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Introduction
Cyanobacteria are widely used as a food product or dietary supplement in several countries [1, 2], and these

bacteria are considered a source of protein for both humans and animals. There are numerous records of historical
usage of cyanobacteria in the human diet [3]. Spirulina is one of the most popular cyanobacteria and has been
marketed and consumed as a human food source in more than 70 countries [3]. For example, the local population
in Chad has used spirulina as a daily dietary component [4]. In addition to spirulina, several other cyanobacteria
have been used as food. Nostoc commune is consumed raw, dried, stir-fried, and in soups or it is used as a thickener
for other foods in Asia [3]. Nostoc flagelliforme is traditionally a part of human diets in China, Mongolia, and South
Africa. The safety of N. flagelliforme as a human food source was evaluated in an acute toxicity study, where oral
administration of the dried powder of this organism did not cause any adverse effects in rats [5].

People have become more interested in food safety and their well-being in recent years; thus, the demand for
functional foods from natural sources has increased [6]. Spirulina is very popular and well-known as a health-
promoting natural product [7]. Arthrospira platensis has diverse biological activities owing to its high content of
protein, essential amino acids, vitamins, beta-carotene and other pigments, minerals, essential fatty acids, and
polysaccharides [8]. The blue pigment C-phycocyanin, which is the major phycobiliprotein in cyanobacteria, is a
potential chemotherapeutic agent and can induce apoptosis of tumor cells [9, 10]. Phycocyanin possesses several
other bioactivities such as antioxidant, anti-inflammatory, and neuroprotective properties [11, 12]. Therefore,
cyanobacteria are considered excellent sources of biologically active compounds that might be important for
human health as novel pharmaceuticals.

Leptolyngbya sp. KIOST-1 (LK1) is a newly isolated cyanobacterium that shows no obvious 
cytotoxicity and contains high protein content for both human and animal diets. However, only 
limited information is available on its toxic effects. The purpose of this study was to validate the 
safety of LK1 powder. Following Organisation for Economic Co-operation and Development (OECD) 
guidelines, a single-dose oral toxicity test in Sprague Dawley rats was performed. Genotoxicity was 
assessed using a bacterial reverse mutation test with Salmonella typhimurium (strains TA98, TA100, 
TA1535, and TA1537) and Escherichia coli WP2 uvrA, an in vitro mammalian chromosome aberration 
test using Chinese hamster lung cells, and an in vivo mammalian erythrocyte micronucleus test 
using Hsd:ICR (CD-1) SPF mouse bone marrow. After LK1 administration (2,500 mg/kg), there were 
no LK1-related body weight changes or necropsy findings. The reverse mutation test showed no 
increased reverse mutation upon exposure to 5,000 μg/plate of the LK1 powder, the maximum 
tested amount. The chromosome aberration test and micronucleus assay demonstrated no 
chromosomal abnormalities and genotoxicity, respectively, in the presence of the LK1 powder. The 
absence of physiological findings and genetic abnormalities suggests that LK1 powder is 
appropriate as a candidate biomass to be used as a safe food ingredient.
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Previously, we isolated Leptolyngbya sp. KIOST-1 (LK1) and its biochemical composition was compared to that
of spirulina (Arthrospira maxima Cy-23) [13]. The composition of LK1 was similar to that of A. maxima Cy-23,
with essential amino acids comprising approximately 40% of the cellular components of both cyanobacterial
strains [14]. Moreover, no significant cytotoxicity of LK1 was detected, and no putative cyanotoxin biosynthesis
genes were found [14]. Therefore, LK1 could be a highly potent protein source for human and animal
consumption. Nevertheless, toxicity testing is one of the most important criteria for screening a new microalga
before its commercial use. Toxicity testing is necessary not only to determine how safe a test sample is, but also to
characterize any toxic effects that it can produce [15]. The aim of the present study was to emphasize the
importance of toxicity testing in the process of discovering new microalgae and developing dietary supplements,
specifically focusing on LK1. To verify the safety of LK1 as a dietary supplement, a single-dose oral toxicity study
was performed in rats and genotoxicity studies were carried out using bacterial reverse mutation and
micronucleus assays, as well as a chromosomal aberration assay with a cultured Chinese hamster lung cell line
(CHL/IU).

