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Abstract

Cylindrospermopsis raciborskii is a planktonic, nostocalean cyanobacterium, which produces an alkaloid heptatoxin, cylindro-
spermopsin. We performed morphological observations, 16S rDNA sequence analysis, PCR fingerprint analysis of short tandemly
repeated repetitive (STRR) sequences, temperature tolerances and toxin analysis to characterize 24 strains of this toxic cyano-
bacterium isolated from Thailand and Japan. All strains shared common morphological traits characteristic of C. raciborskii and
showed high 16S rDNA sequence similarity, forming a defined cluster together with the reference strains from Australia. In par-
ticular, some of the Thai strains shared 99.9% to 100% similarity with the Australian strains. Various combinations of STRR
primers revealed different and unique DNA band patterns among strains of C. raciborskii. The phylogenetic tree revealed two main
clusters of C. raciborskii strains, the Thai/Japan-Shinobazugaike cluster (cluster I) and the Japan-Gonoike cluster (cluster II).
Cluster I was further divided into two subclusters, A (only Thai strains) and B (one Thai strain and the Japan-Shinobazugaike
strains). Thus, the results from 16S rDNA and STRR analyses showed no clear geographical distinction between Japanese and Thai
strains and between Thai and Australian strains. Thai strains were separated into adaptive and non-adaptive groups to low tem-
perature (15 and 17.5 °C) and Japanese strains were composed of only low-temperature-adaptive ones. The toxin cylindrosper-
mopsin was detected in some strains of cluster I-A and in one strain of cluster II. We conclude that C. raciborskii is a species that has
recently begun to invade, and a species with different physiological strains or ecotypes in temperature tolerance; the toxin is syn-
thesized without any relation to phylogenetic or genetic clusters and to geography.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Cylindrospermopsis raciborskii is a toxic and water-
bloom-forming cyanobacterium. It produces an alkaloid
hepatotoxin called cylindrospermopsin [1] and neuro-
toxic saxitoxin analogs [2]. In 1979, an outbreak of he-
patoenteritis at Solomon Dam, Palm Island,
Queensland, led to the hospitalization of 148 people [3].
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Subsequent surveys suggested that C. raciborskii was the
most likely causative agent of this outbreak [4,5]. Since
this incident, this species has been studied by many in-
vestigators working in the fields of environmental and
health sciences and water management and has been
increasingly reported from water bodies in tropical,
subtropical and temperate regions (cf. [6,7]).

The first intensive studies on C. raciborskii were
performed on Australian strains. The strain C. racibor-
skii at Solomon Dam contained two distinct morpho-
types of trichome: straight and coiled. Taxonomic and
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phylogenetic studies on the culture strains isolated in
Australia revealed that these morphotypes displayed
clear and consistent morphological and physiological
differences [8], but all isolates had a high level of simi-
larity of 16S rDNA gene sequences [8] and of rpoCl
gene sequences [9]. It has been suggested that all C.
raciborskii isolates from Australia belonged to the same
species, including the straight and coiled forms [9].
However, the highly iterative palindrome (HIP1) re-
peated sequence [10] and short tandemly repeated re-
petitive (STRR) sequences [9] showed wide variations
among Australian isolates.

Padisak [7] summarized the existing knowledge of
the taxonomic and morphological aspects, geographical
distribution, population dynamics and physiological
ecology of C. raciborskii and hypothesized its tropical
origin and that its naturally expanding distribution was
due to its invasive behavior. He raised the question of
whether C. raciborskii is a species that has recently
begun to invade and has excellent, multiple, competi-
tive abilities, or whether it simply exists in different
physiological strains or ecotypes. A phylogenetic tree
constructed from analysis of both 16S rDNA sequences
and HIP1 PCR reaction sequences using strains of C.
raciborskii isolated from Australia, Brazil, Germany,
Hungary, Portugal and the USA revealed three geo-
graphically distinct groups: Australian, European, and
North/South American phylotypes in which only Aus-
tralian strains produced cylindrospermopsin [6]. How-
ever, in that study, only a few strains were chosen from
each country and it is unclear if those were represen-
tative of each country. Thus, the poor understanding of
genetic and ecological variations of C. raciborskii
within a country makes it difficult to formulate an
answer to Padisdak’s hypothesis. In particular, only few
biochemical, ecophysiological, or phylogenetic studies
have been carried out on Asian strains of C. raciborskii
in Asia.

