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Introduction

Initially, we screened 18 Aspergillus sojae-like strains from Aspergillus spp. isolated from meju
(Korean traditional fermented soybean brick) according to their morphological characteristics.
Because members of Aspergillus section Flavi are often incorrectly identified because of their
phylogenetic similarity, we re-identified these strains at the morphological and molecular
genetic levels. Fourteen strains were finally identified as A. sojae. The isolates produced
protease and o-amylase with ranges of 2.66—10.64 and 21.53-106.73 unit/g-initial dry
substrate (U/g-IDS), respectively, which were equivalent to those of the koji (starter mold)
strains employed to produce Japanese soy sauce. Among the isolates and Japanese koji strains,
strains SMF 127 and SMF 131 had the highest leucine aminopeptidase (LAP) activities at 6.00
and 6.06 U/g-IDS, respectively. LAP plays an important role in flavor development because of
the production of low-molecular-weight peptides that affect the taste and decrease bitterness.
SMF 127 and SMF 131 appeared to be non-aflatoxigenic because of a termination point
mutation in afIR and the lack of the polyketide synthase gene found in other A. sojae strains. In
addition, SMF 127 and SMF 131 were not cyclopiazonic acid (CPA) producers because of the
deletion of maoA, dmaT, and pks/nrps, which are involved in CPA biosynthesis. Therefore,
A. sojae strains such as SMF 127 and SMF 131, which have high protease and LAP activities
and are free of safety issues, can be considered good starters for soybean fermentations, such
as in the production of the Korean fermented soybean products meju, doenjang, and ganjang.

Keywords: Aspergillus sojae, starter mold, soybean fermentation, protease, leucine
aminopeptidase

also has advantages in terms of the flavor development in
soybean fermentation products because of its high leucine

Aspergillus sojae and Aspergillus oryzae are used as starter
molds (koji) to produce soybean fermentation products in
Asia. A. sojae has advantages compared with A. oryzae as a
starter for soybean fermentation because its proteolytic
activity is higher than that of A. oryzae, which potentially
facilitates the more effective breakdown of soybean
proteins [1]. In Japan, A. sojae is used mainly for soybean
fermentation in shoyu (Japanese soy sauce) production
because of its high proteolytic activity [2], whereas A.
oryzae is used widely in sake (Japanese rice wine), miso
(Japanese traditional fermented soybean), and soy sauce
production because of its high amylolytic activity. A. sojae

aminopeptidase (LAP; E.C. 3.4.11.1) activity [3]. LAP plays
an important role in the production of low-molecular-
weight peptides during soybean fermentation, which can
improve flavor development [4]. LAP also decreases the
bitterness of soybean fermentation products by hydrolyzing
hydrophobic amino acid residues, such as leucine, from the
amino-terminals of peptides.

Despite of the advantages of A. sojae for soybean
fermentation, A. sojae has seldom been applied in the
industrial production of soybean fermentation products
such as meju (Korean traditional fermented soybean brick),
doenjang (Korean soybean paste), and ganjang (Korean soy
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sauce) in Korea; instead, A. oryzae has mainly been employed.
Because A. oryzae is common in meju [5] and it is generally
recognized as safe (GRAS), it is a reasonable choice for
industrial soybean fermentation. In many cases, a dominant
strain from the natural fermentation products is used as a
starter for related industrial product fermentation. However,
A. sojae, which is also GRAS [6—11], has great potential as a
starter for Korean soybean fermentation if A. sojae strains
with high protease and LAP activities can be isolated from
traditional soybean fermentation products. There have
been a few previous reports of the isolation of A. sojae from
nature [7, 12-14]. In general, A. sojae is considered a
domesticated strain of Aspergillus parasiticus on the basis of
its morphological similarity. It has been suggested that
A. sojae may have been selected for food fermentation from
genetically variable A. parasiticus [12]. In this study, we
isolated and identified several A. sojae strains from our
mold culture collections isolated from meju products and
evaluated their enzyme production properties.

Materials and Methods

Fungal Strains

All of the Aspergillus strains used in this study are listed in
Table 1. The reference strains used for the identification of isolated
strains comprised Aspergillus flavus NRRL 3357 (ATCC 200026),
which was obtained from Prof. Nancy P. Keller (University of
Wisconsin, USA), and A. oryzae NRRL 447, A. sojae IFO 30112, and
A. parasiticus CBS 971.97, IFO 4082, which were obtained from
KACC (the Korean Agricultural Culture Collection, Korea).
Aspergillus-like fungi were isolated from various meju samples
collected from different regions over several years according to
their morphological characteristics (i.e., a flattened moss shape on
the surface of meju with a yellow or green color). They were
routinely cultured on potato dextrose agar (PDA) plates, and their
spores were collected with 0.1% Tween 80 after culturing the
strains on PDA plates for 3 days at 30°C.

