment. Transcriptome analysis was performed on aerobic, glucose-
limited chemostat cultures of Wisconsin54-1255 and the derived
industrial, high-producing strain DS17690 (ref. 33). Some inter-
mediates of B-lactam biosynthesis are produced in the absence of the
side-chain phenylacetic acid (PAA)3?, but penicillinG biosynthesis is
strictly dependent on PAA** (Supplementary Data). In DS17690
grown in the absence of PAA, 67% of the genome (~9,200 genes)
yielded a detectable transcript (Supplementary Table 8 online). Under
comparable conditions, 86% (~ 5500 genes) of the smaller S. cerevisiae
genome was transcribed®. To discriminate between PAA-responsive
transcripts and transcripts potentially related to improved penicillinG
productivity, the two strains were grown under penicillinG-producing
and nonproducing conditions. In at least one of the four comparisons,
2,470 genes were differentially transcribed (Supplementary Table 8).
By K-means clustering®, these genes were assigned to eight clusters
(Fig. 4 and Supplementary Tables 9-16 online).

© 2008 Nature Publishing Group
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Transcription of the penicillinG biosynthesis genes pcbAB, pcbC and
phl was independent of PAA, but two- to fourfold higher in the high-
producing strain (Fig. 4, cluster 5). penDE showed a similar trend
(1.9- and 1.5-fold difference in the presence and absence of PAA,
respectively; P < 0.05 in a t-test). Genes encoding enzymes involved
in the biosynthesis of the amino-acid precursors of penicillin (cysteine,
valine and o-aminoadipic acid) were also transcribed at higher
levels in the high-producing strain independent of the presence of
PAA (Fig. 4, cluster 5 and Fig. 5). This included sulfur reduction and
early stages of serine (and cysteine) biosynthesis (Pc20g03220;
Pc12g02680 and Pc12g04370), as well as a homolog of O-acetyl-
homoserine (thiol)-lyase (Pc12g05420), a key enzyme in the trans-
sulfuration pathway toward cysteine. Several genes encoding
enzymes related to o-aminoadipic acid (lysine; Pc18g01330,
Pc14g00150) and valine (Pc22g22510, Pc22g23110) metabolism
showed a similar trend.

Of the genes predicted to encode microbody proteins, 27 showed
higher transcript levels in DS17690, irrespective of PAA addition
(Fig. 4, cluster 5). This class was also overrepresented among genes
that were upregulated by addition of PAA (Fig. 4, cluster 2).

The homogentisate pathway for PAA degradation has been reported
to be largely inactivated in Wisconsin54-1255 and, presumably, also in
derived strains, owing to point mutations in the pahA gene encoding
phenylacetate hydroxylase®”. Nevertheless, both strains showed very
low, but significant rates of PAA consumption that could not be
attributed to penicillinG production (Supplementary Data).
Despite the low in vivo activity of this homogentisate pathway, its
transcriptional regulation has been retained throughout the strain
improvement program, as its structural genes showed increased
transcript levels in the presence of PAA in both strains (Fig. 4, clusters
1 and 2).

Several transcriptional regulators have been implicated in the
transcription of pcbAB, pcbC and penDE in P. chrysogenum’®. No
penicillin-specific transcriptional regulator has been identified,
although strong effects were reported from an enhancer sequence in
the upstream region of pchbAB*® and chromatin modulation’. The
laeA gene responsible for the latter effect strongly affects secondary
metabolism in Aspergillus fumigatus®®. Although the P. chrysogenum
ortholog was transcribed, its transcript levels were not substantially
influenced by strain or cultivation conditions (Pc16g14010, Supple-
mentary Table 17 online). Several other putative transcription factors,
whose functions remain to be elucidated, were found to be associated
with secondary metabolite clusters (Supplementary Data).

