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Abstract

In the present study, the complete genome of a filamentous fungus Aspergillus terreus ATCC 20542 was sequenced, assembled,
and annotated. This strain is mainly recognized for being a model wild-type lovastatin producer and a parental strain of high-
yielding industrial mutants. It is also a microorganism with a rich repertoire of secondary metabolites that has been a subject of
numerous bioprocess-related studies. In terms of continuity, the genomic sequence provided in this work is of the highest quality
among all the publicly available genomes of A. terreus strains. The comparative analysis revealed considerable diversity with
regard to the catalog of biosynthetic gene clusters found in A. terreus. Even though the cluster of lovastatin biosynthesis was
found to be well-conserved at the species level, several unique genes putatively associated with metabolic functions were
detected in A. terreus ATCC 20542 that were not detected in other investigated genomes. The analysis was conducted also in
the context of the primary metabolic pathways (sugar catabolism, biomass degradation potential, organic acid production), where
the visible differences in gene copy numbers were detected. However, the species-level genomic diversity of A. terreus was more
evident for secondary metabolism than for the well-conserved primary metabolic pathways. The newly sequenced genome of
A. terreus ATCC 20542 was found to harbor several unique sequences, which can be regarded as interesting subjects for future
experimental efforts on A. terreus metabolism and fungal biosynthetic capabilities.

Key points

o The high-quality genome of Aspergillus terreus ATCC 20542 has been assembled and annotated.

» Comparative analysis with other sequenced Aspergillus terreus strains has revealed considerable diversity in biosynthetic gene
repertoire, especially related to secondary metabolism.

* The unique genomic features of A. terreus ATCC 20542 are discussed.

Keywords Aspergillus terreus - Genome - Comparative genomics - Secondary metabolites

Introduction invasive fungal infections (Lass-Fl6rl 2018; Pastor and
Guarro 2014; Steinbach et al. 2004), the microbial produc-

Aspergillus terreus is a species associated mainly with  tion of itaconic acid, an important building block used in
three distinct scientific and engineering areas, namely, the =~ chemical industry (Klement and Buchs 2013; Krull et al.
2017; Okabe et al. 2009), and the biosynthesis of lovastat-
in, a secondary metabolite applied as a cholesterol-
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the clinical and industrial contexts, A. terreus continues to
serve as a subject of numerous research efforts (Vyas
2011).

The first complete genome sequence of A. ferreus, specif-
ically of the clinical strain A. terreus NIH2624, was provided
by the BROAD Institute in 2005 and encompassed 29.36
megabase pairs (Mb). Even today, the genome of A. terreus
NIH2624 remains a high-quality reference for genetic studies
on A. terreus. It took 11 years for the next genome of this
species (strain 45A, also referred to as KM017963) to be pub-
lished (Savitha et al. 2016). Within the next 4 years, the ge-
nomes of strains w25, T3 Kankrej, TN-484 (Kanamasa et al.
2019), M6925 (Palanivel et al. 2020), and IFO6365
(Takahashi et al. 2020) were submitted to the NCBI database.
Surprisingly, the genome of A. terreus ATCC 20542, a model
lovastatin-producing microorganism deposited in the
American Type Culture Collection, has never been released.
Originally isolated from soil in Spain (Alberts et al. 1980), this
wild-type strain was applied in numerous bioprocess-related
studies focused on the optimization of lovastatin production
(see the review of Mulder et al. 2015 and references therein).
Importantly, it was used in the mutagenesis experiments as a
parent of high-yielding industrial strains (Buckland et al.
1989; Hendrickson et al. 1999; Vinci et al. 1991) and
employed in the pioneering research on the lovastatin biosyn-
thetic gene cluster (Kennedy et al. 1999). Even though
Microbia (the former name of Ironwood Pharmaceuticals,
Inc, Boston, Massachusetts, USA), an industrial biotechnolo-
gy company, did share the sequence data of A. terreus ATCC
20542 in relation with the transcriptomic and metabolomic
experiments on lovastatin production (Askenazi et al. 2003),
the genomic fragment that was made publicly available
encompassed only 0.14 Mb of sequence and was far from
being considered a completely sequenced genome.

If one aims to perform any system-level studies focused on
elucidating the mechanisms of lovastatin biosynthesis,
A. terreus ATCC 20542 should be regarded as a model strain
and a highly recommended research subject. Having access to
a high-quality, complete genome sequence is an essential pre-
requisite for an in-depth analysis of this kind, as well as for the
efforts aimed at designing effective lovastatin-producing cell
factories. In the context of uncovering the fungal biosynthetic
repertoire, it is worth mentioning that the previous study dem-
onstrated the rich catalog of secondary metabolites produced
by A. terreus ATCC 20542 in addition to its main product,
lovastatin (Boruta and Bizukojc 2016). Some of these mole-
cules, e.g., (+)-geodin, asterric acid, and butyrolactone I, dis-
play interesting biological activities, e.g., act as enzyme inhib-
itors or antibiotics, what makes them the potential candidates
for future drug discovery efforts (Kitagawa et al. 1994; Ohashi
et al. 1992; Rinderknecht et al. 1947; Sato et al. 2005;
Shinohara et al. 2000; Takatsuki et al. 1969). As the capability
to produce a certain set of secondary metabolites is known to
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be strain-specific, studying the biosynthetic gene clusters in
A. terreus ATCC 20542 still requires a fully sequenced ge-
nome. In our previous study, the dataset corresponding to
A. terreus NIH2624 was chosen to be applied for bioinformat-
ic analyses of fungal gene clusters solely due to the fact that
the genome of our true experimental subject, namely
A. terreus ATCC 20542, was still unavailable (Boruta and
Bizukojc 2014).