Morphological and Physiological Identification

The isolates and reference strains were grown for 5 days as
single-point inoculations (1.0 x 10° spores in 10 ul) on PDA plates.
The colony morphology and color were noted. The shape and size
of the conidia were observed microscopically. To stain the conidia,
spores (1.0 x 10° spores in 10 pl) were single-point inoculated onto
Czapek Dox media (Cz agar: sucrose 3%, NaNO; 0.2%, MgSO, 7H,0
0.05%, KC1 0.05%, K,HPO, 0.1%, FeSO,'7H,O 0.001%, agar 1.5%,
pH 6.0) and Cz agar containing 0.05% (v/v) p-anisaldehyde
(Sigma-Aldrich Chemical Co., USA) [15], and they were cultured
at 30°C for 10 days. The color of the conidia was compared against
that of the reference strains; that is, pink conidia for A. parasiticus
and green conidia for A. sojae. In the bleomycin resistance tests,

J. Microbiol. Biotechnol.

we used phleomycin (which belongs to the bleomycin family)
instead of bleomycin. Spores (1.0 x 10° spores in 10 pl) were
single-point inoculated onto modified minimal agar (MgSO,
0.052%, KCl 0.052%, KH,PO, 0.152%, 2 N KOH 0.05% (v/v),
glucose 1%, biotin 0.0008%, 1 M proline solution 1% (v/v), trace
element solution 0.1% (v/v), agar 1.5%) containing 100 pg/ml
phleomycin (InvivoGen, USA), and cultured at 30°C for 4 days
[16]. Growth inhibition by phleomycin was compared with that in
the reference strains A. sojae and A. parasiticus.

Analysis of the -Tubulin (benA) and Aflatoxin (AF) Genes

First, 500 pl of spores (5 x 10°spores) were inoculated into 50 ml
of potato dextrose broth, and cultured at 30°C for 3 days with
shaking at 200 rpm. Next, the mycellia were separated using a
Whatman No. 1 filter paper (GE Healthcare, UK) and freeze-dried.
Genomic DNA was isolated from the freeze-dried mycelial
powder using a Promega Wizard DNA purification kit (Promega,
USA) according to the manufacturer’s manual.

Fragments containing the p-tubulin region were amplified
using the primers Bt2a and Bt2b [17-19]. PCR was performed
using a C1000 Thermal Cycler (Bio-Rad, USA). Sequence analysis
was performed by Macrogen Inc. (Korea). To identify the isolates,
phylogenetic analysis was performed by a neighbor-joining
method using the MEGA6 program [20]. The outgroup was set as
A. niger, which belongs to section Nigri, and bootstrapping was
conducted with 1,000 replicates. The benA sequences from
reference Aspergillus species were obtained from GenBank (NCBI)
and their accession numbers are indicated in Fig. 3. The benA
sequences of the 14 isolates have been deposited in GenBank
under accession numbers KX943510—-943523.

The two AF biosynthesis genes, afIT and afIR, were analyzed by
PCR using the primers listed in Table 2. The p-tubulin gene was
used as a template control. The amplification mixture comprised
12.5 pl of Go Taq green master mix 2x (Promega), 10 pmol of each
primer, and 10 ng of DNA template in a final volume of 25 pl [21].
The afafIT region within the afIT gene was analyzed by real-time
PCR. The amplification mixture comprised 10 pl of Evagreen 2x
(Bio-Rad), 10 pmol of each primer, and 10 ng of DNA template in
a final volume of 20 pl. After pre-denaturation at 95°C for 10 min,
amplification was performed in 45 cycles as follows: denaturation
at 95°C for 10 sec, annealing at 70°C for 2 sec, and elongation at
72°C for 20 sec. Following amplification, melting curve analysis
was performed as described by Godet and Munaut [21].

Random amplification of polymorphic DNA (RAPD) analysis
was performed to differentiate A. parasiticus and A. sojae using the
primers OPA-04 and OPB-10 [22]. The amplification mixture
comprised 12.5 pl of Go Taq green master mix 2x (Promega),
10 pmol of each primer, and 10 ng of DNA template in a final
volume of 25 pl.

Enzyme Production and Assay
To evaluate enzyme production by the isolates, 1 ml of spores
(1 x 107 spores) from each strain was inoculated into soybean
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Table 1. Morphological, physiological, and molecular genetic characteristics of the strains used in this study.