Recently, we found C. raciborskii in freshwater reser-
voirs, dams and ponds in several parts of Thailand [11,12]
and we were able to isolate a number of strains from these
places. Cylindrospermopsin and deoxycylindrosper-
mopsin were detected in some strains of C. raciborskii
isolated from a reservoir in Thailand [13]. In addition,
several strains were isolated from two ponds in Japan,
Gonoike pond, in Ibaraki Prefecture, where C. racibor-
skii was first recorded in 1935 [14], and Shinobazugaike
pond, in Ueno Park, Tokyo. Here we conducted mor-
phological, phylogenic, toxin and temperature tolerance
studies on 24 strains from Thailand and Japan and
compared them with the characteristics of the two Aus-
tralian strains. Our aim was to characterize these Asian
strains of C. raciborskii and to determine what genetic or
ecological variations can be recognized among them.
Evolutionary relationships among Japanese, Thai and
Australian strains are discussed.

2. Materials and methods
2.1. Strains and maintenance conditions

Twenty-four strains of C. raciborskii were newly iso-
lated from lakes, reservoirs and ponds in Thailand and
Japan or obtained from the NIES-Collection (Table 1).
Strains that were not axenic and/or clonal were purified
and cloned by the micropipette-washing method [15].
The purity of the strains was checked with bacterial
check media (cf. [15]) and by microscopy. Axenic cul-
tures were maintained in screw-capped test tubes
(18 x 150 mm) with 10 ml CT medium [16] and incubated
at 25C, under a 12:12 h light/dark cycle at a photon flux
density of 40 pmolm~—2s~!, provided by daylight fluo-
rescent lamps (National Co. Ltd., Osaka, Japan).

2.2. Morphology

Each strain of Cylindrospermopsis was cultured in a
125 ml Erlenmeyer flask containing 25 ml of CT medium
and incubated under the above-mentioned temperature
and light conditions. After four weeks, the morpholog-
ical characteristics of the strains were observed using a
light microscope. Strains were identified by their cell size
and shape, and heterocyst and akinete morphologies on
the basis of the works by Saker et al. [8], Branco and
Senna [17], Komarek and Kling [18] and Watanabe [19].
For the determination of cell dimensions, 50 filaments
were randomly selected and the largest and smallest cells
of each filament were measured. The mean cell size and
standard deviation of 100 vegetative cells, heterocysts
and akinetes were measured for each strain.

2.3. DNA extraction

The culture conditions and medium employed for
DNA extraction were the same as those used for mor-
phological observations. Ten milliliters of Cylindro-
spermopsis culture was harvested by centrifugation at
5000g at 5 °C for 10 min. Five hundred microliters of 2%
cetyl trimethyl ammonium bromide (CTAB) and 5 pl of
mercaptoethanol were added, and the mixture incubated
at 50 °C for 1 h. Cells were homogenized by adding glass
beads (0.1 mm in diameter) and beaten 5 times with a
Mini-Beadbeater™ (3110BX, Biospec Products, Bar-
tlesville, Oklahoma, USA) for 30 s. DNA was extracted
with 500 pl of a chloroform: isoamyl alcohol mixture
(24:1) followed by centrifugation at 5000g at 5 °C for 2
min. DNA was precipitated and purified with a QIAEX
1T kit (QIAGEN Sciences, MD, USA).

2.4. 16S rDNA sequence analyses

Amplifications of 16S rDNA were performed using
primers 107F and 1497R (Table 2). The PCR mixture
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Table 1
Strains of Cylindrospermopsis used in this study

Strain® Trichome shape Sampling place Province/country Accession Nos.”
DMKUS51001 Straight Huai Suppradoo Nakhon Ratchasima, Thailand ABI115466
DMKUS51002 Straight Pond in Public park Tak, Thailand ABI115467
DMKUS51003 Straight Huai Tung Thao Chiang Mai, Thailand AB115468
DMKUS51004 Coiled Pa Chan Reservoir Chiang Rai, Thailand ABI115469
DMKUS51005 Coiled Shrimp pond Chachoengsao, Thailand ABI115470
DMKUS51006 Straight Shrimp pond Chachoengsao, Thailand ABI115471
DMKUS51007 Coiled Nong Phai Khaew Chonburi, Thailand AB115472
DMKUS51008 Straight Nong Phai Khaew Chonburi, Thailand AB115473
DMKUS51009 Coiled Thap Salao Dam Uthai Thani, Thailand AB115474
DMKUS51010 Straight Thap Salao Dam Uthai Thani, Thailand ABI115475
DMKUS51011 Straight Kang Kra Chan Dam Phetchaburi, Thailand ABI115476
DMKUS1012 Straight Chong Khao Khat Dam Uttaradit, Thailand ABI115477
DMKUS51013 Straight Huai Pa Daeng Reservoir Phetchabun, Thailand AB115478
DMKU51014 Straight Ubolrat Dam Khonkaen, Thailand AB115479
DMKUS51015 Straight Nong Mek Udon Thani, Thailand AB115480
DMKUS1016 Straight Ban Kok Kang Nong Khai, Thailand ABI115481
DMKU51017 Coiled Fish pond at Suwannaphum Roi Et, Thailand AB115482
DMKUS51018 Straight Fish pond at Suwannaphum Roi Et, Thailand ABI115483
DMKUS51019 Coiled Fish pond at Suwannaphum Roi Et, Thailand AB115484
CRIJ1 Coiled Shinobazugaike pond in Ueno park  Tokyo, Japan ABI115485
CRIJ2 Straight Shinobazugaike pond in Ueno park  Tokyo, Japan AB115486
NIES-991 Straight Gonoike pond Ibaraki, Japan ABI115487
NIES-992 Straight Gonoike pond Ibaraki, Japan AB115488
NIES-993 Straight Gonoike pond Ibaraki, Japan ABI115489