Six out of seven complete genomes of A. terreus previous-
ly deposited into the NCBI database were released between
the years 2016 and 2020, what reflects the recently observed
rapid build-up of sequence data related to this microorganism.
Generally, as the number of sequenced genomes of fungi
representing a particular species increases, the door opens
for comparative genomic analysis at the species level. It
should be emphasized that the strains of A. ferreus previously
subjected to sequencing were isolated from diverse environ-
ments and represented various characteristics. Until now,
there has been no comprehensive study addressing the geno-
mic differences and similarities within the rapidly expanding
group of sequenced A. ferreus strains.

The goals of the present study were to provide a high-
quality whole-genome assembly and annotation of A. terreus
ATCC 20542 and to assess the diversity observed among the
sequenced genomes of A. terreus strains.

Materials and methods
Cultivation conditions

A. terreus ATCC 20542 was purchased from the American
Type Culture Collection (ATCC) and inoculated onto agar
slants according to the recommendations specified by the
ATCC. The spores obtained on the slants were then employed
for the inoculation of liquid medium.

The submerged cultivations were carried out with the use
of Certomat® BS-1 (B. Braun Biotech International,
Melsungen, Germany) rotary shaker. The temperature was
set at 28°C, the rotary speed was kept at 110 min™'. The fungal
biomass proliferated in flat-bottom flasks (working volume
150 ml, total volume 500 ml).

The first stage of the cultivation process (i.e., the
preculture) was initiated by transferring the spores to liquid
medium (10° fungal spores per liter of medium) with the use
of a sterile pipette. After 24 h of cultivation, the second stage
of the process was initiated by inoculating 150 ml of the pro-
duction medium with 7 ml of the preculture. The process was
continued for 48 h, and then, the biomass was separated from
the liquid medium by filtration. The harvested biomass (fun-
gal pellets) was washed thoroughly with PBS buffer
(phosphate-buffered saline) and stored at —80°C.
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The medium composition was as follows: lactose, 20 g 17
(10 g I"" in preculture); yeast extract, 4 g 1"' (8 g 1! in
preculture); KH,PO,4, 1.51 g 17'; NaCl, 0.4 g 1"'; MgSO,-
7H,0, 0.51 g 171; biotin, 0.04 mg 171; and 1 ml 1" of trace
element solution of the following composition: ZnSO,4 7H,0,
1 g1 Fe(NO5)39H,0, 2 g I"'; MnSO4, 50 mg 1'; Na,B,O5-
10H,0, 100 mg I""; Na,M00,-2H,0, 50 mg I"'; and CuSO,-
5H,0, 250 mg 1"'. The sterilization was performed in an au-
toclave for 30 min at 121°C. The pH was set to 6.5 with the
use of NaOH solution prior to sterilization.

Isolation and sequencing of genomic DNA

Genomic DNA of A. ferreus ATCC 20542 was isolated using
the SDS/Phenol method as described previously (Wilson
1987; Nowak et al. 2019). DNA quality control was per-
formed by measuring the absorbance at 260/230, template
concentration was determined using Qubit fluorimeter
(Thermo Fisher Scientific, Waltham, USA), and DNA integ-
rity was analyzed by 0.8% agarose gel electrophoresis and by
PFGE using Biorad CHEF-III instrument (BioRad, Hercules,
USA).

Paired-end sequencing library was constructed using the
NEB Ultra II FS Preparation Kit (New England Biolabs,
Beverly, USA) according to the manufacturer’s instructions.
Library was sequenced using an Illumina MiSeq platform
(Illumina, San Diego, USA) with 2 x 300 paired-end reads.
Sequence quality metrics were assessed using FASTQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/;
(Andrews 2010)).

The long reads were obtained using the MinlON sequencer
(Oxford Nanopore Technologies (ONT), Oxford, UK). Prior
to long-read library preparation, genomic DNA was sheared
into 20 kb fragments using Covaris g-Tube (Covaris, MA,
USA) followed by size selection on Bluepippin instrument
(Sage Science, Beverly, USA). DNA fragments above 10 kb
were recovered using PAC30kb cassette. A total of 5 pg of
recovered DNA was taken for 1D library construction using a
SQK-LSK109 kit (Oxford Nanopore Technologies (ONT),
Oxford, UK) and 0.5 pg of final library was loaded into a
R9.4.1 flowcell (Oxford Nanopore Technologies (ONT),
Oxford, UK) and sequenced on MinlON sequencer (Oxford
Nanopore Technologies (ONT), Oxford, UK).

