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ABSTRACT
Penicillium species have been actively studied in various fields, and many new and unre-
corded species continue to be reported in Korea. Moreover, unidentified and misidentified
Korean Penicillium species still exist in GenBank. Therefore, it is necessary to revise the
Korean Penicillium inventory based on accurate identification. We collected Korean
Penicillium nucleotide sequence records from GenBank using the newly developed software,
GenMine, and re-identified Korean Penicillium based on the maximum likelihood trees. A
total of 1681 Korean Penicillium GenBank nucleotide sequence records were collected from
GenBank. In these records, 1208 strains with four major genes (Internal Transcribed Spacer
rDNA region, b-tubulin, Calmodulin and RNA polymerase II) were selected for Penicillium re-
identification. Among 1208 strains, 927 were identified, 82 were identified as other genera,
the rest remained undetermined due to low phylogenetic resolution. Identified strains con-
sisted of 206 Penicillium species, including 156 recorded species and 50 new species candi-
dates. However, 37 species recorded in the national list of species in Korea were not found
in GenBank. Further studies on the presence or absence of these species are required
through literature investigation, additional sampling, and sequencing. Our study can be the
basis for updating the Korean Penicillium inventory.
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1. Introduction

Penicillium species have been widely studied in vari-
ous fields including pharmacy, industry, and tax-
onomy [1–4]. Species with different properties are
used in Penicillium studies, and correct identifica-
tion of Penicillium species is important for scientific
communication and verification. It is difficult to
identify Penicillium at the species level because of
intra-species variations and similar morphological
characteristics among species [5]. Therefore, DNA
sequence-based identification was introduced, which
dramatically progressed the taxonomy of
Penicillium. In fungal taxonomy, the internal tran-
scribed spacer (ITS) rDNA region is used as a gen-
eral DNA barcode marker in kingdom fungi [6].
Although ITS sequences can be used to identify
Penicillium sections and certain species, they have
insufficient resolution for precise identification of
closely related Penicillium species. b-tubulin (BenA)
has been recommended as a secondary marker for
the identification of Penicillium species due to ease
of amplification, sufficient resolution among closely
related species, and high coverage on existing

Penicillium species [5]. The combined phylogeny of
ITS, BenA, calmodulin (CaM) and RNA polymerase
II (RPB2) datasets has been proposed to describe
new species [5].

Sequence databases are essential resources for
molecular species identification in taxonomy.
GenBank is currently the largest and most widely
used public sequence repository provided by the
National Center for Biotechnology Information
(NCBI) and a division of the National Library of
Medicine (NLM), which includes more than 170,000
Penicillium nucleotide sequences [7]. The advantage
of using GenBank as a reference database for
molecular taxonomic studies is that it enables the
comparison of sample data with comprehensive
sequences from around the world [8]. BLAST (Basic
Local Alignment Search Tool) search on GenBank
databases has been frequently used as a method for
Penicillium species identification because of its easy
accessibility and rapid generation of results.
However, an open access submission system of
GenBank had led GenBank to include invalid
sequences such as misidentified and wrongly edited
sequences, which resulted in incorrect identifications
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in taxonomic studies using BLAST [9,10]. Therefore,
a precisely curated sequence database for Penicillium
is required.

Many studies have been conducted recently on
Penicillium species in Korea. Numerous new and
unrecorded species have been reported from marine
and terrestrial environments continuously over a
period of time [1,2,11,12]. To date, 117 Penicillium
species have been reported in Korea [13]. Some
Penicillium species in the previous Korean
Penicillium inventory were identified based only on
morphology or ITS sequence [13,14]. In addition, a
number of Korean Penicillium records in GenBank
were misidentified because of the sole reliance on
the ITS sequence. Therefore, the previous Korean
Penicillium inventory needs to be revised for precise
identification. In this study, we intended to re-iden-
tify Korean Penicillium in GenBank based on the
maximum likelihood (ML) tree and build a robust
Korean inventory based on these results.

