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ABSTRACT

Aims: FR901469 is a novel antifungal antibiotic produced by fungal species N0.11243. Although
we have several FR901469 high-producing mutant strains, the mechanism of high productivity is
unclear. This study aims to unravel the relationship between mutations and FR901469 productivity.
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mutation.

and “Transcription”.

Methodology: We performed genome sequence analysis of mutant strains and detected mutated
genes. Subsequently, we classified mutated genes into functional categories and searched the
categories in which mutated genes were accumulated as generations progressed.

Results: We found that genome regions of two scaffolds were amplified and one of those
contained putative FR901469 biosynthesis gene cluster. Moreover, we detected totally 396
mutated genes from 14 mutant strains and the genes within the “Replication, recombination and
repair”, “Signal transduction mechanisms” and “Transcription” categories accumulated this

Conclusion: Our study suggests that productivity improvement occurs via the following two
mechanisms: the amplification of putative FR901469 biosynthesis gene cluster and mutations of
genes categorized as “Replication, recombination and repair”, “Signal transduction mechanisms”

Keywords: FR901469; fungal sp. No.11243; genomic analysis; mutation.

1. INTRODUCTION

Microorganisms produce various secondary
metabolites, and many of them are utilized for
drug substances and precursors, such as the
antibiotic  penicillin, the immunosuppressant
FK506 [1-2] and the precursor of the antifungal
agent FR901379 [3]. There are 23,000 known
active compounds from microorganisms, and this
number has been growing [4]. Moreover, the
development of next-generation sequencing
(NGS) technologies and genome-mining
methods has brought about efficient detection of
novel secondary metabolites [5]. It is thought that
new secondary metabolites will be discovered by
technological innovation and that they will be
important resources for drug discovery.

Microorganisms in wild-type strains can produce
a small amount of their specific secondary
metabolites in general. In terms of supply of drug
substances and economic efficiency,
improvements in secondary metabolite
production are important for drug development.
Conventional methods for increasing productivity
in microorganisms rely on culture optimization
and high-producing strain development. These
approaches have been successful for increasing
the amount of substances. In our former
investigation, FR901379 production has been
increased 30 times by mutant selection and
medium optimization [6]. Moreover, we can also
improve a strain with genetic technology in
recent years. For example, the productivity of
cephalosporin C was improved by introducing
cefT [7] and cefG [8]. We can add or delete
targeted characteristics of strains by genetic
engineering, so the breeding efficiency is
expected to improve. Because many genome
sequences of microorganisms have been

clarified, it is believed that gene recombination
will become one of the main techniques for
productivity improvement in microorganisms.

The substance FR901469 is a novel antifungal
antibiotic produced by fungal species No0.11243
(No.11243 only hereafter), which was isolated by
screening for new beta-1,3-glucan synthase
inhibitors  [9-11]. In  our industrial process
development of FR901469, mutant strains have
been obtained from the wild-type strain by UV
irradiation. Among the mutant strains, strains with
high productivity of FR901469 have been
separated in house. These artificial strain
selections have been performed for several
generations. The genealogy of mutant strains is
shown in Fig. 1(a), and the relative FR901469
productivity is shown in Fig. 1(b). The most
productive mutant strain can produce FR901469
at approximately nine times the amount
produced by the wild-type strain, but the
mechanisms of high productivity in mutant strains
remain unclear. If the mechanism of high
productivity is clarified, we can apply the
knowledge to further productivity improvement.

In this study, to unravel the relationship between
mutations and FR901469 productivity, we
performed genomic analysis of mutant strains. At
first, we performed genome sequencing of all
No0.11243 mutants and identified mutated genes.
Subsequently, we classified the mutant genes by
function and discovered the gene functions in
which the mutations were accumulated. Those
functions in which mutations were accumulated
were thought to be related to FR901469
productivity. Our mutation analysis reveals the
relationship between mutation and FR901469
productivity.
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Fig. 1. N0.11243 and its mutant strains
(@) Genealogy of mutant strains
(b) The relative FR901469 productivity of wild-type and mutant strains.
Mean = S.E.M = Mean values + Standard error of means of three experiments