Genome assembling

Raw nanopore data was basecalled using Guppy (v. 3.0;
Oxford Nanopore Technologies, Oxford, UK). After quality
filtering using NanoFilt (De Coster et al. 2018) and residual
adapter removal using Porechop (https://github.com/rrwick/
Porechop), obtained dataset was quality checked using
NanoPlot (De Coster et al. 2018). Long nanopore reads were
assembled using Flye (v. 2.5; (Kolmogorov et al. 2019)).

Flye-assembled contigs were further polished using Illumina
sequencing reads and Oxford Nanopore ont-assembly-polish
pipeline (https://github.com/nanoporetech/ont-assembly-
polish).

Annotation and analysis of A. terreus ATCC 20542 and
the published A. terreus genomes

Genome assemblies of 8 A. terreus strains were downloaded
from NCBI (access date: March 2020). Sequences of all ana-
lyzed A. terreus genomes were annotated using AUGUSTUS
(v. 3.3.2; (Stanke and Waack 2003)) employing the supplied
training annotation files for A. ferreus. Ribosomal RNA
(rRNA) genes were predicted in the A. terreus ATCC 20542
genome using barrnap (v. 0.9; Seemann T., https:/github.
com/tseemann/barrnap). Prediction of transfer RNA (tRNA)
genes was done using the tRNAscan-SE (v. 2.0.5; (Chan and
Lowe 2019)). Presence of signal peptide in the sequences of
proteins was done using SignalP (v. 5.0; (Almagro
Armenteros et al. 2019)). Transmembrane helices were pre-
dicted using Phobius server (access date: August 2020 (Kall
et al. 2007)). Eukaryotic orthologous group (KOG) categories
were assigned to the predicted A. ferreus ATCC 20542 prote-
ome by the WebMGA server (Wu et al. 2011). KEGG
Automatic Annotation Server (KAAS; https://www.genome.
jp/tools/kaas/) was used to perform KEGG orthology search
employing the assignment method of ‘bi-directional best hit’
(BBH) against Eurotiomycetes species. The proteomes of the
analyzed species were functionally characterized using soft-
ware package InterProScan (v. 5.19; (Jones et al. 2014)) with
the option to scan for Pfam collection of protein families.
Carbohydrate-active enzymes (CAZyme; Lombard et al.
2014) were annotated using dbCAN2 meta server (Zhang
et al. 2018) with the option to use HAMMER search against
dbCAN HMM database, DIAMOND search against CAZy
database, and Hotpep search against the PPR short peptide
library. Candidate proteins found by at least two methods
were kept for further analysis. Secondary metabolite clusters
were predicted using antiSMASH for fungi (v. 5.1.1;
(Medema et al. 2011; Blin et al. 2019)). Orthologs were
searched between the proteomes using Proteinortho program
(version 6.0.14; (Lechner et al. 2011)). ANI analysis per-
formed using PYANI (v. 0.2.9) python program employing
BLAST+ program (Camacho et al. 2009; Pritchard et al.
2016). The UPGM tree based on ANI-1 values was calculated
using phangorn R package (Schliep 2011).

Genome sequence and annotation data availability
The assembled genome, together with annotation, was depos-

ited at the NCBI database under the BioProject:
PRINA622971.
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Results

Sequence and general features of the genome of
A. terreus ATCC 20542

The sequencing and assembling of A. terreus ATCC 20542
genome produced 8 contigs and 1 scaffold of the total size of
30,360,760 bp and the GC content of 52.2% (Table 1; Fig.
la). The estimated number of protein-coding genes in the
genome was equal to 10,505. Forty-five rRNA genes were
predicted. Out of 196 predicted tRNA genes, 18 were classi-
fied as pseudogenes which may not be functional. The signal
peptide was detected in the sequence of 1025 proteins, where-
as 2502 were predicted to contain transmembrane regions.
Based on InterProscan search, Pfam domains were assigned
to 8223 proteins (78% of the proteome). A total of 6533 of
proteins were assigned to KOG categories representative of
four main function types: information storage and processing,
cellular processes and signaling, metabolism, and poorly char-
acterized proteins (Fig. 1b).

Phylogenetic analysis and comparative genomics of
A. terreus strains

The genomes of other seven A. ferreus strains were
downloaded from the NCBI database (Table 2). The average
genome size of an A. ferreus strain is 29.6 Mb and the average
GC content is 52%. On average, the A. ferreus genome en-
codes 10,421 genes (excluding the A. terreus T3 Kankrej ge-
nome due to high assembly fragmentation). Only the genome

Table 1  Assembly statistics and general features of A. terreus ATCC
20542 genome

Total number of reads-Illumina 17,481,351
Total number of reads—ONT 392,432
Genome size (bp) 30,360,760
Number of contigs/scaffolds 9

Scaffold N50 (bp) 4,253,827
Scaffold L50 3

% GC 52.2
Genome coverage-Illumina 163%
Genome coverage-ONT 140x
Number of protein coding genes 10,505
rRNA genes 45

tRNA genes 196
Proteins with signal peptide 1025
Proteins with transmembrane helices 2502
Proteins with predicted Pfam domain 8223
Proteins assigned to KOG 6,533
Predicted CAZy proteins 579
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assembly of A. terreus NIH 2624 includes mitochondrial
DNA sequence (1 scaffold of 32,827 bp with no predicted
genes).

