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Abstract:  Musty odor owing to 2-methylisoborneol (2-MIB) is a worldwide concern, causing 
deterioration in the quality of tap water and fish catch. In lakes, a large number of 2-MIB-producing 
cyanobacteria have been identified to be Pseudanabaena species, but the mechanisms underlying 
their occurrence have not been revealed. In this study, we investigated the occurrence-related 
characteristics and taxonomical composition of 2-MIB-producing Pseudanabaena in Lake 
Ogawara, Aomori Prefecture, Japan, using molecular biology techniques in combination with 
microscopic observations. In molecular biological analyses, amplicon sequencing and qPCR 
specific for 2-MIB-producing species were performed. Musty odor-producing Pseudanabaena-like 
cyanobacteria (MOPPL-cyanobacteria) obser ved by microscopy mainly occurred during 
autumn–winter and, to a lesser extent, during spring–summer. There was a positive correlation 
between the densities of MOPPL-cyanobacteria and 2-MIB-producing strains, but the latter 
accounted for only 8% of the former, suggesting that a large number of non-MIB-producing strains 
are included in the microscopy results. At least two 2-MIB-producing Pseudanabaena strains 
probably exist in Lake Ogawara, and the composition of MOPPL-cyanobacteria is likely to vary at 
the species/strain level, which cannot be microscopically detected.
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Along with eutrophication of lakes and reser-
voirs, musty odor caused by 2-methylisoborneol 
(2-MIB) and geosmin has become a common 
occurrence in water bodies, resulting in the dete-
rioration of tap water quality and odor damage 
of fishery products in rivers and lakes. This has 
caused tremendous economic damage world-
wide owing to increased water purification costs 
and lower quality of fishery products (Giglio et 
al. 2011; Srinivasan and Sorial 2011; Uwins 2011), 
and there is a need to solve these problems. In 

Japan, the occurrence of musty odor has been 
confirmed in 40% of lakes and reservoirs used as 
water sources (Sudo et al. 2004).

Lake Ogawara, a brackish lake located in 
Tohoku (Aomori Prefecture, Japan), which 
is the northernmost part of the main island 
of Japan, ranks second in Japan in terms of 
catches among lakes (Ministry of Agriculture, 
Forestry and Fisheries 2006), and musty 
odor has been detected there since 2008. The 
musty odor associated with commercial fish 
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and shellfish species such as Japanese ice-
fish (Salangichthys microdon), Japanese smelt 
(Hypomesus nipponensis), and brackish water 
clam (Corbicula japonica) results in a severe 
decline in their commercial value. Musty odor 
in Lake Ogawara has been attributed to 2-MIB 
according to the monitoring of musty odor com-
pounds by the Ministry of Land, Infrastructure, 
Transport and Tourism (MLIT).

Pseudanabaena, a type of filamentous cyano-
bacteria, is listed as 2-MIB-producing micro-
organisms in lakes. Microscopic methods 
were conventionally used as a means for mon-
itoring 2-MIB-producing Pseudanabaena, and 
they have revealed the relationship between 
Pseudanabaena and environmental factors 
(Yoshida et al. 1996; Yokoyama and Yamashita 
2007; Gao et al. 2018). The present study group 
has been monitoring the density of musty 
odor-producing Pseudanabaena-like cyano-
bacteria (hereafter referred to as MOPPL-
cyanobacteria) that have morphology similar 
to that of filamentous cyanobacteria reported 
as Phormidium sp. in Japan (Izaguirre et al. 
1999; Izaguirre and Taylor 2004; Niiyama et al. 
2016; Tuji and Niiyama 2018) for many years 
based on the microscopic observation method. 
However, in many studies on 2-MIB-producing 
Pseudanabaena, the mechanism of occurrence 
has not been fully elucidated. One possible 
reason for this is the difficulty in classifying 
multiple types of Pseudanabaena trichomes in 
aquatic environments with an optical micro-
scope because it is necessary to confirm various 
classification traits (Tuji and Niiyama 2018), and 
classification traits vary within the same spe-
cies. Furthermore, the presence or absence of 
the 2-MIB-producing ability of Pseudanabaena 
is known not at the species level but at the 
strain level as in the case of Oscillatoria and 
Synechococcus (Izaguirre and Taylor 2004). 
Consequently, the use of an optical microscope 
to count 2-MIB-producing strains is limited.

Molecular biology techniques are examples 
of techniques that enable tracking of microor-
ganisms at the species/strain level. Recently, 
as a quantification method specific to musty 
odor-producing cyanobacteria, a quantification 

method involving real-time PCR targeting 
the musty odor synthase gene was developed 
(2-MIB—Wang et al. 2016; Chiu et al. 2016 and 
geosmin—Giglio et al. 2008; John et al. 2018), 
and in this context, molecular biology tech-
niques are recommended for the classification 
of Pseudanabaena (Oikawa and Ishibashi 2004; 
Tuji and Niiyama 2018). Amplicon sequencing 
using next-generation sequencing targeting 
2-MIB synthase genes, whose database has been 
enriched in recent years, is an excellent method 
for comprehensively identifying 2-MIB-producing 
cyanobacteria present in environmental sam-
ples. However, no study has investigated 
2-MIB-producing cyanobacterial composition by 
amplicon sequencing of the 2-MIB synthase gene. 
Therefore, we aimed to better understand the 
current situation (spatial and temporal variation 
in number) of 2-MIB-producing cyanobacteria in 
Lake Ogawara by microscopy and real-time PCR, 
compare results obtained by real-time PCR and 
microscopic observation, and reveal the entire 
species/strain of the 2-MIB-producing cyanobac-
teria in Lake Ogawara by amplicon sequencing.