2. MATERIALS AND METHODS
2.1 Strains and Genome Sequence

Fungal species No0.11243 (Taxonomy ID:
1603295, FERM BP-3373) was used as the wild-
type strain. The mutant strains in Fig. 1(a) in the
Astellas culture collection were obtained from the
wild-type strain by UV irradiation. In the mutation
treatment, we used bacterical lamp GL15
(Panasonic, Osaka, Japan) and irradiated UV to
the cell until the survival rate became one to five
percent. The genome sequence of the wild-type
strain  (DDBJ/EMBL/GenBank under the
accession numbers DF938580  through
DF938599) [12] was used as the reference
genome.

2.2 Cultivation and Productivity Analysis
of FR901469

A seed medium (20 ml), containing 4% soluble
starch, 2% cottonseed flour (Sigma-aldrich, MO,
USA), 1% soybean flour (Sigma-aldrich), 1%
KH,PO, and 0.2% CaCO; was poured into each
of 100-ml Erlenmeyer flasks and sterilized at
121<C for 20 minutes. A quadrangle piece with
sides 5-mm of plate culture of fungus strain
N0.11243 or its mutants were inoculated to each
medium and cultured under shaking condition
(220 rpm) at 25<C for five days.

A production medium (20 ml) consisting of 7%
soluble starch, 1% glucose, 4% cottonseed flour,

6% corn steep liquor (Sigma-aldrich), 1%
(NH,),SO,, 0.5% Bacto'™ Peptone (BD, MD,
USA), 0.44% K,HPO,, 1.0% KH,PO,, 0.1%
antiform PE-L (Wako) and 0.1% antiform SI
(Wako) was adjusted to pH 6.0 by adding 1M
NaOH, poured into each of 100-ml Erlenmeyer
flasks and sterilized at 121C for 20 minutes.
Resultant seed culture broth (400 pL) was
transferred to the production medium and
cultured under shaking condition (220 rpm) at
25T for eight days.

To extract FR901469, 200 uL of 8-day culture
was picked out into 1.5-mL Eppendorf Tube,
mixed with 800 pL ethanol, and incubated for 30
minutes at room temperature. The debris was
removed by centrifuging at 15,000 rpm at room
temperature for 10 minutes, and the supernatant
was filtered using filter units with a 0.22 ym pore
size (Nacalai Tesque).

A 2-uL aliquot of extract was separated on an
Acquity UPLC system (Waters, Milford, MA,
USA) using a ACQUITY UPLC BEH C18 1.7 um
2.1 x 50 mm reversed-phase column (Waters)
and eluted with gradient of 36-46% aqueous
acetonitrile (Wako) containing 0.1% formic acid
(Wako) at a flow rate of 0.6 mL/min. The
production of FR901469 was quantified by the
peak area of absorbance at 210 nm.

All chemicals used were of analytical grade
unless otherwise noted.



2.3 Genome Sequencing and Detection of
Single Nucleotide Variants (SNVs),
Insertions and Deletions (InDels)

Fragment libraries of genomic DNA from mutant
strains were constructed with a SOLID Library
Construction kit (Life Technologies). We used the
SOLID 5500xI system (Life Technologies) to
make single—end reads with a length of 50 bp.
The quality of sequenced reads was checked
and high-quality reads were mapped to the
reference genome by bwa [13]. The SNVs and
InDels were detected by VarScan 2 [14].

2.4 Calculating Relative Depth of Each
Scaffold

The depth of each base was calculated by
BEDTools [15]. The ratio of depth in the scaffold
was calculated as follows:

Dy
RY =~
N DW

where RY is the ratio of depth of scaffold N in
strain W. Dy is the average depth of scaffold N in
strain W, and Dy is the average depth of whole
genome in strain W.

2.5 Mutated Detection and

Annotation

Gene

We defined genes that have missense, nonsense,
and frameshift mutations as mutated genes. The
protein annotations of mutated genes were
predicted from the annotations with the
homologous protein (E-value < 1ex10) using
the SwissProt database. Furthermore, mutated
genes were classified into functional categories
in eggNOG by the following steps: (1) protein
sequence was blasted against eggNOG v3.0 [16]
database using a cut-off E-value > 1ex10* and
coverage < 80%; and (2) if there were
homologous proteins, the mutated gene was
categorized to its homologue’s functional
categories.