#Strains were deposited in NIES — Microbial Culture Collection, Japan.

°The nucleotide sequence data reported in this paper appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession

number(s) shown in this table.

Table 2

Sequences of PCR primers for 16S rDNA
Primer Sequence (5'-3')
107F GGCGCACGGGTGAGTAA
1497R ACGGCTACCTTGTTACGAC
522F CAGCAGCCGCGGTAATAC
959R TTCGCGTTGCATCGAATTAA
882F CCGCCTGGGGAGTACG
517R ACCGCGGCTGCTGGCACG
1185F GTGGGGATGACGTCAAGTC
1387R GGGCGGTGTGTACAAGGC

(100 pl) consisted of 10-100 ng genomic DNA, 50 pmol
primers, 10 x Ex Taq™ (Takara Biomedicals, Otsu,
Japan) buffer, 2.5 mM of each deoxynucleoside tri-
phosphate, and 5 units of Takara Ex Taq™. The re-
action was carried out in a thermal cycler (Takara PCR
Thermal Cycler Personal, Takara Biomedicals, Otsu,
Japan), which was initialized for 1 cycle at 95 °C for 3
min followed by 30 cycles at 94 °C for 10 s, 53 °C for 10
sand 72 °C for 1 min 30 s, terminated by 1 cycle at 72 °C
for 8 min, and finally held at 4 °C.

For 16S rDNA sequence determination, about 0.1
pmol of PCR product, 1.5-2.5 pmol of the 16S rRNA
gene-sequencing primers, 107F, 522F, 959R, 882F, 517R,
1185F, 1387R, and 1497R (Table 2) and a DYEnamic ET
terminator cycle sequencing kit (Amersham Biosciences,
Tokyo, Japan) were used to determine the nucleotide se-
quence of Cylindrospermopsis. The reaction conditions
consisted of 30 cycles at 95 °C for 20 s, 50 °C for 15 s and

60 °C for 1 min, with final holding at 4 °C. Nucleotide
sequencing was performed on an automated DNA se-
quencer (ABI PRISM™ 310 Genetic Analyzer, Applied
Biosystems, Perkin—Elmer Corporation, Tokyo, Japan).

2.5. Phylogenetic analysis

DNA sequences were aligned with the multiple se-
quence alignment software, ClustalW1.8 [20]. Ambigu-
ous characters in which a deletion or insertion was
recorded from any strains were removed from the
aligned data. Phylogenetic and molecular evolutionary
analyses were conducted with MEGA version 2.1 [21]
and a tree was constructed by the neighbor-joining
method [22]. Bootstrap analyses were performed with
1000 replicates. Accession numbers are given in Table 1.

2.6. STRR sequence analyses

Primers of STRR sequence were developed from re-
peated sequences in the genome of the cyanobacteria [23].
The sequences of primers were STRRIF: (5-CCC
CARTCCCCART-3); STRRIR: (5-GGGGAYTGG
GGAYT-3); STRR3F: (5¥-CAACAGTCAACAGT-3');
and STRR3R: (5-ACTGTTGACTGTTG-3'). Each
50 pl of PCR reaction mixture consisted of 10-100 ng of
genomic DNA, 50 pmol of primers, 10 x Ex Taq™ buf-
fer, 2.5 mM of each deoxynucleoside triphosphate, and 5
units of Takara Ex Taq™. PCR was performed in a
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Takara PCR Thermal Cycler programmed for 1 cycle at
94 °C for 10 min; 30 cycles at 94 °C for 30 s, 42 °C for 1 min
and 65 °C for 4 min, 1 cycle at 65 °C for 7 min and final
holding at 4 °C.