2. Materials and methods

2.1. Collection of GenBank records

GenBank records of Korean Penicillium sequences
were collected from the GenBank nucleotide data-
base using the web-crawling method and filtered by
gene names (i.e., term “internal transcribed spacer,”
“calmodulin,” etc.) in sequence descriptions. Non-
Korean records (i.e., Canadian Penicillium study
with Korean authors) or non-fungal records (i.e.,
Penicillium virus sequences) collected by automatic
word match were manually inspected and excluded
through author and publication information

provided by the GenMine software. Metadata of
composition and annual record increment for each
gene of Korean Penicillium records were analyzed
and visualized. Collected records were merged for
phylogenetic analysis using strain names to avoid
duplicate sequences from the same specimen.

Python scripts used for GenBank record collec-
tion and post-processing in this research has been
modified and generalized to a standalone software,
GenMine (Figure 1). It provides stable data crawling
from GenBank, term search in comprehensive
raw xml GenBank record data, sorting by gene
names, and tabular data transformation from raw
records. GenMine is available at https://github.com/
Changwanseo/GenMine in GPL-3.0 License.

2.2. Re-identification of Korean Penicillium
in GenBank

Sequences from type species of Penicillium were
used as a reference dataset for identification [15].
ITS sequences cross-validated with correlated pro-
tein coding genes were used for additional reference
dataset. The ITS, BenA, CaM, and RPB2 sequences
of Korean Penicillium strains from GenBank were
aligned with reference sequences using MAFFT
7.453 software with the L-INS-i algorithm (–local-
pair), 1000 iterative refinement cycles (–maxiterate
1000), gap opening penalty 1.3 (–op 1.3), and gap
extension penalty 0.1 (–ep 0.1) options, respectively
[16]. Manual end trimming and alignment editing
were performed on the aligned sequences to remove
non-informative regions. ML trees were built with
aligned and trimmed sequences using RAxML
8.2.12. in rapid bootstrap analysis, and the best-

Figure 1. Algorithms and features of GenMine software.
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scoring ML tree was found with the GTRGAMMA
model (-m GTRGAMMA) and 1000 bootstrap repli-
cates (-# 1000) options [17]. Korean Penicillium
sequences were re-identified based on the branch
lengths and bootstrap values of the ML trees (Figure
S1–S4). Clades with branch support over 70% of
bootstraps, and branch length over 0.002(ITS) and
0.01(BenA, CaM, RPB2) were generally treated as
clearly distinct branches. For Penicillium species
with narrower or boarder species ranges than gen-
eral standards, interpretation of original publications
of the corresponding species was applied for identi-
fication. The final re-identification results were
organized to Korean Penicillium inventory. The
overall re-identification workflow is illustrated.

3. Results

3.1. Composition and growth of Korean
Penicillium records in GenBank

A total of 1681 Korean Penicillium sequences with
175 assigned species were collected from the
GenBank nucleotide database on April 21st, 2021
(Figure 2; Table S5). The collected sequences con-
sisted of 919 ITS, 457 BenA, 155 CaM, 63 RPB2,
and 59 others. The others included taxonomic genes
(18S ribosomal small subunit (SSU), 28S ribosomal
large subunit (LSU), mitochondrial small subunit,
elongation factor 1-a (ef1-a), and cytochrome oxi-
dase subunit 1(cox1)), and genes for genetic studies
(chitin synthase (chs1, chs2, chs3, and chs4), a-L-ara-
binofuranosidase (abfB), endo-xylanase (xynY), phy-
tase PJ3, mitochondrial rRNA, and tRNA genes).

The first Korean Penicillium sequence records were
chitin synthase genes (U57321, U57322, U57323),
deposited in 1996 (Figure 2). The first ITS Korean
Penicillium sequence record was deposited in
GenBank in 2000, which was misidentified as
Paecilomyces in the initial submission (AF291869)
[18]. Apart from this, the currently assigned Korean
Penicillium ITS sequences have been continuously
deposited since 2008. Among protein-coding genes,
BenA sequences have been deposited from 2009,
and deposits of CaM and RPB2 sequence records
started in 2014. A total of 1594 sequences of four
major genes (ITS, BenA, CaM, and RPB2) of
Penicillium taxonomy were used for re-identifica-
tion. These sequences were from 83 publications
(Table S1). In terms of strains, 742 strains had only
ITS sequence, 280 strains had BenA sequence but
no ITS sequence, and 172 strains had both ITS and
BenA sequences.