3. RESULTS

3.1 Genomic Characterization of No.

11243 and Its Mutants

To detect mutated bases, we sequenced all of
the genomic DNA from N0.11243 mutants using
the SOLID 5500x! system and mapped sequence

Matsui et al.; BBJ, 10(2): 1-13, 2016; Article no.BBJ.19400

reads to the reference wild-type genome. At this
time, we noticed that the depths of scaffold0004
(accession no. DF938583) and scaffold0016
(accession no. DF938595) were distinctively
higher than that of the scaffolds in most of the
mutant strains, although the depths of all
scaffolds were similar in the wild-type strain. The
ratios of each scaffold depth in all strains are
displayed in Table 1. In Table 1, the marked
numbers indicated the highest and second
highest values in each column. Except for the
685, 1769 and 2889 strains, the ratios of
scaffold0004 and scaffold0016 show higher
values than that of other scaffolds. In the 685,
1769 and 2889 strains, the ratios of scaffold0004
and scaffold0016 show truly higher value than
that of most of the others, but some of the other
scaffolds also have high scores.

Next, we counted SNVs and InDels for detecting
mutation genes. Furthermore, we calculated the
variant frequencies of SNVs. In this paper, we
defined “Variant frequency of SNV” as the
proportion of variant nucleotides to all of the
nucleotides among the reads mapped to the site
of SNV. The average variant frequencies in each
scaffold are presented in Fig. 2. Although the
average variant frequency was approximately 0.5
in almost scaffolds, those of scaffold0004 and
scaffold0016 are 0.35 and 0.34, respectively.
Because the lengths of scaffold0019 and
scaffold0020 are short, none and only one
mutated base was detected in these scaffolds,
respectively.

3.2 Mutated Genes in Each Strain

Mutated genes were counted in genealogy.
Missense, nonsense, and frameshift mutations
were defined as mutated genes. The number of
annotated, not annotated and sum of mutated
genes is listed in Fig. 3(a). The smallest number
of genes was mutated from the 2024 to 2873
strains. On the other hand, the most genes were
mutated from the 10-10 to 626 strains. A total of
397 mutated genes were detected in all mutant
strains. The relationship between mutation
frequency and genealogy is shown in Fig. 3(b).
The numbers of mutated genes in one
generation tended to decrease as the
generations progressed. Mutated genes were
annotated using the Swiss-Prot database, and
we found that 280 genes have homologues in
this database. The annotations are listed in
Supplementary Table 1.



3.3 Functional Mutated

Genes

Categories of

We classified the mutated genes into functional
categories of eggNOG. We calculated the ratio of
mutated genes in each functional category. Then,
the ratios between the parental strain and mutant
strain were compared. If the ratio in the mutant
strain is higher than that of the parent strain, then
the mutated genes are considered to be in the
functional category that is increased in the strain.
The increasing and decreasing pattern of ratios
is displayed in Table 2. We focused on three
strain lines starting from the wild-type to the 1769,
2874 and 2889 strains. When the ratios of
mutated genes increased sequentially more than
three times, those mutated genes defined as
being accumulated in that functional category.
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From this table, the genes with accumulated
mutations  fell within  the  “Replication,
recombination and repair”, “Signal transduction
mechanisms” and “Transcription” categories.