Fingerprint patterns of the STRR sequence were
analyzed with Image Master 2D Elite Ver 2.00 software
(Amersham Bioscience, Tokyo, Japan). The fingerprint
patterns were converted to binary data by scoring the
presence or absence of bands for each strain as 1 or 0.
These data were used to calculate total character dif-
ferences, which were used to construct a neighbor-join-
ing tree with PAUP 4.0 B version [24], running on a
Macintosh computer.

2.7. Temperature experiment

Each strain of Cylindropermopsis reciborskii was
cultured in triplicate in screw-capped test tubes
(18 x 150 mm) containing 10 ml of CT medium. The
media were inoculated with different (calculated)
amounts of cultures in exponential growth phase to
obtain similar initial cell concentrations. Incubation was
carried out in a growth chamber (Advantec, PEL-2160,
Toyo Seisakusho Co., Ltd., Chiba, Japan) controlled at
10, 15, 17.5, 20, 25, 30 and 35 °C with the light intensity
of 40 umolm~2s~! and 12:12 h light-dark cycle. Growth
was checked at 3-day intervals using a spectrophotom-
eter (Spectronic 20A, Shimadzu, Kyoto, Japan) at the
wavelength of 680 nm until 12 days after inoculation.

2.8. Toxin analysis

Each strain was cultured in 10 ml of Jaworski’s
medium [25] for a month. Toxin was extracted with
methanol. After removal of the solvent, the residue was
re-dispersed in water and filtered with a membrane filter.
The solution was then passed through an ODS cartridge
(Sep-Pak C18, Waters Corporation, Bedford, MA,
USA). The pass-through fraction was collected and
concentrated under reduced pressure. Concentrated
samples were analyzed by HPLC-MS (Shimadzu, To-
kyo, Japan) for cylindrospermopsin using a TSK-gel
Amide-80 column (100 x 2 mm) (Tosoh Corporation,
Tokyo, Japan) with a linear gradient 100 to 60% ace-
tronitrile/water for 30 min at 0.2 ml min~!. A photodiode
array (wavelength 262 nm, SIM) and MS (M +416 m/z
and M —414 m/z) were used as detectors. Only presence
or absence of toxin was determined because we did not
exactly measure the cell mass of the culture strains.

3. Results
3.1. Morphology

The strains were separated into two distinct mor-
photypes, one with straight trichomes and another with

Fig. 1. Morphology of C. raciborskii. (A) Strain DMKUS51006 with
straight trichome; (B) strain DMKU51007 with coiled trichome; and
(C) intercalary heterocyst seen in strain DMKUS51001.

coiled trichomes (Fig. 1). Apart from these variations in
trichome form, all strains shared common morphologi-
cal characteristics outlined below, although there were
some small variations. Solitary trichomes, both coiled
and straight ones, were not constricted or even slightly
constricted at the cross walls. Cells with gas vesicles were
cylindrical and 1.9-6.3 pym wide and 3.0-18.5 pm long.
The ratio of cell length to cell width was 1:1 to 7:1.
Terminal cells were cylindrical, conical or rounded.
Heterocysts were developed from a terminal cell, being
single or in pairs in some strains and at one or both ends
of the trichome. Some Thai and Japanese strains rarely
developed intercalary heterocysts (Fig. 1C). Terminal
heterocysts were never curved, conical, cylindrical or
rounded. They were 1.9-7.0 um wide and 3.3-11.9 um
long, and the ratio of length to width was 1:1 to 5:1.
Akinetes were observed in three Thai strains
(DMKU51013, DMKUS51014, DMKUS51016) and in all
Japanese strains. They were formed as neighbors to the
heterocysts, sometimes two cells apart from the heter-
eocysts, solitary, in pairs, or, rarely, in series up to three.
They were cylindrical, 2.8-7.0 um wide, and 8.5-17.8 ym
long. The ratio of length to width was 3:2 to 6:1.
Because the ranges of standard deviation of the cell,
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heterocyst and akinete sizes of different strains over-
lapped continuously (data not shown), clear divisions
cannot be made among the strains on the basis of their
quantitative characters. In conclusion, there were no
clear differences in morphology among the strains and
the morphological characteristics observed were identi-
cal to those of C. raciborskii.