Materials and Methods

Study Area
Lake Ogawara is a brackish lake located in the 

northernmost part of the main island of Japan. 
This region has a cool temperate climate. The 
annual mean, maximum, and minimum tem-
peratures of the last 30 years were 9.9°C, 27°C, 
and －7°C, respectively. The average annual 
precipitation is 1291 mm. Geomorphological 
properties of Lake Ogawara include the fol-
lowing: surface area, 63.2 km2; lake volume, 
7.14 × 108 m3; average water depth, 11 m; and 
maximum water depth, 26 m. A salinity layer is 
formed at a depth of 15–18 m throughout the 
year. Thermal stratification is observed at a 
depth of 8–12 m in summer (July–September). 
Lake water freezes partially/completely in 
winter (December–March) depending on 
the year. The annual averages of TN and TP 
from 2008 to 2017 were 0.83 ± 0.07 and 0.031 
± 0.005 mg/l, respectively [calculated from 
the data available at St. G (same with St. 19 in 
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this study) in the Water Information System 
(http://www1.river.go.jp/)]. Lake Ogawara 
is connected to Lake Uchinuma and Lake 
Anenuma at the northern and southern parts, 
respectively, from which water flows in.

Phytoplankton Sampling
One litter of surface water was collected from 

April 2011 to December 2018 from the center of 
the lake (St. 19: 40°46′35.39″N, 141°20′19.34″E) 
for microscopic quantification. The collected 
water was transported to the laboratory in a 
cold box, and a portion of 300 ml was fixed 
with 4% neutral formalin or 1% Lugolʼs iodine 
solution. For DNA analysis, 1 l of surface water 
sample was collected at the same sampling 
points in January, April, and July. In October, 
water samples were collected from 9 sampling 
points including the center of the lake to inves-
tigate spatial variation (Fig. 1). The collected 
water was transported to the laboratory in a 
cold box, and a 400–500 ml portion was fil-
tered through a 0.22-μm Sterivex® filter (EMD 
Millipore Corp., USA). The filtered samples 
were stored at －20°C until DNA extraction. 

Quantification of 2-MIB-Producing Pseudanabaena
Microscopic quantification of MOPPL-

cyanobacteria was performed by counting 
80 fields with a Fuchs–Rosenthal hemocytom-
eter (height, 0.2 mm; area, 0.0625 mm2) under 
high density (≥500 units/ml) or by counting 
500 fields with a Sedgwick Rafter counter under 
low density (<500 units/ml). Trichome length 
was also measured, and density was calculated 
as the number of 100-µm trichomes per 1 ml of 
sample.

Quantitative PCR of 2-MIB-producing cyano-
bacteria was performed by real-time PCR. DNA 
extraction from filter-trapped microorganisms 
was performed with the DNeasy® PowerSoil 
Pro Kit (QIAGEN, Germany). The extracted 
DNA was stored at －80°C. The primers used 
were CRTf and CRTr designed for TaqMan® 
qPCR of the 2-MIB synthase gene (2-MIB 
cyclase gene) and Ctaq as a probe (Wang 
et al. 2016). TaqMan® qPCR was performed 
using the TaqMan® Universal PCR Master Mix 
(Applied Biosystems) on the StepOnePlus® 
Real-Time PCR System (Applied Biosystems). 
qPCR reaction was performed at 50°C for 

Fig. 1. Location of Lake Ogawara and sampling points.
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2 min with an initial denaturation at 95°C for 
10 min and 40 cycles at 95°C for 15 s and 58°C 
for 1 min. Pseudanabaena sp. AIFI-4 (Table 1) 
in the logarithmic growth phase was used as a 
standard strain of 2-MIB-producing cyanobac-
teria. After calculating total units (i.e., number 
of 100-μm trichomes) in the culture, AIFI-4 
was harvested on a 0.22-µm Sterivex® filter 
(Millipore). DNA was extracted from the filter 
with the DNeasy® PowerSoil Pro Kit. Then, 
10-fold serial dilution of DNA solution was per-
formed, and a standard curve based on real-
time PCR was created using this as a template. 
Note that Pseudanabaena was found to be the 
only 2-MIB-producing cyanobacteria in Lake 
Ogawara by amplicon sequencing of mic. As 
such, this qPCR value can be regarded as the 
number of Pseudanabaena. 

Cultivation and DNA Extraction of 
Cyanobacterial Strains

The cyanobacterial strains used in this 
study are grouped into two. The first group 
(AIFI strains) included 8 strains of MOPPL-
cyanobacteria, i.e., AIFI-3, AIFI-4, AIFI-5, 
AIFI-6, AIFI-7, AIFI-18, AIFI-19, and AIFI-22, 
isolated from Lake Ogawara, Lake Uchinuma, 
and Lake Anenuma from June 2016 to 
September 2017 (Table 1). The second group 

(NIES strains) included 4 stocks provided 
by the Microbial Preservation Facility of the 
National Institute for Environmental Studies 
(NIES), i.e., Pseudanabaena yagii (NIES-
4237 and NIES-4238) and P. cinerea (NIES-
4062 and NIES-4063) (Table 2). High-density 
MOPPL-cyanobacteria were isolated from Lake 
Ogawara, Lake Anenuma, or Lake Uchinuma 
using the pipette washing method (Tuji and 
Niiyama 2018). These strains were cultured on 
CT medium (12-L:12-D) at 20°C.