According to the results of the phylogenetic analysis based
on the ANI values, three main clades can be noticed (Fig. 2),
i.e., one which groups genomes of the A. ferreus NIH 2624,
A. terreus 45A, A. terreus M6925, A. terreus w25, and
A. terreus T3 Kankrej strains; the second clade with two
A. terreus ATCC 20542 genomes; the third and the most
separated from the first two, clade grouping the genomes of
IFO 6365 and TN-484 strains.

Primary carbon metabolism and plant biomass
degradation

In order to gain insight into the conservation of the primary
metabolism pathways in A. terreus strains, first their potential
to utilize carbohydrates was compared by investigating the
presence of orthologs of respective catabolic enzymes based
on sequence similarity with proteins of Aspergillus niger
ATCC 1015 (Table S1 of Online Resource 1). The investigat-
ed carbon sources included cellobiose, D-fructose, D-galac-
tose, D-glucose, lactose, D-mannose, maltose, sucrose, and D-
xylose. A similar analysis was conducted with regard to the
genes involved in the production of organic acids, such as
citric, fumaric, malic, succinic, and gluconic acid (Table S2
of Online Resource 1). In general, orthologs of all the inves-
tigated enzymes were found in every A. ferreus genome and
their copy number agreed, apart from only a few cases such as,
e.g., glucose oxidase and D-xylulose reductase.

Next, to evaluate the plant biomass-degrading ability
across A. terreus strains, the genes from CAZy
(Carbohydrate-Active enZYmes) families were predicted
(Table 3). The total number of CAZy genes predicted in a
single genome varied from 450 to 483 depending on the strain,
with the highest number found in the genome of A. terreus
M6925. The differences in the numbers of genes involved in
the degradation of cellulose, xylan, galactomannan, and
xyloglucan did not exceed 1 among the tested genomes,
whereas the abundance of sequences associated with pectin,
inulin, and starch turned out to be somewhat more varied
(Table 3). The analysis revealed that the genome of
A. terreus M6925 was particularly enriched in inulinase-
encoding genes. It was also noticed that the genomes of the
two A. terreus strains of the second phylogenetic clade, i.e.,
A. terreus IFO 6365 and TN-484, contained the lowest num-
ber of genes required for the degradation of cellulose, pectin,
and starch.

Even though the set of genes associated with primary met-
abolic pathways in A. ferreus ATCC 20542 at first glance does
not seem to be exceptional compared with other representa-
tives of the species, a small set of unique sequences having no
counterparts in other A. ferreus strains has been found
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Fig. 1 Characteristics of a A. terreus ATCC 20542 genome
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that is generally missing in Aspergilli but exhibits more than
55% identity with the sequences of more evolutionarily distant
fungal genera, namely Exophiala, Fonsecaea, and

throughout the analysis (Table S3 of Online Resource 1). The
Cladophialophora.

example of such a sequence is the gene of a putative hexoki-
nase (gene ID: HFD88 003314), for which the best BLASTP
hits in the non-redundant protein database were the industrial
progenitor strain Penicillium chrysogenum P2niaD18 and
Penicillium rubens 43M1 (80% identity in both cases), where-
as no A. ferreus counterparts could be found. Another exam-
ple is the gene of a putative catalase (gene ID:
HFDS88 003313), which closely resembles the sequences
found in other Aspergillus species (e.g., 89% identity with
Aspergillus ruber CBS 135680 gene) but was not detected in
any available genome of A. terreus. Interestingly, the genome

of A. terreus ATCC 20542 carries a putative amidase gene

Secondary metabolism
On the basis of the prediction, A. terreus ATCC 20542 ge-
nome encodes 74 secondary metabolite biosynthesis gene

clusters (also referred to as “regions” according to the nomen-
clature used in antiSMASH 5 genome mining pipeline). Each
of'these regions is represented by at least one core biosynthetic
gene representing polyketide synthase (PKS), non-ribosomal
@ Springer
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Table 2  Characteristics of complete A. terreus genomes deposited at the NCBI database. Genes were predicted by Augustus

Strain GenBank assembly accession Total genome Number of contigs/ N50 (bp) %GC Number of predicted
size (bp) scaffolds protein-coding genes

NIH 2624 GCA_000149615.1 29,364,022 27 1,912,493 52.6 10,413

45A GCA _001630395.1 29,325,441 26 1,912,382 511 10,219

w25 GCA_002749855.1 29,423,947 536 326,294 52.7 10,436

T3 Kankrej GCA 002930435.1 27,963,153 13,340 3497 52.1 13,346

TN-484 GCA _009014675.1 29,615,077 1211 673,704 52.4 10,347

M6925 GCA _009834425.1 31,839,144 35 4,133,337 52.2 10,798

IFO 6365 GCA 009932835.1 28,667,710 23 2,163,102 53.0 10,227

peptide synthetase (NRPS), terpene cyclase (TC),
dimethylallyl tryptophan synthase (DMATS), or hybrids of
various biosynthetic groups. These clusters are encoded on
every A. terreus ATCC 20542 contig and one scaffold, except
for the smallest, contig 1 (the Online Resource 1: Fig. S1).
When other A. terreus genomes are considered, it can be no-
ticed that the total number of predicted core biosynthetic genes
involved in secondary metabolite (SM) production varied
from 94 in A. terreus IFO 6365 to 99 in A. terreus M6925
(Table 4). Analysis of conservation of the core biosynthetic
genes has shown that 78 of them are present in all of the
analyzed A. terreus genomes (Fig. 3a). The genome of the
main subject of this study, namely A. ferreus ATCC 20542,
is predicted to encode four unique core genes. The highest
number (10) of unique sequences is encoded by the
A. terreus TFO 6365 and TN-484 genomes (Fig. 3 a and b).
Moreover, these two genomes do not encode a large group of