Materials and Methods
LK1 Powder Preparation

Culture medium (SOT medium) for the LK1 (KCTC 12347BP) was formulated in distilled water by adding
NaHCO3 (16.8 g/l), K2HPO4 (0.50 g/l), NaNO3 (2.50 g/l), K2SO4 (1.00 g/l), NaCl (1.00 g/l), MgSO4·7H2O (0.20 g/l),
CaCl2·2H2O (0.04 g/l), FeSO4·7H2O (0.01 g/l), EDTA (0.08 g/l), and Trace Metal Mix A5 (1.0 mL/L). The
micronutrient solution contained H3BO3 (2.86 mg/l), MnSO4·5H2O (1.81 mg/l), ZnSO4·7H2O (0.222 mg/l),
Na2MoO4·2H2O (0.39 g/l), CuSO4·5H2O (0.079 g/l), and Co(NO3)2·6H2O (49.4 mg/l). The LK1 was initially
inoculated and grown in a 5 L flask for 1 week, transferred to a 200 L photobioreactor, and then grown for 2 weeks
in the laboratory. The culture was grown at 28 ± 0.5°C with agitation under fluorescent lights with an illumination
intensity of 60 μmol photons/(m2·s) and a 12-h light: 12-h dark cycle. For the scale-up culture in a 20-tonne open
raceway system (ORS), the strain was cultured in medium formulated in tap water containing the same nutrients
as mentioned above under a natural photoperiodic cycle with agitation using a paddlewheel. After growing the
strain for 10 days in the ORS, when the concentration of LK1 was > 0.5 g/l, the cultured LK1 samples were
harvested from the whole culture medium by using a Tubular Separator (GQLY series) at 15,000 rpm for 3 h. The
harvested samples were stored in a deep freezer (Deasan, Korea) at -50°C and then lyophilized using a freeze dryer
(Ilshin, Korea) at the Jeju Marine Research Center of the Korea Institute of Ocean Science & Technology (KIOST). 

All experiments were conducted at AAALAC-certified ChemOn Inc. (Korea), an institution authorized to
perform nonclinical studies under Good Laboratory Practice (GLP) regulations of the Korea Food and Drug
Administration (KFDA) and were consistent with Organisation for Economic Co-operation and Development
(OECD) guidelines [16].

Single-Dose Oral Toxicity
Animal care and maintenance. The present study was approved by the Institutional Animal Care and Use

Committee (IACUC) of ChemOn Inc. (Serial No. 15-R304). Forty-four female and male Sprague Dawley rats (7
weeks old) were obtained from SAMTAKO BIO KOREA (Korea). Sprague Dawley rats are widely used in toxicity
studies and a large historical database exists for this species, allowing for the comprehensive interpretation and
evaluation of the results of this study. The animals were individually weighed and visually inspected upon receipt
and then acclimated under laboratory conditions for 7 days. General clinical observations were made once per
day. According to the certificate provided by the supplier, there were no external factors that could have had an
effect on the study. The body weight ranges of the rats were 237.59-257.20 g and 173.79-188.88 g upon LK1 powder
dosing for the male and female rats, respectively.

The animals were housed at 23 ± 3°C with a relative humidity of 55 ± 15%, 12-h light/12-h dark cycle (from
08:00 to 20:00), 150-300 Lux of luminous intensity, and 10-20 air changes per hour. The animals were fed an
irradiation-sterilized pellet diet for lab animals (TEKLAD CERTIFIED IRRADIATED GLOBAL 18% PROTEIN
RODENT DIET, 2918C, Harlan Laboratories, USA) ad libitum. According to the diet composition and
contaminant certification provided by the supplier, there was no diet-related factor that could have affected the
results of this study. No more than three animals were housed in a stainless steel cage (W 215 mm × L 355 mm × H
200 mm). Water was checked daily and water bottles were replaced more than once per week.

LK1 administration. No mortality and clinical signs were observed in a pilot test using doses of 625, 1,250, and
2,500 mg/kg to one animal per group. Based on the above result, these doses were selected for further study. A
vehicle control group, orally administered sterile water only, was also established. Healthy animals selected after
the acclimation period were weighed and their body weights were ranked. Then, the animals with body weights
close to the average were selected and randomly distributed into four groups, each composed of five male and five
female rats. After overnight fasting, the dose volume was calculated in order to administer 20 ml/kg based on the
fasted body weight. LK1 was then directly administered into the stomach by gavage using a syringe tube with a
feeding needle. Three to four hours after dosing, food was again provided ad libitum.