3.2. Phylogenetic analysis of the conserved regions of 16S
rDNA

The corrected sequence alignment, which formed the
basis of the phylogenetic analyses, corresponded to po-
sitions 112-1488 according to the Escherichia coli
numbering and was 1376 bases long after gaps, inserts,
and ambiguous positions had been removed. All strains
of C. raciborskii, including the additional two strains,
SDC (AF067818) and SDS (AF067819) showed high
DNA sequence similarity exceeding 99.5%. A phyloge-
netic tree was constructed from an alignment of 33 se-
quences, including 24 strains of C. raciborskii, and two
Australian strains of C. raciborskii, SDC (coiled:
AF067818) and SDS (straight: AF067819) sequenced
previously [8] with Anabaena flos-aquae as the outgroup

100

using neighbor-joining method [22] (Fig. 2). All C. rac-
iborskii strains formed a defined cluster, similarly as in
the work of Saker and Neilan [10]. Although the to-
pology within the C. raciborskii cluster may not be re-
liable because the 16S rDNA base differences were so
small, it seems that the two Thai strains (DMKUS51004
and 51009) and the Australian strains form a single
defined cluster. In particular, 16S rDNA sequences of
the Thai strain DMKUS51004 and of the Australian
strain SDS (AF067819) were identical. The same results
were obtained when the neighbor-joining tree was con-
structed by excluding invariant sites.

3.3. Phylogenetic analysis of STRR sequences

The 24 strains of C. raciborskii were analyzed by the
combination of three pairs of primers derived from cy-
anobacterial repeat sequences, namely STRRI1F and
STRR3F, STRRIF and STRR3R, and STRRIR and
STRR3R. These combinations of primers established
the DNA profiles for each isolate (Fig. 3). The sizes of
STRR PCR products were approximately 0.3-5.6 kb in
Thai and Japan-Shinobazugaike strains and 0.2-6.7 kb
in Japan-Gonoike strains (Table 3); these were larger

— CRJ1
15— DMKU51014
DMKU51007
34| pMKU51003
C. raciborskii 1 AF067818

DMKU51004

DMKU51009
19| 44
C. raciborskii 2 AF067819

DMKU51010

CRJ2
DMKU51008

27| DMKU51012
|— DMKU51016

DMKU51001
DMKU51013

(Z’
DMKU51015

DMKU51017

40

DMKU51002

DMKU51011

DMKU51005
C. raciborskii NIES991

40 C. raciborskii NIES993
C. raciborskii NIES992

DMKU51006
?1__ DMKU51019

— DMKU51018

————————1
0.005

Anabaena flos-aquae AF317628

Fig. 2. Phylogenetic tree of C. raciborskii constructed from 16S rDNA sequences using neighbor-joining method. The scale bar represents five base
substitutions per 1000 nucleotide position. Bootstrap percentages calculated from 1000 resamplings are indicated at nodes.
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Fig. 3. DNA fingerprint of STRR sequences of C. raciborskii. A: combination of primer STRRI1F and STRR3F; B: combination of primer STRRIF
and STRR3R; C: combination of primer STRRIR and STRR3R. Lanes 1, Marker; 2, DMKUS51001; 3, DMKUS51002; 4, DMKUS51003; 5,
DMKUS51006; 6, DMKUS51008; 7, DMKUS51010; 8, DMKUS51011; 9, DMKUS51012; 10, DMKUS51013; 11, DMKUS51014; 12, DMKUS1015; 13,
DMKU51016; 14, DMKUS51018; 15, DMKUS51004; 16, DMKUS51005; 17, DMKU51007; 18, DMKU51009; 19, DMKUS51017; 20, DMKUS51019;
21, CRIJ1; 22, CRJ2; 23, NIES991; 24, NIES992; 25, NIES993.

giil::lzf:; the PCR products from STRR sequences of C. raciborskii isolated from different countries
Combination of primers Approximate size range (kb)
Thailand Shinobazugaike/Japan Gonoike/Japan
STRRIF and STRR3F 0.3-5.6 0.3-5.6 0.2-5.6
STRRI1F and STRR3R 0.3-5.6 0.3-5.6 0.2-5.6

STRRIR and STRR3R 0.6-4.8 0.6-4.8 0.3-6.7
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than previously reported in 13 isolates of C. raciborskii
from Australia, which had ranged in size from approx-
imately 0.1-2.5 kb [9] (Table 3).

The various primer combinations presented various
DNA band patterns that were distinguishable among the
strains of C. raciborskii. Clear differences in banding
patterns were observed even between isolates from the
same ponds. Furthermore, different banding patterns
were obtained among all six strains with coiled trichomes,
strains DMKU51004, DMKUS51005, DMKUS51007,
DMKU51009, DMKU51017 and DMKUS51019, but this
primer combination grouped neither strains with coiled
trichomes nor strains with straight trichomes (Figs. 3 and
4). Each primer combination showed that the DNA band
patterns of Japan-Gonoike strains (NTES991, NIES992
and NIES993) were significantly different from those of
the Thai and Japan-Shinobazugaike strains.