AIFI strains were collected on a 0.22-μm 
Sterivex® filter (Merck Millipore). DNA extraction 
from the filtered samples was conducted by 
the phenol/chloroform method as described 
by Kojima et al. (2014). NIES strains were 
harvested by centrifugation at 2,400×g for 
30 min. The sample after centrifugation was 
subjected to DNA extraction using the DNeasy® 
PowerSoil Kit.

Molecular Biological Analysis of 
MOPPL-Cyanobacteria

For AIFI strains, a partial region of the 
16S rRNA gene (V3–V4) was amplified with 
TaKaRa PCR Thermal Cycler Dice Model 
TP600 by conventional PCR using the prim-
ers CYA371F (Janse et al. 2003) and CYA781R 
(Nübel et al. 1997) as well as Platinum® DNA 
Taq polymerase (Invitrogen, Carlsbad, CA). 
Direct sequencing of PCR products was per-
formed using a 3730xl DNA analyzer (Applied 
Biosystems) with the same primers as used in 
conventional PCR. The obtained sequence was 
assembled manually and searched with BLAST 
(http://blast.ddbj.nig.ac.jp/blastn?lang=ja) in 
the DDBJ database. All sequences were depos-
ited in DDBJ (Table 3). 

Conventional PCR was conducted using the 
primers MIB3313F and MIB4226R (Suurnäkki 
et al. 2015) targeting the 2-MIB synthase gene 

Table 1. Characteristics of isolated strains from Lake 
Ogawara and its associated lakes

Strains 
Name

Sampling 
date Sampling points Sampling 

depth
Incubation 
Medium

AIFI-3 15-Jun-2016 Anenuma 0 m CT
AIFI-4 15-Jun-2016 Anenuma 0 m CT
AIFI-5 15-Jun-2016 Anenuma 0 m CT
AIFI-6 15-Jun-2016 Anenuma 0 m CT
AIFI-7 15-Jun-2016 Anenuma 0 m CT
AIFI-18 27-Jul-2017 Uchinuma 0 m CT
AIFI-19 27-Jul-2017 Uchinuma 0 m CT
AIFI-22 21-Sep-2017 Ogawara (St. 3) 0 m CT

Table 2. Strains of NIES collection used in this study

Strains name Species name Sampling date Locality Incubation medium Reference

NIES-4237 Pseudanabaena yagii 13-Jan-2016 Lake Kasumigaura C Tuji and Niiyama (2018)
NIES-4238 Pseudanabaena yagii 13-Jan-2016 Lake Kasumigaura C Tuji and Niiyama (2018)
NIES-4062 Pseudanabaena cinerea 19-Nov-2014 Serikawa Reservoir CT Tuji and Niiyama (2018)
NIES-4063 Pseudanabaena cinerea 19-Nov-2014 Serikawa Reservoir CT Tuji and Niiyama (2018)
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with TaKaRa PCR Thermal Cycler Dice Model 
TP600 to investigate its ability to produce 
2-MIB. In addition, the 2-MIB synthase gene 
sequences of AIFI and NIES Pseudanabaena 
strains were amplified using the primers mibf 
and mibr (Wang et al. 2015) to complement the 
GenBank database for the BLAST search of the 
operational taxonomic units (OTUs) obtained 
on amplicon sequencing (mentioned later). 
Direct sequencing of PCR products was per-
formed using the 3730xl DNA analyzer with the 
same primers as used in conventional PCR. The 
obtained sequences were assembled manually 
and deposited in DDBJ (Table 3). For detailed 
phylogenetic analysis of 2-MIB-producing 
AIFI strains, approximately full-length 16S 
rRNA genes were amplified by conventional 
PCR using 27f (Lane 1991) and ITSCYA225R 
(Valério et al. 2009) as well as Platinum® Taq 
polymerase. For direct sequencing of PCR prod-
ucts, the primers CYA371F (Janse et al. 2003), 
PS16S600r (Niiyama et al. 2016), F3L (Hiraishi 
et al. 1994), and ITSCYA225R (Valério et al. 
2009) were used on the 3730xl DNA analyzer. 
The obtained sequences were assembled man-
ually, and the sequences of 2-MIB-producing 
strains were searched with BLAST in the DDBJ 
database. The sequences were deposited in 
DDBJ (Table 3).

Molecular Biological Analysis of 2-MIB-Producing 
Cyanobacterial Communities

2-MIB synthase gene was used for amplicon 
sequencing of 2-MIB-producing cyanobacterial 

community. Amplicon sequencing of the 
2-MIB synthase gene was performed for the 9 
water samples collected in October 2017 when 
2-MIB was detected. Amplicon sequencing was 
outsourced to Bioengineering Lab. Co., Ltd. 
(https://gikenbio.com/). The primer sets of the 
first PCR were MIBS02F and MIBS02R. TaKaRa 
ExTaq® HS (Takara Bio, Shiga, Japan) was used. 
Further, the cycle conditions were as follows: 
initial denaturation at 94°C for 2 min, followed 
by 30 cycles at 94°C for 30 s, 56°C for 30 s, and 
72°C for 60 s and a final extension step at 72°C for 
10 min. The primer sets of the second PCR were 
as follows: forward primer, 5′-AAT GAT ACG 
GCG ACC ACC GAG ATC TAC AC [P5 adap-
tor]-XXXXXXXX [8-mer index]-ACA CTC TTT 
CCC TAC ACG ACG C [sequencing primer]-3′ 
and reverse primer, 5′-CAA GCA GAA GAC GGC 
ATA CGA GAT [P7 adaptor]-XXXXXXXX [8-mer 
index]-GTG ACT GGA GTT CAG ACG TGT G 
[sequencing primer]-3′. 