Fig. 2 Phylogenetic tree of

A. terreus strains based on ANI
analysis performed using PYANI
(0.2.9) python program
employing BLAST+ program
(Camacho et al. 2009; Pritchard
et al. 2016). The UPGM tree
based on ANI-1 values was cal-
culated using phangorn R. pack-
age (Schliep 2011). The

A. terreus ATCC 64974 was used
as an outgroup. The tree was
drawn in FigTree program (v.
1.4.4). The scale bar represents
the sequence divergence

over 15 SM core genes which are conserved in other
A. terreus genomes (Fig. 3b).

Analysis of conservation pattern of core SM synthases,
which were experimentally linked to downstream products
(as reviewed by Romsdahl and Wang 2019), has highlighted
some distinctive features among the A. ferreus genomes (Fig.
4a). For example, A. terreus ATCC 20542 genome does not
encode the terretonin gene cluster (the core gene and the se-
quences of accessory proteins are all missing). The A. terreus
IFO 6365 and TN-484 genomes, which are also the most
phylogenetically distant from the other A. terreus genomes,
do not encode acetylaranotin (ataP), (+)-geodin (gedC),
phenguignardic acid (pgnA), lovastatin (/ovB and lovF), nor
the asterrelenin, epi-aszonalenin A (anaPS) genes. The core
genes of acetylaranotin production turned out to be the least
conserved among the sequences considered in the present
analysis, as they are missing in three out of seven investigated

A. terreus NIH 2624
A. terreus 45A
A. terreus M6925

A. terreus w25

L— A. terreus T3 Kankrej

—— A. terreus ATCC 20542 (Microbia)

—— A. terreus ATCC 20542
[A. terreus TN-484
A. terreus IFO 6365

A. niger ATCC 64974
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Table 3 Number of carbohydrate active enzymes predicted in A. terreus genomes. Assignment of the CAZy families to polysaccharides was
performed according to de Vries et al. (2017)

Cellulose Xylan Galactomannan Xyloglucan Pectin Starch Inulin  Total

CAZy GHS5_4,GH5_5, GHI0, GHI11, GH5_7, GH26, GHI2, GH28, GH53, GH78, GHS8, GHI3_1,GHI3_5, GH32 All

families/St- GHS5_22, GHe, GH62, GH67, GH27, GH29, GH93, GH105, PL1, PL3, GH13_40,

rain GH7, GH45, GHL115, CE1, GH36, GH74, PL4, PL9Y, PL11, PL22, CES, GHIS, GH31,

AA9 CEl15 GH134 GH95 CE12 GH133

ATCC 20542 23 18 11 9 36 23 6 466
NIH 2624 23 18 12 9 35 22 6 467
45A 23 18 11 9 34 22 6 463
w25 23 18 11 10 37 22 6 474
IFO 6365 22 18 11 9 33 21 6 450
TN-484 22 18 11 9 33 21 6 452
M6925 23 17 11 10 37 23 11 483

A. terreus strains (Fig. 4a). The biosynthetic gene cluster of
lovastatin, the key secondary metabolite produced by
A. terreus, was demonstrated here to be well-conserved
among the five of the sequenced genomes of this species
(Fig. 4b). Still, several single-nucleotide polymorphisms
(SNPs) could be noticed along the cluster (Fig. 4b). The genes
lovI and lovF turned out to be merged into a single sequence in
A. terreus 45A genome, but this may be due to incorrect in
silico predictions and still requires further experimental
verification.

Since the genome of A. ferreus ATCC 20542 is the
main focus of this study, a putative biosynthetic gene
cluster that, as a whole, is unique to the newly se-
quenced strain was further analyzed in detail. This clus-
ter encompasses the sequences spanning from
HFD88 004290 to HFD88 004297 (contig 4th:
885,353..929,704) with HFD88 004294 (annotated as a
PKS sequence) as the core biosynthetic gene. The amino
acid sequence of the putative PKS encoded by
HFD88 004294 has counterparts neither in the se-
quenced A. ferreus strains, nor in any genome previously
deposited into the NCBI. In this case, the closest
BLASTP hit against the non-redundant protein database