The phylogenetic tree constructed from the binary
data of band patterns of STRR sequences demonstrated
that the strains of C. raciborskii that we studied were
separated into two major clusters, the Thai/Japan-
Shinobazugaike strain cluster (cluster I) and the Japan-
Gonoike strain cluster (cluster II) (Fig. 5). The Thai/
Japan-Shinobazugaike cluster was further separated
into two subclusters; subcluster A including only Thai
strains and subcluster B including the Japan-Shin-
obazugaike strains and one Thai strain, DMKU51014.

3.4. Growth at different temperatures
None of the strains could survive at 10 °C. All of the
Thai strains grew in the range of 20-35 °C with optimal

growth at 30 and 35 °C. They were separated into a low-
temperature adapted group (DNKU5006, 5008-50019)

NIES993 (Straight)

NIES992 (Straight)
NIES991 (Straight)
CRJ2 (Straight)

CRJ1 (Coiled)
DMKU51014 (Straight)
DMKU51007 (Coiled)
DMKU51002 (Straight)
DMKU51018 (Straight)
DMKU51010 (Straight)
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DMKU51017 (Colled)
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DMKU51015 (Straight)
DMKU51013 (Straight)
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DMKU51004 (Coiled)
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DMKU51012 (Straight)

T i T

DMKU51011 (Straight)
DMKUS1008 (Straight)
DMKU51005 (Coiled)

f T f T f T T
055 060 065 070 0.75 080 0.85 090 0.95 1.00

N

Fig. 4. Phylogenetic tree of C. raciborskii constructed from band pattern difference of primer combination of STRRIR and STRR3R using Image
Master 2D Elite Ver 2.00 software. Similar phylogenetic trees were obtained when primer combinations of STRR1F-STRR3F and STRRI1F-

STRR3R were used.
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Fig. 5. Phylogenetic tree of C. raciborskii constructed from total character differences of band pattern analysis of STRR sequence by the neighbor-

joining method. *, Toxin detected.

showing a moderate or good growth at 15 and/or 17.5 °C
and a low-temperature non-adapted group (DMKU-
50001-50005, 50007) showing no or a little growth at
the above temperatures. The low-temperature adapted
group had a 3-day lag phase at 15 and 17.5 °C. All of the
Japanese strains grew at a wide range of temperatures of
15-35 °C with optimal growth at 30-35 °C, showing the
characteristics of the low-temperature adapted group,
but they never showed a lag phase even at 15and 17.5 °C.
These results showed that some of the Thai strains could
be adapted to lower temperatures at 15-20 °C with ac-
climatization periods, and the Japanese strains are
completely adapted to these low temperatures. Interest-
ingly, a Thai strain, DMKU51014, which forms cluster
I-B with Japan-Shinobazugaike strains, was assigned
to the low-temperature adapted group like the Japanese
strains (Table 4). We found that cluster I-A was
composed of both low-temperature adapted and non-

adapted strains and cluster I-B and cluster II were
composed of only low-temperature adapted strains.

3.5. Toxin production

The alkaloid hepatotoxin, cylindrospermopsin, was
detected in some Thai strains of cluster I-A but not in
strains of cluster I-B and only in one strain of cluster II
(Fig. 5). From the trees reconstructed from the binary
data of band patterns of STRR (Fig. 5) we found that
toxin production was polyphyletic in distribution.

4. Discussion
All studied strains shared common morphological

traits mostly corresponding to the description of C.
raciborskii and formed a defined phylogenetic cluster
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Table 4

Growth of C. raciborskii isolated from Thailand and Japan after 12 days of incubation at different temperatures

Strain No. Temperature (°C)