3.2. Re-identification of Korean Penicillium
in GenBank

Re-identification of 742 strains with only ITS
sequence resulted in 385 correctly identified strains
(86 spp.), 74 strains of new species candidates (30
spp.), and 202 strains that were incapable of identi-
fication (Figure 3). The remaining 81 strains were
identified as other genera, including Talaromyces
(n¼ 76), Cladosporium (n¼ 2), Aureobasidium
(n¼ 1), and unidentified genera (n¼ 2). The 742
ITS-only strains consisted of 389 strains assigned at
the species level and 353 strains unassigned. Among
the 389 identified assigned strains, 146 were found
to be correctly identified and 243 were
misidentified.

Re-identification of 280 strains with BenA
sequences that had no corresponding sequences of
ITS sequences resulted in 267 identified strains (99
spp.) and 13 new species candidate strains (9 spp.).
The 280 strains consisted of 247 strains assigned at
the species level and 33 strains unassigned. There
were 21 (out of 247) strains that were misidentified.
Of the 172 strains with both ITS and BenA sequen-
ces, re-identification resulted in 154 correctly identi-
fied strains (70 spp.), 17 new species candidate
strains (14 spp.), and one Talaromyces. Among 133
strains assigned at the species level within the 172
strains with both ITS and BenA, 118 were correctly
identified, and 15 turned out to be misidentified.
For the 155 strains with CaM sequences, there were
144 correctly identified strains (60 spp.) and 11 new
species candidate strains (7 spp.) (Figure 4). Among
110 strains assigned at the species level within the
155 strains, 96 turned out to be correctly identified
and 14 were misidentified. For the 63 strains with

Figure 2. Composition and annual growth of Korean
Penicillium records in GenBank. The pie chart shows the
composition of Korean Penicillium records collected by
GenMine with option “Korea” and “Penicillium” by gene
types. The line graph shows the increase of Korean
Penicillium records with time.
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RPB2 sequences, 58 were correctly identified
(42 spp.) and 5 were new species candidate strains
(5 spp.). Among 39 strains assigned at the species
level, 34 strains were correctly identified. All re-
identification results are listed in Table S6.

4. Discussion

We identified 927 Korean Penicillium strains from
1594 sequences (1208 strains) in GenBank to estab-
lish an accurate Korean Penicillium inventory (Table
S2). As a result, approximately 206 Penicillium spe-
cies are predicted to exist in Korea: 156 recorded
species and 50 new species candidates. Compared to
the national list of species in Korea [13], 80 species
were previously recorded, and 76 species were

unrecorded in Korea. However, 37 species recorded
in national list of species of Korea were not
observed in this study (Table 1).

ITS-based identification constitutes the majority
of Penicillium identification in Korea [19–21].
According to our results on Korean Penicillium spe-
cies with ITS sequences, 69.6% could be identified
solely by their ITS sequence with ML tree-based
identification (Table S3). However, even though ITS
is a universal taxonomic marker for fungi, it is
insufficient for the precise identification of
Penicillium species due to its low resolution [6].
Our results showed that 62.5% of Penicillium
strains identified based solely on ITS were misiden-
tified, and 27.2% (202 out of 742) remained
undetermined due to indistinguishable tree

Figure 3. Diagram of the re-identification process and results on Korean Penicillium ITS and BenA sequences from GenBank.
The sequences were re-identified by RAxML tree-based identification and compared with original annotation of corresponding
GenBank record. Sequences without scientific names is GenBank record were labeled “Unassigned,” and sequences cannot be
identified due to low resolution of phylogenetic tree were labeled as “Undetermined.” Numbers in the diagram show the
number of records in each category.
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topology. Protein-coding genes were widely used in
the identification of Penicillium species in Korea by
Park et al. in 2014 assisted by the Marine Fungal
Resource Bank (MFRB) by the Ministry of Maritime
Affairs and Fisheries [1]. Our results showed an
accuracy of 91.4% when identification was based
solely on BenA sequence, and 88.7% when ITS and
BenA were combined. Although the sample size is
relatively small, identification accuracies of RPB2
and CaM showed 87.2% and 87.3% In addition, all
records can be taxonomically re-assigned at the spe-
cies level after re-identification with protein-coding
genes. Therefore, as the BenA sequence is a precise
marker with abundant database in Penicillium spe-
cies, Penicillium researchers should use ITS and
BenA sequences and other secondary markers such
as CaM or RPB2 for precise identification [5].