is the sequence found in Aspergillus brasiliensis (66%
identity at 68% query coverage). For comparison, if the
sequence of lovastatin nonaketide synthase (LovB) orig-
inating from A. terreus NIH2624 is used as a query in
BLASTP search using the same database, the percentage
identity with the LovB counterpart found previously in
A. terreus ATCC 20542 (Hendrickson et al. 1999)
reaches as much as 98% at 100% query coverage. As
far as the remaining regions of the above-mentioned
unique cluster are concerned, three sequences in this re-
gion (HFD88 004290, HFD88 004291 and
HFD88 004293) display close resemblance (more than
90% identity) with the proteins encoded in the genome
of Aspergillus caelatus, whereas for HFD88 004295 and
HFD88 004297, the best BLASTP hits were recorded in
the genome of Coccidioides posadasii. For
HFD88 004296, the most similar protein was detected
in A. brasiliensis, similarly as for the core biosynthetic
protein. Finally, there is only one sequence in this region
that has its well-conserved counterpart in a strain
representing the A. ferreus species, namely
HFD88 004292, which is 98% identical with the corre-
sponding orthologous protein in A. ferreus NIH 2624.

Table 4  Core biosynthetic genes of A. ferreus strains predicted by antiSMASH based on Augustus annotations

Type/strain Type I iterative NRPS NRPS- PKS/NRPS- Hybrid TC DMATS Total number core
PKS like like (terpene) (indole) biosynthetic genes

ATCC 20542 25 24 22 5 2 8 10 96

NIH 2624 27 19 26 3 2 10 10 97

45A 26 19 25 4 2 9 10 95

w25 28 19 25 3 2 10 10 97

IFO 6365 27 15 29 2 5 8 8 94

TN-484 28 16 29 2 5 10 98

M6925 26 20 29 3 2 10 99

PKS polyketide synthase, NRPS non-ribosomal peptide synthetase, 7C terpene cyclase, DMATS dimethylallyl tryptophan synthase
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Fig. 3 Comparison of the
predicted secondary metabolism
potential in A. terreus strains. a
Venn diagram of SM proteins
from 5 representative genomes of
each clade. The representative
genomes were selected based on
the phylogenetic analysis and
genome quality. b Clustering of
the A. terreus strains based on
presence (blue tiles)/absence
(gray tiles) of orthologous core
biosynthetic proteins involved in
secondary metabolism predicted
by antiSMASH in every genome.
Dendrogram was generated based
on hierarchical clustering
analysis. Y-axis: strain clustering;
x-axis: protein clustering
(dendrogram and orthologous
groups not shown). A. terreus T3
Kankrej was not included in the
analysis due to unsatisfactory
quality of its genome (high
sequence fragmentation)
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Fig. 4 Comparison of the characterized secondary metabolism gene
clusters in A. terreus strains. a Clustering of the A. ferreus strains based
on presence (blue tiles)/absence (gray tiles) of orthologs of A. terreus NIH
2624 core biosynthetic proteins involved in secondary metabolism, which
were experimentally linked to their metabolic products in previous studies
(as reviewed by Romsdahl and Wang 2019). Dendrogram was generated
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based on hierarchical clustering analysis. Y-axis: strain clustering; x-axis:
protein clustering (dendrogram not shown). A. terreus T3 Kankrej was
not included in the analysis due to unsatisfactory quality of its genome
(high sequence fragmentation). b Comparison of lovastatin biosynthesis
gene cluster conserved in five A. ferreus genomes (gene names according
to Dietrich and Vederas 2014)
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Discussion

Until now, only a small portion (138,520 bp) of the A. terreus
ATCC 20542 genome was made available to the public (pro-
vided by Microbia company). To fill this information gap and
to provide the scientific community with the genome of this
industrially important strain, we sequenced it using a hybrid
approach consisting of long (Oxford Nanopore Technologies
(ONT), Oxford, UK) and short read sequences (Illumina, San
Diego, USA). The resulting assembly was of 30.4 Mb and
consisted of 8 contigs and 1 scaffold. Comparison with other
A. terreus assemblies has shown that, in terms of the
continuity-related quality of the genome, there are no previ-
ously released A. ferreus assemblies that could be regarded as
superior to the one presented in the current work (Table 2).
Moreover, the analysis revealed that the size and general fea-
tures of the A. terreus ATCC 20542 genome are comparable
with other sequenced A. terreus genomes.

Availability of the whole genome sequence of the
A. terreus strains opened the possibility to precisely measure
the level of similarity displayed within this species.
Phylogenetic analysis of the eight A. terreus strains highlight-
ed the considerable genomic distance between them. The phy-
logenetic tree built on the ANI values consisted of three main
clades, where the most occupied clade was represented by the
A. terreus NIH 2624 strain and 4 other strains. On this tree,
A. terreus ATCC 20542 formed a separate clade, and the most
distant clade from the two clades was represented by the
A. terreus IFO 6365 and A. terreus TN-484 strains. These
findings suggested that the genetic differences between the
A. terreus strains may be greater than expected and that they
may directly influence the biosynthetic capabilities of these
strains, which make them worth exploring.