Morphological Physiological Molecular genetic
characteristics characteristics characteristics
Species Origin Conidia Conidia Conidia ~ Phleomycin
shape size (Lm) staining  resistance Aflt Afaflt AfIR - RAPD
Reference strains
A. flavus NRRL 3357 Peanut cotyledons, USA  Smooth 3.5-4.7 - - + + A flavus
A. oryzae NRRL 447" Tane-koji, Japan Smooth 3.5-5.2 - - + + + A oryzae
A. sojae IFO 30112" Koji of soy sauce, Japan  Echinulate  4.3-6.4 G s + - + A sojae
KACC 45027 Shoyu-koji, Japan Echinulate  4.2-6.3 G + - + A sojae
KACC 45029 Shoyu-koji, Japan Echinulate  4.5-5.7 G + - + A sojae
A. parasiticus CBS 971.97  Indian sweets, Echinulate 4.5-64 G R¢ + - + A parasiticus
Akola, India
IFO 4082""  Hawaii, USA Echinulate = 4.5-6.1 i R + - + A parasiticus
Isolated strains
SMF 118 Meju, Gwangju, Echinulate  4.5-5.7 G S + - + A sojae
Jeonnam, Korea
SMEF 120 Meju, Jochiwon, Echinulate  4.6-5.6 G S + - + A sojae
Chungnam, Korea
SMF 121 Meju, Gongju, Echinulate = 4.9-7.0 G S + - + A sojae
Chungnam, Korea
SMF 122 Meju, Okcheon, Echinulate  4.2-6.3 G S + - + A sojae
Chungbuk, Korea
SMF 123 Meju, Yeongdong, Echinulate  4.5-6.1 G S + - + A sojae
Chungbuk, Korea
SMF 124 Meju, Daegu, Echinulate ~ 4.9-6.6 G S + - + A sojae
Gyeongbuk, Korea
SMEF 125 Meju, Yeongcheon, Echinulate = 4.4-6.0 G S + - + A sojae
Gyeongbuk, Korea
SMF 126 Meju, Gwangju, Echinulate  5.1-7.5 G S + - + A sojae
Gyeonggi, Korea
SMF 127 Meju, Yangpyeong, Echinulate = 5.3-6.5 G S + - + A.sojae
Gyeonggi, Korea
SMF 129 Meju, Naju, Echinulate  4.5-5.5 G S + - + A sojae
Jeonnam, Korea
SMF 131 Meju, Namwon, Echinulate  5.3-6.1 G S + - + A sojae
Jeonbuk, Korea
SMF 132 Meju, Sunchang, Echinulate  4.2-6.2 G S + - + A sojae
Jeonbuk, Korea
SMF 133 Meju, Yeongdong, Echinulate  4.6-6.2 G S + - + A sojae
Chungbuk, Korea
SMF 134 Meju, Okcheon, Echinulate  4.0-6.3 G S + - + A sojae
Chungbuk, Korea

!, Type; ', Neotype.

*Green conidia; "Pink conidia by p-anisaldehyde; ‘Phleomycin-sensitive; ‘Phleomycin-resistant; (+), amplification product detected; (), no amplification product detected.
NRRL, the Northern Regional Research Laboratory, USDA, Peoria, IL, USA; KACC, the Korean Agricultural Culture Collection, Suwon, Republic of Korea.

media (20 g crushed soybean flakes in 13 ml of 0.22% ZnSO,

solution) and then incubated for 3 days at 30°C, with 50% relative
humidity and mixing once after 24 h. Enzymes were extracted for

15 min by shaking at 200 rpm and 25°C after the addition of 190 ml
of 2% NaCl solution and followed by homogenization. The extracts

were filtered using Whatman No. 2 paper (GE Healthcare) and the
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Table 2. Primers used for molecular genetic analyses in this study.

Primer Sequence (5'-3") Target gene or use Reference
Bt2a GGTAACCAAATCGGTGCTGCTTTC B-Tubulin (bend) [17-19]
Bt2b ACCCTCAGTGTAGTGACCCTTGGC
OPA-04 AATCGGGCTG Random amplification for RAPD [21, 22]
OPB-10 CTGCTGGGAC
AfIT-F GCACCAAATGGGTCTTTCTCGT aflT [21, 38]
AfIT-R ATCCACGGTGAAGAGGGTAAGG
AfaflT-F CGCGCGAGATACTTCTTATACT afaflt sequence in the afIT gene [21]
AfaflT-R GAGCCCACTTCGAAAATACC
AfIR-F TCGGTACGTAAACAAGGAAC aflR [21, 39]
AfIR-R TCTGATGGTCGCCGAGTTGA
As AfIR-F GTATCCCTGCTGCATCGTCTC Amplification of the afIR pretermination region This study
As AfIR-R GTGTCCAGTGGCTGTCTGAC
As PksA-F CAATTCAGGCCCACAACGGC Amplification of the pksA pretermination region This study
As PksA-R GAGGAGCTCACCGATGACAG
MaoA-F GGCGTTGAAGTCACTGTGCG maoA This study
MaoA-R AGGAAGAAGCCATCTGATCG [28]
DmaT-F GTCTCTGGATCGTTCCGTCG dmaT [28]
DmaT-R GTATAGCACAGCTCCGATGT
Pks/nrps-F GAAAGGCCTTGCCAGCGATACT pks/nrps gene [28]
Pks/nrp-R GAATGCAAGGAGCCTICTCGT

filtrates were used as crude enzyme solutions.