Observations and examinations. The animals were observed continuously during the first hour and then
hourly until 6 h after dosing. The day of dosing was designated as Day 1. Every animal was observed daily for
clinical signs from Day 2 to Day 15, and the type and severity of any signs and the date of observation were
recorded. All animals were weighed on Day 1 (before administration) and on Days 2, 4, 8, and 15. On Day 15, all
animals were anesthetized by CO2 inhalation, and after laparotomy, were euthanized by exsanguination from the
posterior vena cava and abdominal aorta. All organs were visually examined.
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Bacterial Reverse Mutation Assay
Positive controls were selected from those recommended in the OECD guideline TG471. 2-Aminoanthracene

(2-AA) and benzo[a]pyrene (B[a]P) were used as positive controls for metabolic activation. Sodium azide (SA), 2-
nitrofluorene (2-NF), 4-nitroquinoline-1-oxide (4NQO), and Acridine Mutagen ICR 191 (ICR-191) were used as
positive controls without metabolic activation. All positive controls were purchased from Sigma-Aldrich (USA).
The S9 mix (5% v/v) was prepared using 50 μl of Aroclor 1254-induced rat liver S9 (Molecular Toxicology Inc.,
USA) supplemented with cofactor-I, consisting of 8 μmol MgCl2·6H2O, 33 μmol KCl, 5 μmol glucose 6-phosphate,
4 μmol NADH, and 100 μmol sodium phosphate buffer (pH 7.5).

The histidine auxotrophic strains of Salmonella typhimurium, TA100, TA1535, TA98, and TA1537 [17], and the
tryptophan auxotrophic strain of Escherichia coli, WP2 uvrA [18], were used. TA100, TA1535, and WP2 uvrA
were used to detect base-pair substitution mutagens, whereas TA98 and TA1537 were used to detect frame-shift
mutagens. All the test strains used were obtained from Molecular Toxicology Inc. These test strains are among
those recommended by the test guidelines of the Ministry of Food and Drug Safety and have been shown to be
sensitive to the mutagenic activity of a wide range of chemical classes.

To set the proper treatment concentration of LK1, a range-finding test was carried out. In the range-finding test,
the test strains were treated with eight levels of LK1, ranging from 5 to 5,000 μg/plate, and the treatment mixtures
and plates were checked for the absence of precipitation and cytotoxicity. At the time of colony counting,
precipitation was observed at 5,000 μg/plate, and no cytotoxicity was observed in the plates at the time of plate
scoring. There were no significant increases in revertants per plate at any dose level in any of the test strains.
Therefore, the treatment ranges (15, 50, 150, 500, 1,500, and 5,000 μg/plate) were set based on the results of the
range-finding test conducted on the LK1 powder using the five test strains in the presence (with S9) and absence
(without S9) of metabolic activation, with one plate per mass. The test strains were exposed to the LK1 powder
using the direct plate incorporation method. A small amount of bacterial growth in each master plate was
transferred to a flask containing 20 ml of liquid medium (2.5% Oxoid Nutrient Broth No. 2). The inoculated flasks
were incubated for 10 h in a shaker/incubator (37 ± 2°C, 120 rpm). The overnight cultures were removed from
incubation and viable cell counts were determined by optical density (OD) at 600 nm. The cultures were stored in
a refrigerator until use. For the plating assay, the following was added to each sterile culture tube containing 2 ml of
top agar held at 45 ± 2°C in a dry bath: 0.5 ml of S9 mix (or sodium phosphate buffer, pH 7.4, for the non-activating
plates), 0.1 ml of bacterial culture, and 0.1 ml of LK1 powder. The contents were vortexed for 2-3 s and overlaid on
the surface of the bottom agar. The negative control plates were treated with 0.1 ml of vehicle (sterile distilled
water) instead of LK1 powder. The positive control plates were treated with the positive control compounds using
the same method. The sterility of the highest concentration of LK1 solution was verified by plating a 0.1-ml aliquot
(mixed with 2 ml of top agar) on the minimal glucose agar. The S9 mix was also tested for sterility by plating 0.5 ml
using the same method. After the top agar solidified, the plates were inverted and incubated at 37 ± 2°C for 50 ±
2 h, and then, the revertant colonies were counted by unaided eye.