Transport

Transport mechanisms for (-lactam antibiotics and intermediates
across the fungal plasma membrane and between intracellular com-
partments are poorly understood. Industrial fermentations yield high
amounts of penicillinG in the external broth, whereas intracellular
concentrations are typically tenfold lower. Moreover, penicillinG
secretion is sensitive to verapamil*, an antagonist of multidrug
transporters. This implies that secretion is an active process possibly
mediated by (an) ABC transporter(s), whose identity has remained
elusive. P. chrysogenum contains 830 genes that specify transporter
proteins. Secondary transporters (688) are numerous with the major-
ity belonging to the major facilitator superfamily (416), whereas
51 ABC transporters were identified. The functional categories
metabolism, transport and detoxification were among the most
strongly overrepresented in the gene clusters that were transcription-
ally upregulated in the presence of PAA in both strains (Fig. 4, clusters
1 and 2 and Supplementary Table 18 online). Several of these showed
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Seplim o Woronin body
b
No. of genes higher No. of genes lower
Description expressed expressed
1 Growth and metabolism 106 75
2 From precursors to penicllinG 6 1
3 PenicillinG secretion 13 4
4 Peroxisome related 2 4
5 B-lactam metabolism 4 2
6  PAA metabolism 6 0
7  Cell differentiation and morphology 14 11
8 Other 156 174
Subtotal 307 27

sequence similarity to known multidrug transporter genes. Trans-
porters were significantly overrepresented within the class of genes
expressed more highly in DS17690 than in Wisconsin54-1255, irre-
spective of PAA (P = 3.94 x 1076, see Fig. 4, cluster 5), identifying
sixty-eight potential active transporters (Supplementary Table 19
online). Interestingly, none of the previously suggested penicillin
transporters*#2 are among this group. Although some transporter
=Ye) genes may be involved in transport of PAA rather than of B-lactams or
@ntermedia‘[es, the strong enrichment of transporter genes suggest that
penicillin secretion might result from the simultaneous activity of
multiple transporters.

© 2008 Nature Publishing Group

DISCUSSION

Although observations on amplification of penicillin biosynthetic
genes* and increased abundance of microbodies’® have provided
some insights, the question of how strain improvement transformed
P. chrysogenum into an efficient penicillin producer has remained a
formidable challenge. Availability of a complete genome sequence
enables an integral approach. The potential is illustrated by several
results, including increased transcript levels in a high-producing strain
of genes involved in side-chain activation, of a-aminoadipate, valine
and cysteine biosynthesis genes, and of genes encoding multidrug
transporters. Three hundred and seven of these upregulated genes
were assigned to 8 categories directly influencing penicillin produc-
tivity (Fig. 6). A similar number of genes (271) showed reduced
transcript levels in the high-producing strain (Fig. 6). Gene-by-gene
analyses of this latter set suggests an overrepresentation of genes
encoding morphogenesis and developmental factors. This is in line
with the morphological differences between the two strains. These
results indicate that metabolic control of penicillin production in
high-producing strains is likely to be distributed over many cellular

1166

Figure 6 Categorization of differentially transcribed genes in DS17690 and
Wisconsinb4-1255. (a) Schematic representation of a P. chrysogenum cell
and eight functional categories of cell metabolism directly influencing
penicillin productivity: 1, growth and metabolism (from nutrients to
precursors); 2, from precursors to penicillinG; 3, penicillinG secretion;

4, peroxisome related; 5, B-lactam metabolism; 6, PAA metabolism; 7, cell
differentiation and morphology; 8, other (including unknowns, cell signaling
and communication, transcription factors, stress response). (b) Transcript
levels of all genes in DS17690 and Wisconsin54-1255 were compared
under producing conditions (+PAA). Significant changes were selected by
statistical analysis of microarrays (SAM) analysis with a threshold fold-
change of 2 and a false-discovery rate of <1%, thus identifying 1,605
genes. An additional, more stringent criteria were imposed to select only
genes whose highest average transcript level signal (in either strain) was
larger than 200. The 578 remaining genes were functionally categorized
according to the eight categories.

processes that have been iteratively optimized in the long strain
improvement history. Scattered gene duplications and deletions
throughout the genome of different strains (Supplementary Data)
may contribute to this combined up- and downregulation of different
pathways and processes. However, most of these genes encode
hypothetical proteins, except for Pcl2g16490 (Supplementary
Table 20 online, cluster no. 4), involved in cell development.