We focused on three functional categories in
which mutated genes were accumulated. A total
of 33 mutated genes were annotated to
“Replication, recombination and repair”, and 14
of those genes were involved in DNA repair.
RTT107, ESO1, XRCC2, POL4 and CDC48 are
relevant to double-strand break repair [17-21].
RAD25, RAD3, RAD14, Replication factor C
subunit 1, RHP42, HRQ1 and Exodeoxyribo-
nuclease 1 have roles in nucleotide excision
repair [22-28]. PIN4 and RAD53 are related to
cell cycle progression and the DNA damage
response [29-30].
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Fig. 2. Average variant frequency in each scaffold
The average variant frequency in each scaffold
Significant from scaffold0001,
** P < 0.001. Mean +S.D.M = Mean values * Standard deviation of means
Scaffold0019 has no SNV, so there was no bar graph, and scaffold0020 has only one SNV,
so there was no error bar
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Table 1. The ratio of depth in each scaffold

Wild-type  10-10 487 626 685 1433 1503 1769 2024 2536 2873 2874 2877 2885 2889
scaffold0001 1.0 1.0 1.0 0.9 0.9 1.0 0.9 1.2 1.0 1.0 1.0 0.9 0.9 1.0 1.3
scaffold0002 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0003 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 1.0 1.0 1.0 0.9 0.9 1.0 0.9
scaffold0004 1.0 1.4 14 1.8 13 14 14 13 1.4 15 1.2 1.4 14 1.2 1.2
scaffold0005 1.0 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 1.0 1.0 0.9 0.9 1.0 0.9
scaffold0006 1.0 1.0 10 0.9 1.0 0.9 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0007 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
scaffold0008 1.0 1.0 1.0 0.9 1.0 0.9 1.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0009 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
scaffold0010 1.0 0.9 0.9 0.9 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9
scaffold0011 1.0 1.0 1.0 0.9 0.9 0.9 1.0 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0012 1.0 0.9 1.0 0.9 1.0 1.0 1.0 13 1.0 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0013 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9 0.9 0.9 0.9
scaffold0014 11 1.0 10 1.0 1.2 13 1.0 12 1.0 1.0 1.0 1.0 1.0 1.0 12
scaffold0015 1.0 1.0 0.9 0.9 0.9 0.9 0.9 11 0.9 0.9 0.9 0.9 0.9 0.9 0.9
scaffold0016 1.0 1.4 15 15 15 15 16 14 1.6 11 1.6 1.6 16 16 1.6
scaffold0017 1.0 0.9 10 0.9 0.9 0.9 0.9 0.9 0.9 0.9 1.0 0.9 0.9 0.9 13
scaffold0018 1.0 0.9 1.0 0.9 13 13 1.0 13 0.9 1.0 1.0 1.0 1.0 1.0 0.9
scaffold0019 1.0 1.0 0.9 0.9 11 0.9 0.9 0.8 0.9 0.9 0.9 0.9 0.9 0.8 0.8
scaffold0020 11 1.0 0.9 0.8 0.8 0.8 0.8 11 0.8 0.8 0.8 0.8 0.8 0.8 0.7

This table shows the ratios of depth in each scaffold.
The marked numbers indicated the highest and the second highest values in each column
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Table 2. The increasing and decreasing patterns of mutated genes in each functional category

Functional category Wild to 1769 Wild to 2874 Wild to 2889

10-10 487 685 | 10-10 626 1503 2024 2536 | 10-10 626 1503 2024 2873

I I I I I I I - I I I I I
487 685 1769 | 626 1503 2024 2536 2874 | 626 1503 2024 2873 2889

Cell cycle control, cell division, chromosome partitioning (224) + + - + + - - - + + - - -
Cell motility (15) +
Cell wall/membrane/envelope biogenesis (172) + - -
Cytoskeleton (131) +

Defense mechanisms (79) - - -
Intracellular trafficking, secretion, and vesicular transport (383) - - - - - - + - - - - - -
Nuclear structure (25) - + - - + - - - - + - - -
Posttranslational modification, protein turnover, chaperones
(608)

Signal transduction mechanisms (482)

Extracellular structures (13)
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Chromatin structure and dynamics (138)

Replication, recombination and repair (386)

RNA processing and modification (280)

Transcription (572)

Translation, ribosomal structure and biogenesis (415)
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Amino acid transport and metabolism (627)
Carbohydrate transport and metabolism (569)
Coenzyme transport and metabolism (202) -
Energy production and conversion (491)

Inorganic ion transport and metabolism (383)

Lipid transport and metabolism (515)

Secondary metabolites biosynthesis, transport and catabolism
(424)