10 15 17.5 20 25 30 35
DMKUS50001 - + + + ++ ++ +
DMKU50002 - + + + + ++ +
DMKUS50003 - + + + + ++ T+
DMKU50004 - + + + + ++4+ +
DMKUS50005 - + + + ++ +
DMKU50006 - + ++ ++ ++ e+ T+
DMKUS50007 - - + + +++ ++ ++
DMKUS50008 - + + ++ ++ +++ ++
DMKU50009 - + + + + 44 4
DMKU50010 - + + ++ ++ ++ ++4+
DMKU50011 - + + ++ + 4+ ++
DMKU50012 - + ++ + ++ +++ ++
DMKU50013 - + + ++ ++ ++ ++
DMKU50014 - + + + + ++ +++
DMKUS50015 - + + ++ + +4++ ++
DMKU50016 - + + ++ ++ ++ ++
DMKUS50017 - + + + + e+ ++
DMKUS50018 - + + + + ++ 4+
DMKUS50019 - + + + ++ ++ ++
CRIJ1 - + + ++ ++ ++ +++
CRJ2 - + + ++ ++ +++ ++
NIES991 - + ++ ++ ++ 4+ 4+
NIES992 - + ++ ++ ++ +++ +++
NIES993 - + ++ ++ ++ +4+ +4+

—, No growth (OD <0.01); +, little growth (OD 0.01-0.05); +, moderate growth (OD 0.051-0.1); ++, good growth (OD 0.101-0.2); +++,

excellent growth (OD > 0.2).

together with two Australian strains of C. raciborskii
SDC (AF067818) and SDS (AF067819), the morpho-
logical and growth characteristics of which had already
been reported. Two morphologies, one with straight
trichomes and the other with coiled trichomes have been
observed in C. raciborskii [8]. Taxonomic and phyloge-
netic studies of the culture strains of these morphotypes
have suggested that all of the C. raciborskii isolates from
Australia belonged to the same species, which includes
both straight and coiled forms [8§-10]. The C. raciborskii
strains studied here also formed a defined cluster to-
gether with two strains of C. raciborskii used by Saker
et al. [8], in agreement with the result of Saker and
Neilan [10]. Although STRR sequence analyses of 13
Australian strains indicated that Australian isolates with
coiled trichomes could be grouped together, suggesting
some linkage between trichome coiling and genotype [9],
our STRR sequence analyses of Thai and Japanese
strains clearly showed that the strains with coiled tric-
homes were not clustered together (Fig. 4) and no clear
distinction was recognized between coiled and straight
forms.

The phylogenetic tree constructed from the binary
data of band patterns of STRR showed that C. raci-
borskii is composed of at least two genotype clusters.
Cluster I is composed of strains from tropical or sub-
tropical regions of Thailand and from Shinobazugaike
pond in Japan, whose PCR products of STRR se-

quences are also similar in size. Cluster 11 is composed of
strains from Gonoike pond in Japan that have wider size
range of PCR products. From 16S rDNA sequence
analysis, it seemed that two Thai strains (DMKU51004
and 51009) of cluster I-A formed a single cluster with
two Australian strains (SDC and SDS). These four
strains shared 99.9%-100% similarity of 16S rDNA se-
quences. It is likely that cluster I-A is more closely re-
lated to the Australian strains than cluster I-B and
cluster II. These results showed that there was no clear
geographical difference in the DNA banding patterns of
strains between Japan and Thailand and between
Thailand and Australia. Neilan et al. [6] proposed that
C. raciborskii strains could be placed into different
geographic clusters with higher between-country varia-
tion than within-country variation. However, in their
study, the numbers of strains chosen from each country
were too low to compare and evaluate the degrees of the
variations. Also, it is unclear if the chosen strains were
representative of each country. Our phylogenetic study
using 19 Thai strains and five Japanese strains demon-
strated that the recognized clusters did not coincide with
geography. To obtain clear relationship between genetic
variation and geography, much more strains should be
isolated from various lakes and ponds in various coun-
tries and investigated on their genetic variations.
Usually, C. raciborskii populations grow and in-
crease only in warm (>25 °C) water [7]. The culture
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experiments using Australian strains, SDC (AF067818)
and SDS (AF067819), revealed that growth of C. rac-
iborskii was most rapid for both forms at 28 °C but
diminished at 21 °C [8]. All Japanese strains and some
Thai strains, despite exhibiting optimal growth at high
temperatures of 30 and 35 °C, like the Australian
strains, showed moderate or good growth at low tem-
peratures of 15 and/or 17.5 °C. The Thai strains can be
separated into low-temperature adapted and non-
adapted groups, but this grouping did not coincide
with ecological or geographical differences in the hab-
itats where the strains have been isolated. Even the
strains isolated from the same pond, such as DMKU
51005 and 51006 from Shrimp pond, Chachoengsao,
and DMKU 51007 and 51008 from Nong Phai Khaew,
Chonburi, were separated into the two groups, re-
spectively (Tables 1 and 4). This suggests that any of
the Thai population of C. raciborskii could be adapted
to temperature fluctuation by having physiologically
different strains. On the other hand, the Japanese
population of C. raciborskii would potentially be
adapted to seasonal temperature fluctuations peculiar
to temperate regions. This was demonstrated by sea-
sonal dynamics of C. raciborskii in Gonoike pond in
Japan as mentioned below. C. raciborskii was first re-
corded in Japan from Gonoike pond in 1935, only 23
years after the species was first described in the world.
In this pond, C. raciborskii usually appears from May
(water temperature of ca. 20 °C), increases its biomass
from July (water temperature of more than 25 °C) to
the end of October (water temperatures of ca. 15-17
°C) and decreases its biomass in December (tempera-
tures of 8-10 °C) (data not shown). The seasonal dy-
namics of C. raciborskii in Gonoike pond coincide well
with the results of temperature experiments on the
growth of Japan-Gonoike strains. Regarding the rela-
tionship between genetic clusters and temperature tol-
erances, cluster I-A is composed of low-temperature
adapted and non-adapted strains from Thailand with
some strains closely related to the Australian strains,
cluster I-B composed of Japan-Shinobazugaike strains
and one Thai strains, both adaptive to low tempera-
tures, and cluster 11 composed of the low-temperature
adapted Japan-Gonoike strains. Padisdk [7] summa-
rized the existing knowledge of the taxonomy, mor-
phology, geography, and ecology of C. raciborskii and
hypothesized its tropical origin and that the naturally
expanding distribution of C. raciborskii was caused by
its invasive behavior. However, he has never excluded
the gradual evolutionary adaptation to colder temper-
atures, because the maximum biomass development of
C. raciborskii coincided with the temperature of only
15-18 °C in Austria [26]. The existence of strains or
population of C. raciborskii adapted to low tempera-
ture strongly suggested that C. raciborskii was not only
a species that has recently begun to invade but also a