First, we focused on the primary metabolism. According to
the annotation presented in the current study, A. ferreus
ATCC 20542 is equipped with genes of catabolic enzymes
allowing for the utilization of a broad set of carbon sources
such as lactose and D-galactose (Table S1 of Online Resource
1). Among these carbon sources, it should be pointed out that
lactose is the substrate of exceptional importance with regard
to A. terreus ATCC 20542 cultivations. This slowly metabo-
lized disaccharide was considered by many authors to be the
recommended carbon source in the context of elevating lova-
statin titers (Mulder et al. 2015). The catabolism of lactose
encompasses several enzymatic steps, starting with its hydro-
lysis catalyzed by [3-galactosidase to yield D-glucose (which
then enters glycolysis) and D-galactose. In most eukaryotic
organisms, D-galactose undergoes conversion into D-
glucose-1-phosphate by the catalytic action of galactokinase,
galactose-1-phosphate uridylyltransferase, and UDP-
galactose 4-epimerase (Seiboth et al. 2007). The genes
encoding the enzymes responsible for this metabolic route,
known as the Leloir pathway, have all been found in the

annotated genome of A. ferreus ATCC 20542 (Table S1 of
Online Resource 1). It is worth mentioning that these three
genes were detected only in single copies, what agrees well
with the findings of de Vries et al. (2007), who previously
examined 19 genomes of various species representing the
Aspergillus genus. In the mentioned study, the sequences of
galactokinase and UDP-galactose 4-epimerase were found in
a single copy in all the investigated assemblies, whereas the
gene of galactose-1-phosphate uridylyltransferase turned out
to be present in two copies in Aspergillus glaucus and in a
single copy in the remaining 18 Aspergilli.

In a species-wide perspective, the comparative analysis re-
vealed only a modest degree of diversity with respect to the
presence and the number of genes involved in carbon source
utilization in A. terreus strains (Table S1 of Online Resource
1). In some cases, the number of orthologous sequences asso-
ciated with a given enzymatic function was not identical in all
the investigated fungi (e.g., the number of invertase genes
varied from 1 to 2 depending on the microorganism), but for
most sequences, encoding the sugar catabolic enzymes, no
diversity was recorded in this respect (Table S1 of Online
Resource 1). Similar observations were made with regard to
the genes involved in the production of organic acids, where
even slight differences in gene copy numbers were very rare
among the tested strains (Table S2 of Online Resource 1).
Moreover, evaluation of the plant biomass-degrading ability
across A. terreus strains, based on presence of the genes from
CAZy families, has shown some modest degree of diversity
among them. Especially the genome of A. terreus M6925 was
found to harbor the highest number of CAZy genes among all
of the investigated strains. Moreover, the two phylogenetical-
ly most distant strains, namely A. terreus IFO 6365 and TN-
484, were predicted to have slightly poorer enzyme repertoire
for the degradation of cellulose, pectin, and starch, in compar-
ison with other A. ferreus species. In general, these results
may be seen as a correlation between the phylogenetic rela-
tionship between the strains and the similarity of genetic in-
ventories related to plant biomass degradation.

All in all, as far as the catabolic enzyme-encoding genes
associated with the metabolism of sugars, organic acids,
and plant biomass components are concerned, this func-
tionally related part of the A. ferreus genome is rather
well-conserved at the species level and the genetic diver-
sity among the strains of A. terreus can be regarded as
relatively low. However, some subtle, yet distinguishable
features for each strain can always be found. For example,
in the newly sequenced genome of A. terreus ATCC
20542, we found several unique genes coding for, e.g.,
hexokinase, catalase, or amidase which had no counter-
parts among A. terreus strains bet shared similarity with
more evolutionarily distant fungal genera (Table S3 of
Online Resource 1). One cannot exclude that these unique
genes played a role in the survival of A. terreus ATCC
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20542 in its natural environment and contributed to its
overall fitness and metabolic capabilities.

The next metabolic pathways which were analyzed were
those related to secondary metabolism. Compared with other
strains, the newly sequenced genome of A. terreus ATCC
20542 turned out to be particularly rich in NRPS genes, what
might reflect the potential of this microorganisms to produce a
relatively wide spectrum of non-ribosomal peptides (Table 4).
According to the antiSMASH analysis performed in the pres-
ent work, all of the investigated A. terreus strains are equipped
with 10 DMATS genes except A. terreus IFO6365, which has
only eight genes of this kind. As recently mentioned by
Takahashi at el. (2020), A. terreus IFO6365 is “one of the
highest-yielding itaconic acid-producing wild-type strains”.
It is interesting that the mutant derived from this strain, name-
ly A. terreus TN-484, is more enriched with the core biosyn-
thetic genes associated with SM production than its parental
strain, having more genes encoding PKS, NRPS, and TC en-
zymes (Table 4). In fact, the genomes of A. terreus TN-484
and A. terreus w25 harbor the largest number of PKS genes
among all the investigated datasets (Table 4). Having a
broader set of biosynthetic genes could be seen as an unnec-
essary burden for a mutant strain tailored specifically towards
the efficient production of itaconic acid, even if these extra
genes remained silent under typical cultivation conditions.
When conservation pattern of the core biosynthetic genes
was analyzed, it was revealed that it followed the phylogenetic
relationship among the A. terreus strains (Fig. 3b).
Considering the number of core genes conserved only among
a limited number of strains or present solely in a single strain,
one may expect a strain-specific catalog of secondary metab-
olites exhibited by the representatives of this fungal species.
Particularly, the A. terreus IFO 6365 and TN-484 genomes
displayed here the most distinguishable features. These ge-
nomes were not only found to harbor the highest number of
unique sequences but also the largest group of core SM genes
was not conserved in them. Among the absent genes encoding
some of the experimentally verified SM clusters, such as those
of lovastatin and (+)-geodin (Fig. 4a). Since lovastatin and
(+)-geodin are the secondary metabolites produced in relative-
ly large quantities in A. terreus cultures (Bizukojc and
Ledakowicz 2007; Hasan et al. 2019), the lack of genes re-
sponsible for the biosynthesis of these two molecules in
itaconic acid producers A. terreus IFO 6365 and TN-484 can
be viewed as a relief of the unnecessary biosynthetic load in
favor of maximizing itaconic acid yields. Several features re-
lated to SM synthesis were also discovered in the A. terreus
ATCC 20542 genome. For example, it lacks terretonin gene
cluster but harbors four unique core genes. By further inves-
tigating of these genes, a completely unique gene cluster was
exposed, which as a whole is present only in A. terreus ATCC
20542 and no other A. terreus strains. The core biosynthetic
gene of this cluster, a putative PKS sequence, was found to be
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particularly unique since it has no counterparts in any of the
genomes deposited at the NCBI database. This cluster can be
regarded as interesting targets of future experimental efforts
towards uncovering novel secondary metabolites of potential
industrial and pharmaceutical interest.