Nucleotide transport and metabolism (116) - - - - - - - - - - - - -
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This table shows the increasing and decreasing patterns of mutated genes in each functional category. The number of whole genes categorized within each functional category is indicated in
parentheses. The plus symbol indicates that the ratio of mutated genes in that functional category increased in the mutant strain.
The cells in which three plus symbols appeared sequentially are highlighted



(a)

Number of
Lt mutated genes
Parent Mutant A NA  A+NA Sum
wild-type  10-10 10 4 14 14
10-10 487 30 12 42 56
10-10 626 53 16 69 83
487 685 27 6 33 89
487 1433 14 8 22 78
626 1503 41 13 54 137
685 1769 38 15 53 142
1503 2024 12 7 19 156
2024 2536 7 4 1 167
2024 2873 1 4 5 161
2536 2874 17 5 22 189
2536 2877 4 1 178
2873 2885 9 10 19 180
2873 2889 13 9 22 183
Total 280 116 396
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Fig. 3. The number of mutated genes in each strain
(@) The number of mutated genes. A: The number of annotated genes by Swiss-Prot. NA: The number of
un-annotated genes. A+NA: Sum of annotated and un-annotated mutated genes. Sum; Accumulated sum of
mutated genes from wild-type strain.
(b) Genealogy of mutant strains. The line types show the number of mutated genes.
Bold line: more than 30 genes were mutated between two strains, Thin line: from 10 to 30 genes were mutated
between two strains, Broken line: less than 10 genes were mutated between two strains

A total of 38 mutated genes were annotated to
“Signal transduction mechanisms”. Many of
these genes are involved in the nutrient sensing
and the MAPK pathway. A total of 12 mutated
genes were predicted as nutrient sensing-related
genes, and 6 of these genes were predicted as
TOR signaling (Target of Rapamycin signaling)-
related genes. TOR signaling is a highly
conserved signaling pathway. It regulates cellular
responses toward nutrient availability, especially
nitrogen and amino acid accessibility [31]. They
included RHO1, PKH1, LST8, FKBP12-
associated protein 1, TSC11 and FHL1 [32-37].
The remaining six genes were related to glucose
sensing. SYG1, SOK2 and Guanine nucleotide-
binding protein subunit alpha are involved in
CcAMP signaling [38-40]. PP1-2 and SIP3 are
related to the SNF1 pathway [41-42]. Pyruvate
dehydrogenase phosphatase regulates pyruvate
dehydrogenase activity via dephosphorylation
[43]. MAPK pathways (Mitogen-Activated Protein
Kinase pathways) are signaling transduction
pathways that regulate various physiological
responses. A total of nine mutated genes were
predicted MAPK pathway-related genes. They

included STE11, PBS2, PTP2, HRK1, NIK1,
RHO1, BCK1, PKH1 and MAK1 [44-52]. Two of
these genes are common to TOR signaling
(RHO1 and PKH1). In addition, STE11l, PBS2,
PTP2, HRK1 and NIK1 are related to the Hogl
pathway, and RHO1, BCK1 and PKH1 are
related to the Mpk1/Slt2 Pathway. MAK1 relates
to oxidative stress-induced MAPK pathway in
Schizosaccharomyces pombe.

A total of 45 mutated genes were annotated to
“Transcription”, but many of them were also
annotated “Replication, recombination and repair”
and “Signal transduction mechanisms” (STE11,
NIK1, FKBP12-associated protein 1, BCK1,
SOK2, HRK1, PKH1, PBS2, FHL1, Regulator of
Tyl transposition protein 107, RAD25, RADS3,
KIN28 and RAD53). Among the remaining genes,
many genes were related to the transcription
mechanism itself. elF4A and TFIID subunit 2 are
involved in transcription initiation [53-54]. MOT1,
General negative regulator of transcription
subunit 4, and SREP are related to TATA-binding
[65-57]. SSU72, RPC2, RNA polymerase I
subunit A C-terminal domain phosphatase and



DNA-directed RNA polymerase |l subunit RPB2
are components of RNA polymerase [58-61].
Pre-mRNA-processing protein 45 and RSE1
work at RNA splicing [62-63]. There are six other
genes that have putative transcription factor
domains. Sterol regulatory element-binding
protein 1 has a HLH domain [64], pacC/RIM101
has a zinc finger domain [65], and the other
four putative transcription factors, annotated
uncharacterized transcriptional regulatory protein
and ACU-15, have fungal transcription factor
regulatory middle homology regions [66]. These
genes are expected to regulate transcription as
transcription factors.

