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Abstract 

Microcystis aeruginosa is a freshwater bloom-forming cyanobacterium that is distributed 
worldwide. M. aeruginosa can be divided into at least 8 phylogenetic groups (A–G and X) at the 
intraspecific level. Here, we report the complete genome sequence of M. aeruginosa NIES-2481, 
which was isolated from Lake Kasumigaura, Japan, and is assigned to group G. The complete 
genome sequence of M. aeruginosa NIES-2481 comprises a 4.29-Mbp circular chromosome and 
a 147,539-bp plasmid; the circular chromosome and the plasmid contain 4,332 and 167 
protein-coding genes, respectively. Comparative analysis with the complete genome of M. 
aeruginosa NIES-2549, which belongs to the same group with NIES-2481, showed that the 
genome size is the smallest level in previously sequenced M. aeruginosa strains, and the genomes 
do not contain a microcystin biosynthetic gene cluster in common. Synteny analysis revealed 
only small-scale rearrangements between the two genomes. 
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Introduction 
Microcystis aeruginosa is a unicellular, 

colony-forming cyanobacterium distributed in 
eutrophic freshwater environments worldwide [1]. 
Blooms of Microcystis during the summer cause 
serious environmental problems, such as the release 
of foul odors, bottom layer anoxia, and the production 
of hepatotoxic cyanotoxins called microcystins. 
Tanabe et al. first reported a novel method to 
genetically distinguish M. aeruginosa isolates by using 
seven housekeeping genes [2], and since then 8 groups 
(A–G and X) at the intraspecific level have been reported, 
with the strains in groups A and X, and some strains in 
group B, being reported to produce microcystins [3]. 
Tanabe and Watanabe applied the method to many 
M. aeruginosa strains, and revealed strains assigned to 
group G mainly distributed only in Lake 

Kasumigaura, Japan [3]. 
 At the time of the present study, the National 

Center for Biotechnology Information’s Genome 
database (https://www.ncbi.nlm.nih.gov/genome/ 
genomes/820) contained three complete, and more 
than 20 draft genome sequences of M. aeruginosa [4, 5, 
6]. Of the three complete genome sequences, that of 
M. aeruginosa NIES-2549—another strain also isolated 
from Lake Kasumigaura, Japan—was the first 
reported for a group G strain [7]. Compared with the 
other two complete genome sequences in the 
database, the genome of M. aeruginosa NIES-2549 was 
the smallest (4.3 vs. 5.8 and 5.1 Mbp). 

 Here, we report the complete genome sequence 
of M. aeruginosa NIES-2481, which was collected from 
Lake Kasumigaura at the same time as NIES-2549; a 
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previous phylogenetic study indicated that both 
strains belong to group G but are genetically distinct 
[3]. We also report the results of a comparative 
genomic analysis of the complete genome sequences 
of M. aeruginosa reported to date, including a synteny 
analysis of the sequences reported for the two group 
G strains. 

Material and Methods 
An axenic culture of M. aeruginosa NIES-2481 

was obtained from the Microbial Culture Collection at 
the National Institute for Environmental Studies, 
Japan (http://mcc.nies.go.jp/). DNA extraction was 
performed on a 50-mL culture of NIES-2481 by using 
NucleoBond Buffer Set III and NucleoBond AXG 500 
(Macherey-Nagel) in accordance with the manufact-
urer’s instructions. DNA sequencing was performed 
by using a PacBio RS II sequencer (Pacific 
Biosciences). DNA fragmentation was achieved by 
using a g-TUBE (Covaris); a 20-kb fragment library 
was constructed, and this was followed by size 
selection using a BluePippin electrophoresis unit 
(Sage Science) with the size cut-off set at 15 kb. A 
single library was prepared and then sequenced in 
two single-molecule real-time cells by using P6 DNA 
polymerase and C4 chemistry, yielding a total of 
59,021 reads (641,700,882 bp). De novo assembly was 
performed by means of the Hierarchical Genome 
Assembly Process [8]. The genome was annotated by 
using the RAST server [9] or NCBI's Prokaryotic 
Genome Annotation Pipeline (PGAP) [10]. A 
chromosome map was drawn by using DNAPlotter 
[11]. Secondary metabolites were predicted by using 
antiSMASH [12]. Clustered regularly interspaced 
short palindromic repeat (CRISPR) loci were detected 
by using CRISPRFinder [13]. Functional annotation 
based on cluster of orthologous groups (COG) 
categories was conducted by using COGNIZER [14]. 
Synteny analysis was performed by using 
MURASAKI [15]. 

Results and Discussion 
We first determined the complete genome 

sequence of Microcystis aeruginosa NIES-2481 (Table 1). 
The genome consists of a 4.29-Mbp circular 
chromosome (Figure 1) and a 147,539-bp plasmid 
(read coverages: 114 and 83; G+C contents: 42.91% 
and 41.66%; protein-coding genes: 4,332 and 167, 
respectively). The circular chromosome has two sets 
of rRNA operons and 41 tRNA genes. antiSMASH 
predicted the presence of 28 secondary metabolite 
gene clusters, including microviridin [16], aeruginosin 
[17], and micropeptin biosynthetic gene clusters [18], 
but not a microcystin biosynthetic gene cluster [19]. 

CRISPRFinder predicted the presence of five 
confirmed CRISPR loci in the genome. 