ExTaq® HS was also used for the second PCR 
under the following cycle conditions: initial 
denaturation at 94°C for 2 min, followed by 12 
cycles at 94°C for 30 s, 60°C for 30 s, and 72°C 
for 30 s and a final extension step at 72°C for 
5 min. Sequencing was performed with 2 × 
300 bp paired ends using MiSeq® (Illumina). 
Sequences starting after the readings matched 
completely to the primers were only extracted 
using the Fastq Barcode Splitter of the Fastx 
Toolkit. The primer sequence and the last 
120 bp of the read were deleted from the 
extracted sequence. Thereafter, sequences 

Table 3. Accession numbers of 16S rRNA and 2-MIB synthase gene sequences 
obtained in this study

Strains Name Species 16S rRNA 2-MIB synthase

NIES-4237 Pseudanabaena yagii - LC507458
NIES-4238 Pseudanabaena yagii - LC507459
NIES-4062 Pseudanabaena cinerea - LC507460
NIES-4063 Pseudanabaena cinerea - LC507461
AIFI-3 Pseudanabaena sp. LC506581 -
AIFI-4 Pseudanabaena sp. LC506582 LC507462
AIFI-5 Pseudanabaena sp. LC506583 -
AIFI-6 Pseudanabaena sp. LC506584 -
AIFI-7 Pseudanabaena sp. LC506585 -
AIFI-18 Pseudanabaena sp. LC506586 -
AIFI-19 Pseudanabaena sp. LC506587 -
AIFI-22 Pseudanabaena sp. LC506588 -
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judged to have quality values of <20 by sickle 
tools were discarded; then, sequences with 
a length of ≤40 bp and their pair sequences 
were discarded. The sequences that passed 
quality filtering of the paired-end merge script 
“FLASH” were merged under the following 
conditions: fragment length, 300 bp; read 
length, 180 bp; and minimum overlap length, 
10 bp. OTUs were produced using USEARCH 
(https://www.drive5.com/usearch/) under 
the condition of 97% sequence similarity. The 
obtained sequence was deposited in DDBJ 
(Accession No. DRA009137).

Phylogenetic Analysis
Phylogenetic analyses of the 16S rRNA 

gene of AIFI strains and OTUs obtained 
on amplicon sequencing of the 2-MIB syn-
thase gene were conducted using MEGA7 
(https://www.megasoftware.net/) (Kumar et 
al. 2016). Sequence alignment was performed 
using MUSCLE of MEGA7 and checked manu-
ally. A phylogenetic tree was constructed using 
the neighbor-joining method with 1000 boot-
straps. Limnothrix planktonica KLL-C001 clone 
c (KP726239.1) and Oscillatoria limosa LBD 
305b (HQ630885.1) were used as the outgroup 
for the phylogenetic trees based on 16S rRNA 
and the 2-MIB synthase gene.

Data Source, Statistical Analysis, and 
Bioinformatics

The 2-MIB concentrations at the center 
of Lake Ogawara (No. G; same with St. 19 
in this study) from April 2011 to December 
2018 were obtained from publicly avail-
able data in the Water Information System 
(http://www1.river.go.jp/), which were col-
lected by MLIT, Japan. Pearsonʼs product–
moment correlation coefficient was calculated 
using the statistical software R (ver. 3.6.0; R 
Core Team, 2019; hereafter referred to as R) 
with the cor.test function. Classification estima-
tion of each OTU was attempted using Claident 
ver. 0.2 (Tanabe and Toju 2013; Tanabe 2018). 

Results

Relationship between MOPPL-Cyanobacteria 
Density and 2-MIB Concentration in Lake Water

Temporal variations in MOPPL-cyanobacteria 
density and 2-MIB concentration in lake water 
at St. 19 from April 2011 to December 2018 are 
shown in Fig. 2. Both measurements increased 
from autumn to winter and decreased toward 
spring, although their values were different 
depending on the year. For example, a relatively 
large values were observed in 2011–2012, 2013–
2014, 2015–2016, and 2016–2017. The timing 

Fig. 2. Temporal variations of MOPPL-cyanobacteria density and 2-MIB conc. in Lake water from Apr. 2011 to 
Dec. 2018. Bar chart shows 2-MIB concentration in the lake water (ng/l) and line with markers chart shows 
the density of musty odor producing Pseudanabaena like cyanobacteria (MOPPL-cyanobacteria).
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of occurrence of MOPPL-cyanobacteria and 
2-MIB mostly corresponded (Fisherʼs exact test, 
p < 0.05), although there were cases when 2-MIB 
was detected even after MOPPL-cyanobacteria 
disappeared. In addition to the temporal varia-
tions described above, there were cases when 
MOPPL-cyanobacteria and 2-MIB occurred 
from May to July. MOPPL-cyanobacteria density 

correlated significantly with 2-MIB concentra-
tion with a time lag of 0–4 months. However, 
the highest determination coefficient was only 
0.241 (after 2 months), which did not adequately 
explain the variation in 2-MIB concentrations 
(Table 4, Fig. 3). 