Cytotoxicity was defined as a clearing or diminution of the background lawn that was accompanied by a
substantial reduction in the number of revertants per plate and the presence of microcolonies. A reduction in the
number of revertants was assessed if the number of revertants per plate was less than 50% that of the negative
control or if there was a reversal of an increasing trend in the number of colonies.

In Vitro Chromosome Aberration Test in Chinese Hamster Lung Cells
The CHL/IU cell line (American Type Culture Collection, USA), originally derived from the lung of a female

Chinese hamster, was used. This cell line has been demonstrated to be sensitive to the clastogenic activity of a
variety of chemical agents. The cells were thawed and cultured at least 7 days prior to experimentation. The cells
were grown in Minimum Essential Medium (Gibco-BRL, UK). A 440-ml aliquot of this medium was
supplemented with 5 ml of GlutaMax I Supplement, 5 ml of penicillin streptomycin (Gibco-BRL), and 50 ml of
fetal bovine serum (Gibco-BRL). The cultures were incubated in a humidified incubator at 37 ± 1°C in an
atmosphere of 5% CO2 in air and were subcultured every 2-3 days using 0.1% trypsin solution.

A preliminary study was performed, using one culture per concentration, to determine the highest
concentration required for this analysis in both the presence and absence of metabolic activation. The S9 mix was
used at 20% for metabolic activation. B[a]P and 4NQO were used as positive controls in the presence (with S9) and
absence (without S9) of metabolic activation, respectively. The cells were removed from the flasks and counted
~24 h after the start of treatment. Based on the results of this preliminary experiment, the concentration at which
the relative increase in cell counts (RICC) was less than 50% was set as the maximum concentration. 

Three series of cultures for treatment were established as follows. Treatment series-1: presence of S9 mix, 6-h
treatment/ 18-h recovery (0, 87.5, 175, or 350 μg/ml of LK1); Treatment series-2: absence of S9 mix, 6-h treatment/
18-h recovery (0, 250, 500, or 1,000 μg/ml of LK1); Treatment series-3: absence of S9 mix, 22-h treatment/ 2-h
recovery (0, 250, 500, or 1,000 μg/ml of LK1).

Before treatment, the old medium was replaced with fresh medium. LK1 was added to each flask at least 1 h after
the medium change. The treatment mixtures were removed after 6 h (6 h treatment + 18 h recovery with/without
S9) and after 22 h 22 h treatment + 2 h recovery without S9) and the cell monolayers were washed once with Ca2+-
and Mg2+-free Dulbecco’s phosphate-buffered saline. For the recovery period, the cells were given fresh medium
and incubated. Colchicine solution was then added to each culture (final concentration of 1 μM) and incubated
for 2 h for mitotic arrest. The mitotic cells were detached by gentle shaking. The cell-containing medium was
centrifuged at 200 ×g for 5 min, and the cell pellets were resuspended in 75 mM potassium chloride solution for
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hypotonic treatment. Then, the cells were fixed with methanol:glacial acetic acid (3:1 v/v) three times and
mounted on slides by the air-drying method. The slides were stained with 5% Giemsa solution. After harvesting
the mitotic cells, the remaining cell monolayer in each flask was trypsinized and counted to calculate the RICC.

Morphological classification and counting of chromosomal aberrations was carried out according to the
principles of the Atlas of chromosome aberration by chemicals [19]. The slides were coded for blinded reading and
were examined under an optical microscope at 100× magnification. One hundred well-spread metaphases per
slide were evaluated. Metaphases with 23-27 centromeres were evaluated for structural chromosomal aberrations,
which were classified into chromosome-type deletion/exchange and chromatid-type deletion/exchange. The
frequency of metaphases with aberrations for each culture, both inclusive and exclusive of gaps, was calculated. A
metaphase with more than 10 aberrations (multiple aberrations including gaps) or with chromosome
fragmentation was classified as “other” and counted as one aberration. Regardless of the presence of aberrations,
150 metaphases/culture were examined to determine the frequencies of diploidy (23-36 centromeres), polyploidy
(≥ 37 centromeres), and endoreduplication.