species with different physiological strains or ecotypes
in temperature tolerance.

Padisdk [7] also speculated that, because of the high-
temperature demand of C. raciborskii and its inability
to adapt to temperature fluctuations, it evolved in
tropical lakes, with Africa as possible primary evolu-
tionary center where the highest diversity of Cylindro-
spermopsis genus was found. In addition, to explain the
ongoing invasion of C. raciborskii both in tropical,
subtropical and temperate region, he hypothesized the
existence of a secondary evolutionary center because
superior shade tolerance of C. raciborskii is not likely
to be selected in tropical region. The supposed
secondary evolutionary center could be placed in
Australia because there are not only the early epide-
miological records suggesting the originally widespread
occurrence of this species but as well the hydrological
circumstances and its primarily subtropical position [7].
Our findings do not allow for any conclusion about the
evolutionary dynamics of C. raciborskii as speculated
by Padisak [7], however, his view is worthy to be
adopted as a working hypothesis of evolutionary dy-
namics of C. raciborskii. Considering our results based
on the working hypothesis, it is possible that Thai
strains were derived from the Australian strains (high
similarity of 16S rDNA sequences), the Japan-Shin-
obazugaike strains were further originated from the
Thai strains with low-temperature tolerance, and Ja-
pan-Gonoike strains were differentiated from cluster I-
B by gaining evolutionary adaptation to particular
environments of Gonoike pond in Japan and formed
an independent genetic cluster, cluster II.

Neilan et al. [6] found geographic segregation of toxin
production with cylindrospermopsins being produced
only by Australian strains. However, the present study
showed that the toxic compound cylindrospermopsin
was detected in some Thai strains of cluster I-A, and in
one Japanese strain of cluster II (Fig. 5). A low number
of toxic Japanese strains may have resulted from the
limited number of studied Japanese strains. In fact, large
amounts of cylindrospermopsin were detected in some
other strains isolated from Gonoike pond and Shin-
obazugaike pond in a different year (Sano, personal
communication). As shown in the trees reconstructed
from the binary data of band patterns of STRR in
Fig. 5, toxin production had polyphyletic distribution,
which is suggesting horizontal transfer of toxin gene. We
suggest that there are toxic and non-toxic strains of
C. raciborskii that have no relation to phylogenetic or
genetic clusters recognized on the basis of sequences of
STRR and to geographic origin of the strains that these
and the toxin gene may experience.

In conclusion, C. raciborskii is not only an ongoing
invasive species but also a species with different physi-
ological strains or ecotypes in temperature tolerance.
Synthesis of the toxic compound, cylindrospermopsin, is
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possibly a result of dynamic genetic and evolutionary
processes, such as a horizontal transfer. To obtain evi-
dence to support these speculations, we will need to
perform further genetic, biochemical and ecophysio-
logical investigations on culture strains isolated from
various areas of the world.
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