Despite the massive improvements already achieved in classical
strain improvement, our results indicate that further improvement of
penicillin production remains a possibility. For instance, the high-level
expression of the PAA degradation pathway may impose an energetic
burden and thus affect productivity. Moreover, the genome sequence
shows evidence for other, potentially competing, B-lactam pathways
that may contribute to by-product formation. Some of the genes,
which strongly resemble genes encoding isopenicillinN epimerase and
acetyltransferase, are highly transcribed and show increased levels in
the high-producing strain DS17690. Further improvements can be
anticipated from a detailed analysis and subsequent targeted mod-
ification of genes involved in microbody biogenesis and function, and
of membrane transporters involved in the (intra)cellular transport of
products and intermediates.

When a subset of the genes that showed altered transcript levels in
DS17690 relative to Wisconsin54-1255 were knocked out, several
amino-acid biosynthesis genes that were transcriptionally upregulated
were confirmed to be involved in the increased B-lactam productivity
(Supplementary Table 21 online). This is in contrast to the gene
encoding Pc20g0240, a putative transporter with high mRNA levels in
DS17690, which, when silenced, has little effect on B-lactam biosynth-
esis. Surprisingly, the knockout of a putative isopenicillinN-CoA
epimerase seems to lead to a small increase in B-lactam productivity.
In Cephalosporium acremonium this enzyme is involved in IPN
to penicillinN conversion?’. It is tempting to speculate that this
enzyme might be involved in a so far unidentified side reaction in
P. chrysogenum reducing the overall yield of secreted penicillinG. These
preliminary and diverse results demonstrate the need for a thorough
follow-up of the transcriptome-based identification of targets for
metabolic engineering.

The availability of a highly reproducible platform for transcriptome
analysis will facilitate the systematic analysis of P. chrysogenum strain
lineages, with the aim to further elucidate the molecular basis for the
substantial increase in penicillinG productivity that has occurred
during six decades of classical strain improvement. In addition, a
full exploitation of the P. chrysogenum genome sequence will require
the integration of additional levels of cellular information (for
example, metabolome and proteome), as well as the construction of
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genome-scale metabolic models*>. Such ‘systems’ approaches will
ultimately contribute to further improvement of this important cell
factory via inverse metabolic engineering**.

METHODS

Genome sequencing and assembly. The genome of P. chrysogenum Wiscon-
sin54-1255 (ATCC28089) was sequenced by the whole-genome random
sequencing method'? by obtaining paired-end reads from five libraries. Four
plasmid libraries with inserts prepared by random shearing were con-
structed with insert sizes of 3—4 kb, 4-6 kb, 6-12 kb and 25-50 kb.
Approximately 2.3x genome coverage was obtained from each of these
libraries. In addition, 16,000 sequences were obtained from the ends of BAC
clones. The BAC libraries were prepared by partial digestion of the
P. chrysogenum genomic DNA using either BamHI or HindIlI*>. The mean
insert size of these two libraries was 130 kb. Assembly of these sequences
generated 49 supercontigs, with 14 of these larger than 100 kb. The sizes of
the largest five supercontigs are 6.2 Mb, 5.6 Mb, 4.0 Mb, 3.9 Mb and 3.6 Mb.
The final genome coverage in contigs was 9.8x. Genome assembly was
accomplished using Celera Assembler*®. The mitochondrial sequence was
obtained by manual review of the assembled contigs by sequence similarity
to the mitochondrial sequence of A. fumigatus Af293. The genome sequence
was deposited at EMBL under the accession numbers AM920416-
a.m.920464.

http://www.nature.com/naturebiotechnology

Genome annotation and analysis. Analysis and annotation of the genomic
sequences of P. chrysogenum was performed with a combined automatic and
manual approach. For all supercontigs larger than 5 kb ORFs were predicted by
a version of FGENESH*’ trained on sequences of Ascomycetes, as well as other
algorithms (Supplementary Methods online). ORFs were named after the
organism (Pc), supercontig number (two digits) followed by g (gene) and a
five-digit number matching the order of the ORFs on the contig. For all ORFs
identified from the above described approach an exhaustive automatic bioin-
formatic analysis in respect to function and structure of the respective protein
was performed using the PEDANT-Pro” software*®. Annotation of description,
functional categories according to the Functional Catalog (FunCat) classifica-
tion system’, and Enzyme Commission (EC) numbers have been performed
for each P. chrysogenum ORF with a multi-step semiautomatic approach
(Supplementary Methods). tRNA genes were identified as described in
Supplementary Methods.