The amylase activity was determined on the basis of
spectrophotometrical measurement of the reduction of 3,5-
dinitrosalicylic acid (DNS) by reducing sugars released from the
soluble starch used as substrate [23]. In the a-amylase activity
assay, the reaction mixture comprised 180 ul of 0.1 M acetate
buffer (pH 5.6) containing 1.0% soluble starch solution and 20 pl
of enzyme solution in a total volume of 200 pl [24]. The mixture
was incubated at 37°C for 10 min. Next, 200 ul of DNS solution
was added and the mixture was incubated for 5 min at 100°C. The
absorbance was measured at 535 nm to determine the production
of maltose. One a-amylase activity unit was defined as the
amount of enzyme required to produce 1 pmol of maltose per
minute [23].

The lipase activity was determined as described previously [25].
The reaction mixture comprised 500 pl of 0.1 M Tris-HCl buffer
(pH 7.0), 500 pl of substrate solution, and 200 pl of enzyme
solution. The substrate solution comprised 0.016 g of p-nitrophenyl
palmitate (p-NPP), 0.017 g of sodium dodecyl sulfate, and 1 ml of
Triton X-100 in 100 ml of deionized water. The mixture was
incubated at 37°C for 10 min. The absorbance was measured at 405
nm to determine the production of p-nitrophenol. One lipase unit
was defined as the amount of enzyme required to produce 1 pmol
of p-nitrophenol per minute.

The protease activity assay was performed according to Sigma’s
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nonspecific protease assay method (Sigma-Aldrich Chemical Co.)
which was originally described by Cupp-Enyard [26], with some
modifications. Casein solution (0.65%) was prepared as a
substrate in 50 mM potassium phosphate buffer (pH 7.5). The
reaction mixture comprised 5 ml of 0.65% casein solution and 1 ml
of enzyme solution in a total volume of 6 ml. The mixture was
incubated at 37°C for 10 min. The enzyme reaction was stopped
by adding 5 ml of 110 mM trichloroacetic acid solution and
incubating at 37°C for 30 min. The resulting solution was filtered
through a 0.45 pm syringe filter (PALL Co., USA). Next, 2 ml of
the filtered solution was mixed with 5 ml of 0.5M sodium
carbonate solution and 1 ml of 0.5 M Folin and Ciocalteu’s reagent
and incubated at 37°C for 30 min. The absorbance was measured
at 660 nm using a spectrophotometer. One protease unit was
defined as the amount of enzyme required to release 1 pmol of
tyrosine equivalents from casein per minute.

The LAP assay was performed as described previously [27]. L-
Leucine-p-nitroanilide solution (24 mM) was prepared as a
substrate in methanol. The reaction mixture comprised 2.8 ml of
50 mM sodium phosphate buffer (pH 7.0), 0.1 ml of substrate
solution, and 100 pl of enzyme solution in a 15 ml Falcon tube.
The mixture was incubated at 50°C for 10 min, and then stopped
by adding 50 ul of acetic acid and placing each Falcon tube on ice.
The absorbance was measured at 405 nm. One unit of LAP activity
was defined as the amount of enzyme that hydrolyzed 1 pmol of



leucine-p-nitroanilide per minute [27].

AF and Cyclopiazonic Acid (CPA) Gene Clusters in A. sojae
SMF 127 and SMF 131

To evaluate the safety of the candidates for use as starters in
fermentation, we analyzed the AF and CPA gene clusters in
A. sojae SMF 127 and SMF 131, which have high LAP and protease
activities. In the AF cluster analysis, the regions of afIR and pksA
genes that are known to contain a pretermination codon were
amplified by PCR and sequenced. The amplification program
comprised pre-denaturation at 95°C for 5 min, 30 cycles at 95°C
for 30 sec, 58°C for 30 sec, and 72°C for 90 sec, and with a final
incubation step at 72°C for 5 min to complete the extension.
Sequence analysis was performed by Macrogen Inc. (Korea). The
sequences of the afIR and pksA genes in Aspergillus section Flavi
were obtained from GenBank and compared with those of A. sojae
using the MEGAG6 program. In the CPA cluster analysis, the maoA,
dmaT, and pks/nrps genes were amplified by PCR as described
previously [28]. The B-tubulin gene was used as a template control.