GenBank has enabled comprehensive studies of
sequences produced worldwide. However, despite
the advantages in generality and accessibility, pre-
cautions are required when using GenBank for iden-
tification based on the evidence of cases observed in
this study. First, GenBank contains misidentified
sequences due to open access system [22–25]. Our
results showed that 32.5% of the Korean Penicillium
sequences were misidentified. These misidentified
sequences could mislead researchers into false iden-
tification if the sequences were used as reference
dataset. Therefore, it is important to double check
reference data from multiple resources and use ref-
erence verifiable methods such as the ML tree.
Second, GenBank includes sequences with incorrect
edits [26,27]. We observed that in certain cases, ITS
and BenA sequences from the same strain were
identified as belonging to different species in
(MH374608 and MH367044). Due to unusual varia-
tions in the conserved region of the ITS sequence,
we hypothesized that the misidentification was
derived from incorrect editing. The quality of the
GenBank records cannot be verified because of the
absence of raw chromatograms, and users should
recognize that GenBank records might contain
errors. Finally, the GenBank search result does not
guarantee completeness because of omitted metadata
tags and deficiency of default search system of
GenBank, Entrez [28]. With GenMine, we observed

Figure 4. Diagram of the re-identification process and results of Korean Penicillium RPB2 and CaM sequences from GenBank.
The sequences were re-identified by RAxML tree-based identification and compared with original annotation of corresponding
GenBank record. Sequences without scientific names is GenBank record were labeled “Unassigned,” and sequences cannot be
identified due to low resolution of phylogenetic tree were labeled as “Undetermined.” Numbers in the diagram show the
number of records in each category.

Table 1. Number of Korean Penicillium strains and species
found in GenBank.
Strains

Total 1208
Identified 927
Undetermined 199
Other genera 82

Species
Total 206

New species candidates 50
Recorded (worldwide) 156
Recorded (National list of Korea) 80
Unrecorded (National list of Korea) 76
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that several records were absent in the Entrez search
results. Therefore, sequence uploaders should pro-
vide Darwin Core formatted metadata, and research-
ers should be aware that Entrez search results are
not complete [29].

GenMine has played role for collecting and pri-
mary analysis for Penicillium sequence data in this
analysis. APIs like Entrez and data collection soft-
ware such as SUPERCRUNCH were developed pre-
viously for GenBank data collection [28,30].
However, most of them were for genomic research
or low-level APIs, and none of them were for taxo-
nomists for comprehensive study of fungal barcode
genes. GenMine can collect sequences with tags that
cannot be searched by Entrez term system by
scheming full xml records. GenMine provides useful
features for taxonomists such as gene classification,
author and journal information extraction, xml
record tabulating, and internet stability for large
data in single command. GenMine can be useful
tool for fungal taxonomists to analyze other fungal
taxa in GenBank and improve misidentifications
in GenBank.

At the early stage of the sequence-based Korean
Penicillium study, a majority of the strains were iso-
lated from the soil environment and focused on
morphology for diversity studies [14]. Recently, iso-
lation sources have branched out to various envi-
ronments including marine, freshwater, indoor, and
air [31–34]. New and unrecorded species in Korea
have increased dramatically [1,12,13,35,36]. Further
studies on the presence or absence of these species
recorded only in the national list of species of Korea
are required through literature investigation, add-
itional sampling, and sequencing. In addition, for
these unrecorded species and new species candi-
dates, it is necessary to update the inventory of
Korea through comprehensive additional research
on morphology and sequence. Our study could
serve as a basis for updating the Korean Penicillium
inventory. Furthermore, this study could contribute
to Penicillium studies by providing results for
adjusting misidentifications of Penicillium strains
in GenBank.
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