We compared the complete genome of M. 
aeruginosa NIES-2481 with that of M. aeruginosa 
NIES-2549, which is the only other group G strain for 
which a complete genome sequence has been reported 
[7]. The two genomes are similar in size, synteny, and 
numbers and kinds of genes. The genome size of 
NIES-2481 is only 1,207-bp larger than that of 
NIES-2549. In both strains, the cell harbors one type of 
plasmid. The genome of NIES-2481 contains slightly 
more protein-coding genes than does the genome of 
NIES-2549 (4,332 vs. 4,282). The numbers of rRNA 
genes and tRNA genes in the two genomes are 
comparable. The 16S rRNA gene sequences in the two 
genomes are a 100% match. Functional annotation 
based on COG categories revealed that the two 
genomes are well conserved (Table 2) but contain 
small-scale genome rearrangements (Figure 2). 

 

Table 1. General genomic information of Microcystis aeruginosa 
NIES-2481. 

Features Chromosome Plasmid 
Length (bp) 4,293,006 147,539 
G+C content (%) 42.91 41.66 
rRNA operon 2 0 
tRNA genes 41 0 
CDS 4332 167 

 

Table 2. Comparison of cluster of orthologous groups categories 
between Microcystis aeruginosa NIES-2481 and NIES-2549. 

category definition NIES
-2481 

NIES
-2549 

B Chromatin structure and dynamics 2 2 
C Energy production and conversion 272 274 
D Cell cycle control, cell division, chromosome 

partitioning 
56 56 

E Amino acid transport and metabolism 369 371 
F Nucleotide transport and metabolism 90 91 
G Carbohydrate transport and metabolism 213 212 
H Coenzyme transport and metabolism 210 212 
I Lipid transport and metabolism 105 103 
J Translation, ribosomal structure and biogenesis 227 229 
K Transcription 172 172 
L Replication, recombination and repair 449 465 
M Cell wall/membrane/envelope biogenesis 328 330 
N Cell motility 40 41 
O Posttranslational modification, protein turnover, 

chaperones 
229 232 

P Inorganic ion transport and metabolism 271 277 
Q Secondary metabolites biosynthesis, transport and 

catabolism 
195 189 

R General function prediction only 695 727 
S Function unknown 475 467 
T defense mechanisms 227 226 
U Intracellular trafficking, secretion, and vesicular 

transport 
66 66 

V Defense mechanisms 157 155 
Z Cytoskeleton 1 1 
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Figure 1. Complete chromosome map of Microcystis aeruginosa 
NIES-2481. The chromosome map comprises five circles. The dark-blue and 
light-blue circles show the positions of protein-coding genes on the plus and 
minus strands. The gray bars on the third circle represent tRNA genes. The 
green bars on the fourth circle represent rRNA genes. The pink/red circle 
shows the guanine–cytosine content. 

 
At the time of the present study, aside from the 

complete genome sequence for M. aeruginosa 
NIES-2549, the only other complete M. aeruginosa 
genome sequences that have been reported are for 
strains NIES-843 (5.8 Mbp) [4] and PCC7806SL (5.1 
Mbp) (https://www.ncbi.nlm.nih.gov/nuccore/NZ_ 
CP020771.1); M. aeruginosa NIES-843 is assigned to 

group A [3], but M. aeruginosa PCC7806SL is yet to be 
assigned to a group. Compared with the genomes of 
strains NIES-2481 and NIES-2549, those of strains 
NIES-843 and PCC7806SL are approximately 1 Mbp 
larger. This difference in size is explained by the 
different numbers of genes contained by the genomes. 
The genomes of strains NIES-843 and PCC7806SL 
contain a microcystin biosynthetic gene cluster, 
whereas those of strains NIES-2481 and NIES-2549 do 
not. However, the microcystin biosynthetic gene 
cluster is only approximately 55 kbp, and therefore 
the smaller genome size of the clade G strains is not 
fully explained by the absence of this gene cluster. 
Functional annotation based on COG categories 
indicated that a major difference between the 
genomes of strains NIES-843 and NIES-2481 is the 
number of category L (replication, recombination, and 
repair) genes (1,037 vs. 449 genes, respectively). 
Especially, these differences are caused by number of 
transposases, and these would mainly affect gaps of 
genome size between the two genomes. A 
comparative genome analysis of M. aeruginosa by 
Humbert et al. has suggested that the M. aeruginosa 
genome encodes a high proportion of transposases, 
and those can permit rapid variation in the genome 
and survive harsh freshwater environments [6]. 
However, the group G strains of M. aeruginosa possess 
a smaller genome than the other reported genomes, 
and their genomes contain fewer transposase- 
encoding genes than that of a strain in group A. The 
small genome size may facilitate rapid DNA 

replication and cell growth. That is, 
the relatively small genome size may 
provide the strains in this group with 
a growth advantage over other strains 
of M. aeruginosa. Tanabe and 
Watanabe reported that the cell size of 
strains in group G is larger than that 
of strains in other groups and that the 
cells aggregate loosely to form small, 
irregular colonies [3]. Limnological 
reasons for dominancy of group G in 
the lake are unknown, however, these 
differences in genome size and 
morphological features imply that 
group G strains of M. aeruginosa have 
specifically evolved to adapt to the 
recent environment in Lake 
Kasumigaura. To further understand 
the genomic evolution and ecology of 
group G strains of M. aeruginosa, 
additional complete genome analyses 
of strains in all of the M. aeruginosa 
groups are required. 

 

 
Figure 2. Synteny analysis of Microcystis aeruginosa NIES-2481 and NIES-2549. Similar 
genomic regions in the two genomes are indicated by red circles and lines. The horizontal axis represents 
the genome sequence of M. aeruginosa NIES-2481and the vertical axis represents the genome sequence 
of M. aeruginosa NIES-2549. 
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Accession Numbers 
This Whole Genome Shotgun project of M. 

aeruginosa NIES-2481 has been deposited in NCBI 
under the accession no. CP012375 (chromosome) and 
CP025929 (plasmid). 
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