Results

Isolation and Identification of Aspergillus Strains

Over the recent years, we have isolated Aspergillus strains
from traditional meju samples collected from different
regions of Korea. On the basis of comparisons with the
morphological characteristics of reference Aspergillus strains,
we initially screened 18 A. sojae-like strains (SMF 116, SMF
117, SMF 118, SMF 119, SMF 120, SMF 121, SMF 122, SMF
123, SMF 124, SMF 125, SMF 126, SMF 127, SMF 128, SMF
129, SMF 131, SMF 132, SMF 133, and SMF 134). Three
strains (SMF 116, SMF 117, and SMF 128) formed yellow-
brownish green and floccose colonies similar to the
A. oryzae/flavus reference strains (data not shown), whereas
the remaining strains formed green colonies like the A. sojae
reference strains (Fig. 1). No strains formed dark green
colonies similar to the A. parasiticus reference strains. In
addition, 15 strains that formed green colonies had shorter
conidiophores, which were more similar to those of A. sojae
than the A. oryzae/flavus reference strains. Therefore, these
15 strains were grouped into A. sojae and three strains were
grouped into A. oryzae/flavus. The other distinct characteristic
difference between A. sojae and A. oryzae/flavus is the presence
of echinulate-shaped conidia in A. sojae and smooth conidia
in A. oryzae/flavus [29, 30]. As expected, most strains (14
strains) from the A.sojae group had echinulate conidia,
except one strain (SMF119) (Fig. 1A). Therefore, these 14
strains were tentatively identified as A. sojae according to
their morphological characteristics (Fig. 1).

A. sojae is considered a domesticated strain of A. parasiticus
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Fig. 1. Morphological and physiological characterization.

(A) Each strain was assigned to one of two groups on the basis of its
conidial morphology: A. oryzae/flavus with smooth conidia (a) and A.
sojae/parasiticus with echinulate conidia (b). (B) A. sojae (c, e) were
distinguished from A. parasiticus (d, f) by staining with p-
anisaldehyde. Each strain was grown on Cz agar (c, d) and Cz agar
containing 0.05% p-anisaldehyde (e, f). Conidia produced by A. sojae
and A. parasiticus were green and pink, respectively. (C) Each strain
was grown on modified minimal agar (MMA; g, h) or MMA
containing phleomycin (i, j). The growth of A. sojae (g, i) was inhibited
in the presence of phleomycin (i) whereas that of A. parasiticus (h, j)
was not (j).

[13, 22]. Because A. parasiticus has echinulate conidia like
A. sojae, 14 A. sojae candidate strains were further characterized
according to their physiological characteristics to differentiate
them from A. parasiticus. A. parasiticus produces pink
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conidia on Cz agar containing p-anisaldehyde, whereas
A. sojae forms green conidia [15, 30]. All 14 strains with
echinulate conidia formed green conidia (Fig. 1B-c, e),
whereas the reference strains of A. parasiticus formed typical
pink (purple) conidia (Fig. 1B-d, f) on p-anisaldehyde Cz
agar, suggesting that the 14 strains were A. sojae and not
A. parasiticus.

A. parasiticus is resistant to bleomycin, whereas A. sojae is
sensitive to bleomycin and its growth is inhibited greatly
[16, 29]. Bleomycin is a glycopeptide antibiotic that inhibits
microbial growth by breaking double-stranded DNA and
inhibiting cell-wall biosynthesis. Phleomycin belongs to the
bleomycin family and mediates its effects in the same
manner as bleomycin, but it is an inexpensive alternative.
The growth of the reference A. parasiticus strains was
minimal, whereas that of the A. sojae reference and 14
candidate strains was inhibited greatly by phleomycin
(Fig. 1C), suggesting that all 14 strains were probably
A. sojae.

Analysis of the AF gene cluster, especially the aflT and
afIR genes, is frequently used to identify members of
Aspergillus section Flavi [15, 21]. The afIT gene, which
encodes a major facilitator superfamily transporter, is
present in Aspergillus section Flavi members such as
A. flavus, A. oryzae, A. sojae, and A. parasiticus. The afaflT is
found within the afIT gene, and its amplification by real-time
PCR using AfaflT-F and AfafIT-R primers can distinguish
A. flavusforyzae group members from A. parasiticus/sojae
group members. Typically, this sequence is amplified
within 30 of 45 cycles (positive) in A. flavus/oryzae group
members, whereas it is amplified after 30 cycles or
amplified at a very low level (negative) in A. parasiticus/
sojae group members. The afIR gene, a regulatory gene in
AF biosynthesis, was used to confirm members of the
A. parasiticus/sojae group, from which the aflR gene is
usually amplified. The afIT and afIR genes were amplified
from all 14 strains that exhibited the morphological and
physiological characteristics of A. sojae, but afaflT was not
amplified (Table 1), suggesting these strains belonged to
the A. parasiticus/sojae group.