Comparison of 2-MIB-Producing Pseudanabaena 
Density Quantified by Microscopy and qPCR

In 2017, MOPPL-cyanobacteria were detected 
microscopically at St. 19 in January and 
October, whereas qPCR-based 2-MIB-producing 
cyanobacteria were detected only in October 
(Fig. 4). Their density in October was different 
depending on the sampling points. When the 
microscopic values vs. qPCR values were plot-
ted for all sampling points in October and for 
St. 19 in January, April, and July, a significant 
correlation was observed (r2 = 0.58, p < 0.01; 
Fig. 5). However, the slope value of the regres-
sion line was 0.08, suggesting that the actual 
2-MIB-producing Pseudanabaena density, 
which was estimated using qPCR, accounted 
for only 8% of microscopic observation as 
MOPPL-cyanobacteria. 

Fig. 3. Relationship between MOPPL-cyanobacteria and 
2-MIB conc. with a time lag of two months.

Fig. 4. Density of MOPPL-cyanobacteria and 2-MIB producing Pseudanabaena quantified by microscope and real-time PCR 
from Jan. 2017 to Oct. 2017 at st. G (left panel) and at nine points in Lake Ogawara in Oct. 2017 (right panel). Gray bar shows 
MOPPL-cyanobacteria. Black bar shows 2-MIB producing Pseudanabaena. ＊, less than detection limit (< 1 unit/ml).

Table 4. Coefficients of determination between MOPPL-cyanobacteria and 2-MIB conc. with a time lag of months. *, **, *** 
represent statistical significance at p < 0.05, < 0.01, < 0.001, respectively

2-MIB conc. in lake water (+time lag of month)

0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12

MOPPL-cyanobacteria 
density 0.080* 0.065* 0.241*** 0.177*** 0.161** 0.025 0.001 0.005 0.022 0.024 0.010 0.000 0.000



16 K. Shizuka, M. Ikenaga, J. Murase, N. Nakayama, N. Matsuya, W. Kakino, H. Taruya and N. Maie

Molecular Biological Analysis of 
MOPPL-Cyanobacteria

A BLAST search of the 16S rRNA V3–V4 
region (405 bp) of 8 MOPPL-cyanobacteria 
strains isolated from Lake Ogawara and its 
associated lakes was performed. The result 
suggested that AIFI-3, AIFI-4, AIFI-5, AIFI-6, 
and AIFI-7 were most similar to Pseudanabaena 
sp. (100.0%; LC314134.1/LC314136.1). AIFI-22 
showed the highest similarity with P. cine-
rea/galeata (100.0%; cinerea, LC314116.1/
LC314118.1/ LC314120.1/LC314122.1 and gale-
ata, LC085885.1/KM386853.1/MN128993.1). 
AIFI-18 and AIFI-19 showed the highest 
similarity with Pseudanabaena sp. (100.0%; 
LC016775.1/KX263938.1). PCR using 2-MIB syn-
thase gene-specific primers showed the presence 
of the gene in AIFI-3, AIFI-4, AIFI-5, AIFI-6, and 

Fig. 5. Relationships between the density of MOPPL-
cyanobacteria and 2-MIB producing Pseudanabaena quan-
tified by microscope and real-time PCR from Jan. 2017 to 
Oct. 2017. Solid line represents the regression line.

Fig. 6. Neighbor-Joining (NJ) tree based on 16S rRNA V3-V4 region gene sequences (400 bp). Numbers of 
branches are bootstrap values.
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AIFI-7, but not in AIFI-18, AIFI-19, and AIFI-22.
Phylogenetic analysis of AIFI-3, AIFI-4, 

AIFI-5, AIFI-6, AIFI-7, AIFI-18, AIFI-19, and 
AIFI-22 revealed that they belonged to 3 differ-
ent clades: (1) AIFI-3–7, (2) AIFI-18–19, and (3) 
AIFI-22 (Fig. 6). Similarity analysis with Local 
BLAST showed the similarity between (1) and 
(2) to be 97.8%, (1) and (3) to be 98.3%, and (2) 
and (3) to be 97.3% (Table 5). 

Amplicon Sequencing of the 2-MIB 
Synthase Gene During the Occurrence of 
2-MIB 

Amplicon sequencing of the 2-MIB syn-
thase gene in lake water collected at 9 sam-
pling points in October 2017 showed that the 
number of reads for each sampling point was 
49,627–69,874 (average, 61,587), whereas the 
number of OTUs was 112. When the OTUs of 
nonspecific amplification sequence other than 
those of the 2-MIB synthase gene and OTUs 
with <1% of the total number of reads in each 
sample were discarded, a total of 43,347–69,871 
reads (average, 60,848) and 2 OTUs remained. 
The read percentages of the discarded OTUs 
accounted for <0.19% for all sampling points 

except 1 (St. 11, 13%). The remaining 2 OTUs 
were estimated to be Pseudanabaena sp. accord-
ing to Claident v0.2. The sequence closest to 
that of OTU-1 found by BLAST search was of 
P. limnetica str. Castaic Lake (HQ630883.1) 
with a similarity of 99.6%. On the other hand, 
the sequence closest to that of OTU-2 was of 
P. yagii NIVA-CYA 111 (HQ630887.1) with a 
similarity of 100% (Table 6). The relative abun-
dance of OTU-1 was ≥98.8% at any sampling 
point, whereas that of OTU-2 was low and 
detected at only 3 sampling points, i.e., St. 11 
(1.2%), St. 30 (<1%), and St. 35 (<1%) (Table 7).