The predicted absence of the core genes from the terretonin
and (+)-geodin pathway in A. terreus ATCC 20542 and both,
A. terreus IFO 6365 and TN-484, respectively, may be impor-
tant in the context of invasive fungal infections, since these
metabolites have been identified as pathogenicity factors in
A. terreus (reviewed in Bengyella et al. 2017 and Shankar
et al. 2018). It is possible that the absence of these genes as
well as those of other predicted SM gene clusters may influ-
ence pathogenic potential of these strains. Indeed, A. terreus
ATCC 20542 is classified as unlikely to cause disease
(Biosafety level 1, BSL1). Further research, however, is need-
ed to verify and to relate the absence of these metabolites with
pathogenicity of these strains. Nevertheless, the SM gene clus-
ters predicted in this study may constitute a valuable resource
for searching of new pathogenic factors which would distin-
guish pathogenic strains from non-pathogenic ones, since the
key virulent proteins which were identified in a proteomic
study of A. terreus (Thakur and Shankar 2017) are all present
in the genomes of A. ferreus strains (Table S4 of Online
Resource 1). It is also possible that sequence polymorphism
at the regulatory regions modulating expression of these genes
may exist. In order to identify it and to investigate its influ-
ence, more studies comparing expression level of these genes
among the A. terreus strains are needed.

As discussed above, the genome of A. ferreus ATCC
20542 harbors several genes that can be regarded as unique
among the sequenced genomes of A. terreus. Further investi-
gation of the biological events associated with these se-
quences, e.g., the analysis of expression, metabolic profiles
recorded for the deletion mutants or gene-by-gene elucidation
of the biosynthetic gene clusters, would surely provide in-
sights into the underlying molecular mechanisms associated
with the phenotypic diversity at the species level.
Furthermore, the complete genome of a model lovastatin-
producing strain will open the door for the system-scale stud-
ies on lovastatin biosynthesis, possibly leading to improved,
highly efficient fungal cell factories obtained via metabolic
engineering. An interesting study would be to comprehensive-
ly compare the wild-type parental strain with its progeny of
industrial mutants obtained mostly by random mutagenesis to
gain insights into cellular changes that ultimately lead to in-
creased lovastatin titers, productivities, and yields.
Unfortunately, since the complete genomes of lovastatin-
producing industrial mutants of A. ferreus have not been re-
leased so far, the analysis of this kind is not feasible at the
moment. Addressing the genomic diversity of A. ferreus, there
are considerable differences among the genetic inventories
associated with secondary metabolic pathways in the strains
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belonging to this species. Moreover, there are certain links
between the known characteristics of the investigated fungi
and their genomic features, e.g. the lack of lovastatin and
(+)-geodin clusters in the strains used for the production of
itaconic acid. As the predictions regarding the biosynthetic
gene clusters indicate, understanding the species-level biosyn-
thetic diversity in A. terreus can be expected to facilitate the
process of strain identification based on metabolic profiles.

To conclude, the present study provides the complete
genome sequence of lovastatin-producing wild-type strain
A. terreus ATCC 20542. In terms of continuity, this is the
dataset of highest quality among the released A. ferreus
genomes. The assembled and annotated genome of this
model microorganism will serve as a future reference for
studying the biosynthesis of lovastatin and other fungal
secondary metabolites. The comparative study conducted
here shows that the diversity among A. ferreus strains is
more evident in the genomic areas associated with sec-
ondary metabolism than in the segments encoding the
genes related to primary metabolic pathways; however,
the differences in the number of highly conserved cata-
bolic genes are also clearly visible. Finally, the newly
sequenced genome of A. ferreus ATCC 20542 harbors
several unique sequences that are interesting subjects for
future research on fungal metabolism, especially in the
comparative context.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11133-0.
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