RAPD was used to differentiate A. sojae from A. parasiticus
[21]. Using OPA-04 primers, excluding one strain (SMF 118),
13 strains exhibited the characteristic pattern of A. flavus/
oryzae/sojae (2.2, 1.4, and 0.75 kb bands) but not that of
A. parasiticus (2.2,1.4,0.75, and 0.4 kb bands; or 2.2, 1.4, and
0.6 kb bands). SMF 118 had a similar pattern to A. parasiticus
(2.2, 14, 0.75, and 0.4 kb bands; Fig. 2A). Using OPB-10
primers, all 14 strains were differentiated from A. flavus/
oryzae (2.6, 1.6, and 1.3 kb bands). All 14 strains produced
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Fig. 2. Random amplification polymorphic DNA patterns
obtained for the reference and isolated strains using the
primers OPA-04 (A) and OPB-10 (B).
1 kb ladder; GeneRuler 1 kb DNA ladder.

the characteristic pattern of A. sojae (2.6, 2.0, 1.5, and 0.9 kb
bands), which differs from that of A. parasiticus (2.0, 1.5,
and 0.6 kb bands). The 0.6 kb band was not amplified from
any of the 14 strains. Among the 14 strains, SMF 121, SMF
124, and SMF 132 produced an additional 0.4 kb band.
According to the RAPD patterns obtained using OPA-04
and OPB-10 primers, all 13 strains were probably A. sojae,
and SMF 118 was considered to be A. sojae on the basis of
the RAPD pattern obtained with OPB-10 primers.

The internal transcribed spacer (ITS) sequence is generally
used for the phylogenetic classification of fungi. However,
the similarity of the ITS sequences among Aspergillus
section Flavi members is too high to differentiate A. flavus/
oryzae/sojae/parasiticus. By contrast, the p-tubulin sequence
is known to be highly variable among species because of
the presence of several introns [31]. Therefore, the p-tubulin
(benA) gene was amplified by PCR, sequenced, and analyzed
phylogenetically [17-19]. The benA sequences of reference
Aspergillus species were obtained from GenBank and their
accession numbers are indicated in Fig. 3. All 14 isolated
strains shared high similarity with A. sojae within section
Flavi (Fig. 3).

According to their morphological, physiological, and
molecular genetic characteristics, 14 of the isolated strains
were identified as A. sojae.
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SMF 118

SMF 120
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SMF 122

SMF 123

SMF 124

SMF 125
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Aspergillus nomius CBS 260.88 gi|133741551|

Aspergillus pseudotamarii CBS 766.97 gi|133741556|
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Aspergillus flavofurcatus CBS 484.65 gi|133741555|
Aspergillus tamarii CBS 104.13 gi[133741554|

U
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Aspergillus niger ATHUM 2539 gi221079339)|

Fig. 3. Neighbor-joining analysis based on sequences of the partial p-tubulin (benA) gene in 14 isolates.
Evolutionary history was inferred using the neighbor-joining method [20]. The optimal tree with a summed branch length of 0.39435999 is shown.

The percentages of replicate trees where the associated taxa clustered together according to the bootstrap test (1,000 replicates) are shown above

the branches [36]. Bootstrap values <40 % are not shown. Evolutionary analyses were conducted with MEGA®6 [37].

Enzyme Production by A. sojae Isolates

To evaluate the advantages of the isolates as starter
molds, we determined the activities of enzymes that are
important for soybean fermentation. In particular, protease
plays a very important role during soybean fermentation
by breaking down soybean proteins into free amino acids
or low-molecular-weight peptides. The isolates produced
protease in the range of 2.66-10.64 U/g-IDS, where the
protease activity of SMF 127 was the highest at 10.64 U/g-
IDS (Table 3). The protease levels in the isolates were
higher than those in koji strains used to produce Japanese
soy sauce, which range from 1.35 to 2.45 U/g-IDS. In
addition, amylase activity is required because koji is
generally produced using grains that are rich in starch. The
a-amylase activity of the isolates was equivalent to that of
koji strains used to produce Japanese soy sauce (Table 3).
However, the lipase activity of the isolates was lower than
that of koji strains used in Japanese soy sauce production

(Table 3).

LAP is an exopeptidase that removes the N-terminal
L-leucine from peptide substrates. LAP is one of the most
important enzymes in the fermentation industry because it
plays an important role in flavor development by producing
low-molecular-weight peptides that affect the taste, and by
decreasing bitterness [4]. SMF 131 had the highest LAP
activity at 6.06 U/g-IDS among the isolates and Japanese
koji strains. The strains with high protease and LAP
activities tended to have low lipase activities. For example,
SMF 131 had the highest LAP activity at 6.06 U/g-IDS
among the strains tested, but its lipase activity was low at
1.70 U/g-IDS (Table 3). The Japanese koji strains had low
LAP activities but much higher lipase activities (6.86—
10.33 U/g-IDS) than our isolates.