Genetic Similarity of 2-MIB-Producing 
Cyanobacterial Strains in Lake Ogawara

The sequence closest to that of OTU-1 
among AIFI and NIES strains was of P. cine-
rea NIES-4062/4063 with a similarity of 100%. 
The sequence closest to that of OTU-2 among 
AIFI and NIES strains was of Pseudanabaena 
sp. AIFI-4 with a similarity of 100% (Table 6). 
Phylogenetic analysis of OTU-1 and OTU-2 
revealed that they belonged to different clades 
(Fig. 7). 

A BLAST search of almost full-length 16S 
rRNA (1450 bp) was performed to deter-
mine the closest sequence at the species 
level to AIFI-4 carrying the 2-MIB synthase 
gene. The most approximate sequence was 
of Pseudanabaena sp. AK1315/AK1316 
(LC314134.1/LC314136.1) with a similarity of 
100.0%. The similarity of AIFI-4 with P. cinerea 
NIES-4062/4063 was 97.8%. AIFI-4 belonged 
to another clade of P. cinerea NIES-4062/4063 
in the phylogenetic tree of 16S rRNA gene 
(1421bp) (Fig. 8). 

Table 5. Similarity matrix of 16S rRNA V3-V4 region 
sequences of Pseudanabaena sp. AIFI strains isolated from 
Lake Ogawara

AIFI-3 AIFI-4 AIFI-5 AIFI-6 AIFI-7 AIFI-18 AIFI-19

AIFI-4 100.0
AIFI-5 100.0 100.0
AIFI-6 100.0 100.0 100.0
AIFI-7 100.0 100.0 100.0 100.0

AIFI-18 97.8 97.8 97.8 97.8 97.8
AIFI-19 97.8 97.8 97.8 97.8 97.8 100.0
AIFI-22 98.3 98.3 98.3 98.3 98.3 97.3 97.3

Table 6. Classification of OTUs from Lake Ogawara in Oct. 2017 obtained by amplicon sequence of 2-MIB synthase gene

Claident web BLAST similarity Most similar strains used in this study similarity

OTU-1 Pseudanabaena sp. Pseudanabaena limnetica str. Castaic Lake 99.6% Pseudanabaena cinerea NIES-4062, 4063 100.0%
OTU-2 Pseudanabaena sp. Pseudanabaena yagii NIVA-CYA 111 100.0% Pseudanabaena sp. AIFI-4 100.0%

Table 7. Composition of OTUs of amplicon sequence of 2-MIB synthase gene in Lake Ogawara in Oct. 2017

St.3 St.5 St.9 St.11 St.19 St.23 St.26 St.30 St.35

OTU-1 1.00000 1.00000 1.00000 0.98828 1.00000 1.00000 1.00000 0.99995 0.99642
OTU-2 0.00000 0.00000 0.00000 0.01172 0.00000 0.00000 0.00000 0.00005 0.00358



18 K. Shizuka, M. Ikenaga, J. Murase, N. Nakayama, N. Matsuya, W. Kakino, H. Taruya and N. Maie

Fig. 7. Neighbor-Joining (NJ) tree based on amino acid sequences of MIB cyclase gene (mic). Numbers of branches are 
bootstrap values.

Fig. 8. Neighbor-Joining (NJ) tree based on 16S rRNA gene sequences (1421 bp). Numbers of branches are bootstrap values.
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Discussion

Quantification of 2-MIB-Producing Cyanobacteria 
Using Microscopy 

Recent advances in molecular biology have 
revealed that Pseudanabaena is more diverse 
than previously thought; accordingly, the clas-
sification system has been changing consid-
erably. There are cases in which strains that 
were once classified as existing species are 
now registered as new species (Niiyama et al. 
2016). In research on classification methods 
that have been conducted in association with 
the transition of such classification systems, it 
has become apparent that classifying species 
solely based on microscopic observation is dif-
ficult. Thus, performing classification in com-
bination with molecular biology techniques is 
recommended.

Therefore, in this study, we tried to reveal 
the temporal variation patterns of MOPPL-
cyanobacterial occurrence based on long-
term monitoring by conventional microscopic 
observation. In addition, the quantitative and 
compositional aspects of 2-MIB-producing 
Pseudanabaena were investigated using molec-
ular biology techniques such as real-time PCR 
and next-generation sequencing.

The number of MOPPL-cyanobacteria 
mainly increased from autumn to winter and 
decreased toward spring (Fig. 2). Furthermore, 
given the time lag, the occurrences of 
MOPPL-cyanobacteria and 2-MIB were linked 
(Table 4). Therefore, this temporal varia-
tion pattern was considered a characteristic 
of the major MOPPL-cyanobacteria in Lake 
Ogawara. Notably, MOPPL-cyanobacteria was 
also detected in May–July to a small extent 
depending on the year. Concerning such 
multiple patterns of occurrence, Oikawa et 
al. (2000) reported the presence of multiple 
2-MIB-producing strains, and the seasonal 
shifts of the dominant strain were sug-
gested. Therefore, it was considered that >1 
species/strain of 2-MIB-producing cyanobacte-
ria exists in Lake Ogawara.