4. DISCUSSION

In this study, we found that the genome region of
two scaffolds, scaffold0004 and scaffold0016,
increased in the 10-10 strain (table 1).
Interestingly, there is a putative FR901469
biosynthesis gene cluster in scaffold0004. In the
case of the penicillin-producing fungus
Penicillium chrysogenum, it was reported that the
amplification of the penicillin biosynthesis gene
cluster is shown in high-penicillin-producing
industrial strains [67-68]. Likewise, it is believed
that the amplification of the FR901469
biosynthesis gene cluster causes high
productivity. Additionally, the average variant
frequencies of scaffold0004 and scaffoldO016 are
about one third (Fig. 3), so it was suggested that
the genome region of each of these scaffolds has
three copies in genome. This suggestion is in
agreement with the fact that the depths of
mapping reads in scaffold0004 and scaffold0016
are higher than those in other scaffolds (Table 1).

We found that mutated genes in three functional
categories were accumulated. These functional
categories were accumulated in several strain
lines, and genes within other categories had no
tendency to be accumulated. Thus, it was
expected that these three functional categories
related to strain development. In mutated genes
categorized as “Replication, recombination and
repair”, many of the genes are relevant to DNA
repair. Strain mutagenesis of No0.11243 was
caused by UV irradiation, and DNA repair
mechanisms are believed to protect these genes
from mutation. Therefore, mutations in DNA
repair genes lead to other gene mutations. This
other gene mutation will be important for
generating productivity improvement strains.
Thus, DNA repair gene mutations are related to
productivity.

Matsui et al.; BBJ, 10(2): 1-13, 2016; Article no.BBJ.19400

Mutated genes of “Signal transduction
mechanisms” were also accumulated. Many of
them were related to nutrient sensing and the
MAPK pathway. Nutrient sensing regulates cell
growth and metabolism according to nutrient
availability. In general, secondary metabolites are
produced in only special conditions, and one of
the conditions may be the nutritional status of the
cell. There are several reports of relationships
between nutrient sensing genes and secondary
metabolite production [69-70]. The mutation of
genes related to nutrient signal transduction
might change nutrient utilization and might lead
to productivity improvement.

In yeasts and filamentous fungi, it is known that
the  MAPK pathway regulates  sexual
development  and environmental stress
responses [71-72]. Several studies have reported
that the MAPK pathway was also related to
secondary metabolites, for example, ochratoxin A
in Penicillium verrucosum [73], sterigmatocystin
in Aspergillus nidulans [74] and eumelanin in
Neurospora crassa [75]. The MAPK pathway
regulates many cell functions, so it was expected
that the disturbance of the MAPK pathway by
mutation would lead to FR901469 productivity.
Genes categorized as “Transcription” were also
accumulated. Generally, secondary metabolites
are produced in only special conditions, and it is
expected that controlling gene expression is one
of the regulatory mechanisms for production.
Several studies have reported that the production
of secondary metabolites is regulated by
transcription factors, for example, aflatoxin in
Aspergillus flavus [76]. It was expected that
mutations of transcription genes changed the
transcription regulation of the FR901469
production, leading to productivity improvement.

5. CONCLUSION

In this study, we performed genomic analysis of
FR901469 high-producing mutant strains of
No0.11243. Our study suggests that high
productivity occurred via two mechanisms: the
amplification of the putative FR901469
biosynthesis gene cluster and mutations of
genes categorized as “Replication,
recombination and repair”, “Signal transduction
mechanisms” and “Transcription”. This result
shed light on the mutations that occur in the
genome during conventional strain development.
These sequence analyses at the genome level
will be useful for breeding new mutant strains.
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