SMF 127 and SMF 131 had high protease and LAP
activities during solid-state fermentation with soybean,
and thus they may be considered good starters for use in
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Table 3. Production of protease, amylase, lipase, and leucine aminopeptidase (LAP) by isolated A. sojae strains in solid-state

fermentation (72 h).

Strain Protease (U/g-IDS) o-Amylase (U/g-IDS) Lipase (U/g-IDS) LAP (U/g-IDS)
Isolated strains from SMF 118 3.35+0.23 37.16 = 1.68 370 £0.44 241 +0.16
Korean meju SMF 120 2.66 + 0.4 3327 +1.25 428048 1.92 £0.25
SMF 121 3.15+0.75 31.76 + 1.03 442 +0.28 1.58 £0.03
SMF 122 8.76 = 1.06 87.23 £4.75 2.10+0.27 491 +0.31
SMF 123 3.39+0.35 21.53£0.16 1.38 £0.19 1.12 £ 0.04
SMF 124 9.22 + 0.65 76.98 £ 12.07 2.34 +£0.38 5.06 = 0.09
SMF 125 9.99 + 0.68 106.73 + 4.67 2.10 £ 0.65 5.55+0.16
SMF 126 8.09 + 0.56 68.65 +5.70 1.95 +0.36 3.64+0.14
SMF 127 10.64 + 0.61 96.97 +2.07 2.06 £ 0.14 6.00 = 0.33
SMF 129 3.70 £ 0.66 2712 +2.78 1.24 £ 0.10 1.32+0.13
SMF 131 9.44 +0.37 89.96 + 0.58 1.70 £ 0.32 6.06 +0.42
SMF 132 474 +0.46 56.18 +£2.37 2.88 +0.10 3.03+0.22
SMF 133 320+ 041 4256 +1.11 3.01+0.35 2.57 +0.17
SMF 134 2.98 +0.33 37.28 +2.36 4.31 +£0.09 1.79 £ 0.04
Koji strains used in IFO 30112" 2.45+0.11 59.25 + 6.58 6.86 +0.57 1.37+0.11
Japanese soy sauce KACC 45027 1.53 £ 0.01 60.04 + 6.01 10.33 £ 0.74 0.93 +0.09
production KACC 45029 135+ 0.03 35.36 + 4.55 8.84 0.68 0.63 % 0.10

U/g-IDS, unit/g-initial dry substrate.

soybean fermentations such as in the production of meju,
doenjang, and ganjang.

AF and CPA Gene Clusters in A. sojae SMF 127 and SMF
131

A. sojae is classified as GRAS, but safety assurance is very
important before isolated strains can be used in industrial
applications because of the close evolutionary relationship
between A. sojae and pathogenic Aspergillus species. In
particular, our strains were isolated from nature so they
might differ from industrial strains. The A. sojae draft

A Open reading frame

1153 1158

v v
A. s SMF127 AACTGCACTGAGTGCAGTCGCTGG
A. 5 SMF131 e
A. 5 NBRC 4239 ... ...ttt
A. S (AY650926) .ottt e
A. p (AY650922) ........ C....C... ... ...
A. £ (AY650933) ........ C....C..........
A. o (AY650939) ........ C....C..........

R

genome contains all the orthologs of the AF biosynthesis
genes in A. parasiticus [31]. Therefore, other isolates are
expected to have all the orthologs of the AF biosynthesis
genes. However, SMF 127 and SMF 131 appeared to be
non-aflatoxigenic like other A. sojae strains, because of
several mutations in the AF gene cluster, as found in other
A. sojae strains. The non-production of AF in A. sojae is
related to a termination point mutation in afIR and the
absence of the polyketide synthase (PKS) gene [12].

afIR is a regulatory gene that controls transcription of AF
biosynthesis gene clusters. As found in other A. sojae afIR

Open reading frame

s SMF127 CCGCCTGCACTTGATCTGAAACCCTAATGC

S SMFL31 i e e e

S NBRC4239 ittt it ittt e e

S (AYB07768) ittt ittt e e e e
. P (AY371490) .+ ittt G..... C

f (AY501905) .............. C..... G..... c

o0 (AB196490) ... C..... G..... c

Fig. 4. Comparison of portions of the afIR (A) and pksA (B) genes in A. sojae SMF 127 and SMF 131 with those in other A. sojae and

Apsergillus section Flavi strains.