When the relationship between 

MOPPL-cyanobacteria and 2-MIB was investi-
gated in more details, a significant relationship 
was observed between MOPPL-cyanobacteria 
density and 2-MIB concentration, although the 
determination coefficient was low—the high-
est R2 value was 0.241 (MOPPL-cyanobacteria 
density vs. 2-MIB concentration of 2-month lag). 
Such a low correlation has also been reported 
in previous studies (Kudo et al. 2004; Satou 
and Amano 2007). A possible reason for this 
is that the non-MIB-producing cyanobacteria 
were also counted as MOPPL-cyanobacteria. 
When the relationships of 2-MIB-producing 
Pseudanabaena with MOPPL-cyanobacteria 
were analyzed (Fig. 5), a significant correlation 
was observed. However, the variation was large, 
and the actual density of 2-MIB-producing 
Pseudanabaena was only approximately 8% of 
that of MOPPL-cyanobacteria. As such, it is 
considered that MOPPL-cyanobacteria includes 
relatively many Pseudanabaena species/strains 
that do not produce 2-MIB. In support of this, 
the 8 isolated strains of MOPPL-cyanobacteria 
belonged to 3 different clades in the phylo-
genetic tree of the 16S rRNA gene, among 
which only 5 strains, i.e., AIFI-3, -4, -5, -6, and 
-7, belonging to 1 clade possessed the 2-MIB 
synthase gene. Therefore, it is probable that 
MOPPL-cyanobacteria observed by the micro-
scope can contain significant proportions of 
non-MIB-producing strains. There were also 
months such as from April–June 2016 when 
2-MIB was detected without accompanying 
MOPPL-cyanobacteria. A possible explana-
tion for this is that most amounts of 2-MIB are 
released from cyanobacteria when cells die and 
are biodegraded (Srinivasan and Sorial 2011). 
MOPPL-cyanobacteria was detected in advance 
in most cases when 2-MIB was detected in the 
absence of MOPPL-cyanobacteria. 

Because microscopy has been conventionally 
used, there is a long-term accumulation of valu-
able data with regards to the intra-annual and 
interannual variations in MOPPL-cyanobacteria 
density and its relation with environmental fac-
tors such as eutrophication. While there is a 
significant correlation between the densities of 
MOPPL-cyanobacteria and 2-MIB-producing 
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Pseudanabaena, the density of 2-MIB-producing 
Pseudanabaena was only ca. 8% of that of 
MOPPL-cyanobacteria. Therefore, it should 
be considered that the reliability of the micro-
scopic method is largely dependent on the 
taxonomic and strain composition of MOPPL-
cyanobacteria, and the quantitative value 
obtained by the microscopic method is an 
indicator of the abundance of 2-MIB-producing 
species “like” Pseudanabaena including 
non-MIB-producing Pseudanabaena. The 
poor correspondence between the density of 
MOPPL-cyanobacteria and 2-MIB concentra-
tion was also observed at other lakes, suggest-
ing that non-MIB-producing strains were also 
counted (Kudo et al. 2004; Satou and Amano 
2007). In addition, while it is known that the 
ability of Pseudanabaena to produce 2-MIB 
depends on its species, it is extremely difficult 
to identify the species level only by micro-
scopic examination (Tuji and Niiyama 2018). 
Therefore, a microscopic method should be 
used in combination with a molecular biol-
ogy technique not only to perform classifica-
tion but also to reveal the ecology of 2-MIB-
producing Pseudanabaena and to implement 
high-efficiency countermeasures against 2-MIB.

Molecular Ecological Approaches: A Strong Clue 
to Understand the Ecology of 2-MIB-producing 
Cyanobacteria in Lake Ogawara

It was initially expected that other 
2-MIB-producing cyanobacteria, except those 
belonging to Pseudanabaena, would exist 
based on the unclear relationships between 
microscopic value and 2-MIB concentration, 
microscopic value and qPCR value. However, 
amplicon sequencing suggested that the 
2-MIB-producing species detected in Lake 
Ogawara in 2017 was composed of 2 OTUs of 
Pseudanabaena, which was the target species 
for long-term monitoring. When the sequences 
of these OTUs were compared with the iso-
lated strains and the NIES strains, OTU-1 and 
OTU-2 completely matched with P. cinerea 
(NIES-4062/4063) and Pseudanabaena sp. 
AIFI-4, respectively. P. cinerea (NIES-4062/4063) 
and Pseudanabaena sp. AIFI-4 had a sequence 

similarity of 97.8% for the 16S rRNA sequence 
(1450 bp) and belonged to different clades in 
the phylogenetic tree. Therefore, it is consid-
ered that along with P. cinerea reported by Tuji 
and Niiyama (2018), there is at least one more 
2-MIB-producing Pseudanabaena strain, namely, 
AIFI-4, that differs in the 16S rRNA gene 
and 2-MIB synthase gene sequence in Lake 
Ogawara.

Considering the ecological characteristics of 
these two strains, a NIES strain of P. cinerea 
with high similarity to OTU-1 was isolated in 
November, whereas AIFI-4 of Pseudanabaena 
sp., which has high similarity to OTU-2, was iso-
lated in June. Note that trichomes isolated from 
environmental water had a high density. In addi-
tion, the cell color associated with adaptability 
to the light environment of the two strains was 
different—P. cinerea with high similarity with 
OTU-1 is greenish-gray to gray, whereas AIFI-4 
with high similarity with OTU-2 is blue-green. 
Therefore, it is considered that their suitable 
light environment is different. Moreover, the 
distribution pattern of the two OTUs in October 
2017 (when 2-MIB was detected) was differ-
ent. OTU-1 was counted for the majority of the 
read ratios at all sampling points, but a small 
number of OTU-2 was counted from only 3 
sampling points. Considering the temporal and 
spatial distribution of these two strains and the 
difference in cell color, the growth characteris-
tics of the two 2-MIB-producing strains in Lake 
Ogawara are likely to be different. It has been 
reported in other lakes that 2-MIB-producing 
cyanobacteria reported as Phormidium or 
Pseudanabaena have two annual peaks and 
that their occurrence time varies depending 
on the year (Kudo et al. 2004; Yokoyama and 
Yamashita 2007; Suzuki et al. 2011; Chong et al. 
2018), which may be related to species/strain 
transitions. As such, to elucidate the dynamic 
mechanism of Pseudanabaena in Lake Ogawara 
and to predict its occurrence, it will be neces-
sary to track the dynamics at the strain level.