© 2008 Nature Publishing Group
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epeatMasker (http://www.repeatmasker.org/), RepeatScout (http://repeatscout.

=" bioprojects.org/), Tandem Repeats Finder (http://tandem.bu.edu/trf/trf.html)

and Transposon-PSI (Brian Haas, http://transposonpsi.sourceforge.net). The

result of the latter was used to calculate the densities as the percentage of

nucleotide bases in the regions of interest that overlap with repeat or transpo-
sable elements (Supplementary Table 2).

'. ol Repetitive elements. Identification of repeat elements was performed using

Genome-genome alignment. Pair-wise alignments between P. chrysogenum and
four target genomes (A. fumigatus, A. oryzae, A. niger and A. nidulans) were per-
formed using the Promer program of the MUMmer package (http://mummer.
sourceforge.net/). Supercontigs larger than 100 kb of the four Aspergillus species
were aligned against the 14 largest P. chrysogenum supercontigs.

Phylogenetic analysis and species tree. To generate the species tree, a total
of 90 orthologous genes from P chrysogenum, P. marneffei (GenBank
ABARO00000000), T. stipitatus (GenBank ABAS00000000), A. niger'®, A. nidu-
lans', A. oryzae'®, A. fumigutuslz, A. clavatus (GenBank AAKD00000000),
A. terreus (Refseq NT_165925-NT_165951), Neosartorya fischeri (GenBank
AAKE00000000) and Gibberella zeae (anamorph Fusarium graminearum)*®
were aligned at the amino acid level (Supplementary Table 22 online). To
minimize the effect of incorrect or incongruent gene models, these proteins
were chosen on the basis of having identical numbers of introns in each species
and similar lengths (95% overlap). Sequences were aligned using Muscle®.
DNA alignments were then concatenated and passed to the Phylip package.
Maximum likelihood trees were calculated on each replicate, applying the JTT

ARTICLES

substitution model with a gamma distribution (alpha = 0.5) of rates over four
categories of variable sites, and a consensus tree was produced.

Chemostat cultivations. Independent triplicate chemostat cultures of
P. chrysogenum Wisconsin54-1255 and the high-producing penicillinG strain
DS17690 were run in the presence and absence of phenylacetic acid exactly as
described before.

Microarray methods (detailed procedures are available in Supplementary
Methods). The P. chrysogenum genome sequence information was used to
prepare a proprietary DNA microarray, using the Affymetrix Custom GeneChip
program (Affymetrix): GeneChip, DSM_PENa520255E. Samples from chemo-
stat cultures were filtered within seconds and quenched in liquid nitrogen. Total
RNA isolation with Trizol reagent and acid phenol-chloroform for extraction
was followed by ¢cDNA synthesis and cRNA synthesis. Hybridized arrays were
scanned and analyzed using the Affymetrix GeneChip Operating Software
(GCOS, Affymetrix). All arrays were globally scaled to a target value of 100
using the average signal from all gene features using GCOS. Differential
expression was assessed using the Significance Analysis of Micro arrays (SAM
version 1.21) add-in to Microsoft Excel**. The fold-change threshold and the
false discovery rate values were set at 2% and 1%, respectively. Enrichment of
Munich Information Center for Protein Sequences (MIPS) categories was
assessed by Fisher’s Exact test employing hypergeometric distribution with a
P-value cut-off of 3-107* (with a Bonferroni correction). The genes with
significantly changed expression in one of the comparisons were arranged in
clusters by the K-means clustering tool of Genedata Expressionist (Genedata).
The coefficient of variation (CV) of transcript levels of independent, triplicate
chemostat cultures did not exceed 21% (Supplementary Data) and was similar
to that of transcriptome analysis on chemostat cultures of the nonfilamentous

fungus S. cerevisiae®*.

Accession number. The array data were deposited at Genome Expression
omnibus under the serial number GSE9825. The genome sequence was
deposited at EMBL under the accession numbers AM920416-AM920464.

Note: Supplementary information is available on the Nature Biotechnology website.
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