A. s, A. sojae; A. p, A. parasiticus; A. f, A. flavus; A. o, A. oryzae; (.), sequences identical to A. sojae SMF 127; (-), gap. The A in the start codon was

designated as +1.
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Fig. 5. PCR analysis of the cyclopiazonic acid (CPA) gene cluster in SMF 127 and SMF 131.
(A) CPA cluster in A. flaous NRRL 3357 and A. sojae NBRC 4239. Arrows ( 1 ) indicate the target regions for PCR amplification. (B) PCR analysis of

the CPA genes. 1 kb ladder, GeneRuler 1 kb DNA ladder.

genes, a premature stop codon (TGA at 1153) was detected
in the afIR gene of SMF 127 and SMF 131, which results in
the loss of 62 C-terminal amino acids and loss of function
(Fig. 4A) [12, 32, 33].

The pksA gene encode PKS, which comprises acyl carrier
protein (ACP), B-ketoacyl-ACP synthase, acyltransferase,
and thioesterase (TE) domains [12], where TE hydrolyzes
the polyketide chain produced by ACP. In A. sojae pksA, a C
base is replaced by A to produce a stop codon (TAA) at the
1848™ codon, which results in a loss of function because of
the absence of the TE domain [12]. The pksA gene in A. sojae
SMF 127 and SMF 131 had the same base change found in
other A. sojae strains, including NBRC 4239 (Fig. 4B).
Therefore, SMF 127 and SMF 131 cannot biosynthesize AF
because of their non-functional PksA, which lacks the TE
domain. Other base change differences occur between
A. sojae and A. parasiticus, A. flavus, and A. oryzae (Fig. 4B),
but these base changes do not affect the amino acid
sequences.

CPA is not as toxic as AF, but is a mycotoxin that can
cause nerve disorder when ingested at high levels. The
CPA gene cluster comprises the maoA, dmaT, and pks/nrps
genes and it is located in the subtelomeric region close to
the AF cluster in A. flavus (Fig. 5A) [34]. According to the
draft genome sequence of A. sojae NBRC 4239, >18 kb has
been deleted, including most of the CPA gene cluster,
while the ord3, ord2, and ordl genes located in the
subtelomeric region downstream of the CPA cluster in
A. flavus are inserted at the partial pks/nrps gene [1]. As
expected, the maoA, dmaT, and pks/nrps genes were not
amplified in both SMF 127 and SMF 131 (Fig.5B),
suggesting that SMF 127 and SMF 131 are non-CPA
producers because of the loss of all three CPA biosynthetic
genes, as found in A. sojae NBRC 4239.

Discussion

In this study, several A. sojae strains were isolated from
meju samples. There have been a few previous reports of
the isolation of A. sojae from nature, and A. sojae is
considered a domesticated strain of A. parasiticus, which
was selected for food fermentation from genetically variable
A. parasiticus [13]. A. sojae is used mainly for soybean
fermentation, such as in shoyu (Japanese soy sauce)
production in Japan, but it is seldom used for any
fermentation in Korea. The close evolutionary relationship
between A. sojae and pathogenic A. parasiticus may have
discouraged and limited the applications of A. sojae in food
fermentation [1, 32]. As expected, our A. sojae isolates shared
very similar morphological, physiological, and molecular
genetic characteristics with A. parasiticus. However, our
successful isolation of A. sojae from various meju samples,
which are fermented soybean products obtained by natural
inoculation with a mold, argue against that A. sojae is a
genetic variant of A. parasiticus that has been selected in
only the industrial environment. A. oryzae is also considered
as a domesticated strain of AF-producing A. flavus, but it
can be isolated easily from nature.

The superior protease and LAP activities of some isolates
such as SMF 127 and SMF 131 (Table 3) suggest that they
may be excellent candidates for use as starters in soybean
fermentation, such as meju, doenjang, and ganjang
production. At present, these fermentation products are
manufactured traditionally by natural microbial inoculation,
or industrially by using a starter mold. The traditional
process is often hindered by variations in quality and poor
product standardization because of the use of non-uniform
fermentation environments. In industry, A. oryzae is mainly
used as a starter because it is the dominant flora in
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traditional soybean fermentation. However, A. sojae may be
a better starter for soybean fermentation because it has
higher protease [35] and LAP activities [3], which are
important for fermentation and flavor development.

Our analysis of the AF and CPA gene clusters in SMF 127
and SMF 131 indicates that both strains are not producers
of AF and CPA (Figs. 4 and 5), and thus they are considered
safe for use in industrial applications as starters. Moreover,
similar point mutations in the AF gene cluster, as well as
gene deletions and insertions in the CPA cluster region,
suggest that the natural A. sojae flora in meju are also non-
aflatoxigenic as well as non-CPA producers, as found with
Japanese A. sojae koji strains.

In conclusion, A. sojae strains such as SMF 127 and SMF
131, which have high protease and LAP activities, and no
mycotoxins such as AF and CPA, can be applied in soybean
fermentations, such as for meju, doenjang, and ganjang
production.
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