Microscopic observation is a simple and 
low-cost technique, and it enables morpho-
logical observation and isolation of target 
cyanobacteria. Therefore, this technique has 
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been conventionally used to grasp the fate of 
2-MIB-producing cyanobacteria (Yoshida et 
al. 1996; Yokoyama and Yamashita 2007; Gao 
et al. 2018). However, limited correlation has 
been observed between MOPPL-cyanobacteria 
density and 2-MIB concentrations (Kudo et al. 
2004; Satou and Amano 2007). The possible 
reason for this includes the fact that MOPPL-
cyanobacteria contains both 2-MIB-producing 
and non-MIB-producing strains, and dominant 
2-MIB-producing strains can transit season-
ally (Oikawa et al. 2000; Oikawa and Ishibashi 
2004). However, no report has shown the above-
mentioned phenomena quantitatively. In this 
context, our study presented, for the first time, 
the quantitative evaluation of 2-MIB-producing 
strains in MOPPL-cyanobacteria and their 
compositional variance. Our study further 
demonstrated the feasibility of grasping the 
dynamics of 2-MIB-producing cyanobacteria at 
the strain level using real-time PCR and ampli-
con sequencing with microscopic observation, 
and it sheds light on high-precision prediction 
and countermeasures against 2-MIB-producing 
cyanobacteria.

The water samples used in this study for 
amplicon sequencing were collected in October 
of a single year, thus, the intra-annual and 
interannual variations of the percentage of 
two OTUs in MOPPL-cyanobacteria was not 
considered. Therefore, further research is 
necessary to fully understand the dynamics 
of 2-MIB-producing cyanobacteria in Lake 
Ogawara because their composition can be 
affected by water quality and climate condi-
tions. The variations in occurrence strains 
may affect their relationship with water 
environment, causing erroneous interpreta-
tion. Until now, studies on the occurrence of 
Pseudanabaena have been mostly conducted 
assuming them as Pseudanabaena sp./spp. with 
identical ecological characteristics. However, 
to the best of our knowledge, no study has 
achieved the practicable forecast of the occur-
rence of 2-MIB-producing cyanobacteria. By 
focusing on Pseudanabaena sp./spp. and track-
ing them at the strain level, it will be possible 
to reveal their clear relationship with water 

environment and/or weather that are different 
depending on the strains. 

In conclusion, MOPPL-cyanobacteria density 
and 2-MIB concentration increased mainly from 
autumn to winter and decreased toward spring. 
Therefore, it is considered that Pseudanabaena 
sp. are the cause of 2-MIB release, and this 
seasonal pattern is a characteristic of the 
major MOPPL-cyanobacteria in Lake Ogawara. 
Contrariwise, there were cases when MOPPL-
cyanobacteria occurred with a different sea-
sonal pattern. According to quantitative PCR of 
2-MIB synthase gene and microscopic obser-
vation, 2-MIB-producing Pseudanabaena was 
composed ca. 8% of MOPPL-cyanobacteria. 
Moreover, amplicon sequencing targeting 
the 2-MIB synthase gene showed that Lake 
Ogawara is occupied by a single OTU and that 
a specific Pseudanabaena strain was involved in 
2-MIB production in October 2017. However, 
the other OTU was also detected at several sam-
pling points. This result suggested that a varia-
tion in 2-MIB-producing Pseudanabaena, which 
cannot be detected by microscopy, can occur at 
the species/strain level in Lake Ogawara.
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小川原湖における 2-MIB 産生シアノバクテリアの多様性：
検鏡法および分子生態学的アプローチ

静　一徳・池永　誠・村瀬　潤・中山奈津子・松谷紀明
柿野　亘・罇屋啓之・眞家永光

2-MIB に起因するカビ臭は水道水の品質低下や漁獲物等への着臭被害を引き起こし，世界的な問題
となっている。湖沼における 2-MIB 産生シアノバクテリアとしてはシュードアナベナ属が多く確認され
ており，長年研究が行われてきたが，未だ十分な解決には至っていない。本研究ではカビ臭が問題と
なっている青森県小川原湖において，検鏡観察とともに，分子生物学的手法としてカビ臭産生種に特
化した qPCR，およびアンプリコンシーケンス解析を行った。検鏡定量によるカビ臭産生シュードアナ
ベナ様シアノバクテリアは，主に秋冬に出現する特徴を示したが，春夏にもまれに出現した。qPCR 

で定量したカビ臭産生株密度と検鏡値には正の相関がみられたが，検鏡値に占めるカビ臭産生株割合
は 8%であり，検鏡値にカビ臭非産生株もかなり含まれていると考えられた。カビ臭産生シュードア
ナベナ株は 2株存在し，検鏡では捉えきれない種・株レベルでの変動が存在することが確認された。