A metaphase with at least one structural chromosome aberration was classified as an aberrant cell. The number
of aberrant cells, except those having only gaps, was subjected to statistical analyses. Fisher's exact test was used to
compare the frequency of aberrant cells between the negative control and treated groups. The significance level
was set at p < 0.05. The sum of the metaphases with ≥ 37 centromeres and metaphases with endoreduplication was
evaluated in the same way as those with structural aberrations. The result was considered positive if there was a
concentration-dependent increase in the number of aberrant metaphases or a reproducible increase in at least one
concentration level. However, statistical significance was not the only determining factor for a positive response.
The biological relevance, the frequency of aberrant metaphases, and cytotoxicity were also considered.

In Vivo Micronucleus Test
The oral administration of LK1 at a dose of 2,500 mg/kg did not produce overt toxicity in rats. Thus, 2,500 mg/kg

was selected as the maximum dose. Cyclophosphamide monohydrate (CPA) (Sigma-Aldrich Co.) was used as the
positive control, which is recommended in OECD guideline TG474. Hsd:ICR (CD-1) SPF mice (Koatech, Korea)
were visually inspected upon arrival and acclimatized for 7 days. The animal laboratory conditions, diet, and water
were the same as those described above in the single-dose oral toxicity study using rats. To determine optimal
doses in a preliminary study, LK1 was administered (20 ml/(kg·day)) orally to three male and three female mice
once daily for 2 days at 625, 1,250, or 2,500 mg/(kg·day). Observations were conducted for 4 days including the
treatment day. All animals showed compound-colored stool on Days 2 and 3, but no abnormality was observed by
Day 4.

Accordingly, there were three dose groups that were administered LK1 (0 mg/(kg·day), 1,250 mg/(kg·day), and
2,500 mg/(kg·day)) once daily for 2 days, with six males per group. The positive control CPA (70 mg/(kg·day)) was
intraperitoneally injected once on Day 2. The mice were euthanized by CO2 gas inhalation 24 h after the last
administration. Bone marrow specimens were collected from each euthanized mouse using a 23G syringe and
suspended in fetal bovine serum (HyClone; GE Healthcare Life Sciences, USA) [20]. The cell suspensions were
centrifuged, smeared on slides, dried, and fixed in methanol for 5 min. Two slides were prepared per mouse. The
mounted specimens were stained with acridine orange solution (0.05%) diluted in Sorensen's buffer (1:4 v/v, pH
6.8) and observed under a fluorescence microscope at 400× magnification. The numbers of micronucleated
polychromatic erythrocytes (MNPCEs) were counted among 4000 polychromatic erythrocytes (PCEs) per
animal, and the MNPCE frequency was calculated as the average number of MNPCEs per 4000 PCEs.
Morphological examinations were conducted according to the method described by Hayashi et al. [21] and were
regarded as valid when the following conditions were satisfied. 1) More than five animals were alive at autopsy in
every dose group. 2) The average of the PCE/red blood cell (RBC) ratios in the control and dose groups was more
than 20% of the value in the negative control group. 3) Among 4000 PCEs, the average MNPCE frequencies in the
positive and negative control groups were similar within the range of historical control data, and the positive
control result was significantly higher than the negative control result.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics 22 for Medical Science, with a significance level of p <

0.05. Parametric multiple comparisons were used between groups. Body weight data were assumed to be normally
distributed and were analyzed by one-way ANOVA. The nonparametric Kruskal-Wallis H test using ranked data
was performed for micronucleus frequency and showed no significant differences when compared with the
negative control. The significance rates of the positive and negative control data were verified by Mann-Whitney
U tests. Parametric one-way ANOVA was utilized to compare PCE/RBC ratios and body weights, assuming equal
variance, which was verified by Levene’s test. Significant differences were identified between the maximum dose
group and the negative control group by ANOVA and Duncan's multiple range tests. The treatment was regarded
as cytotoxic when the average PCE/RBC ratio in the dose groups was significantly reduced. The mutagenicity was
regarded as positive when the MNPCE frequency was statistically significant and increased dose-dependently in
the treated groups, or when it showed a reproducible increase in one or more dose groups. All figures were created
using GraphPad Prism 8.2.1 software (version 8.2.1, GraphPad Software Inc., USA).



294 Lee et al.

J. Microbiol. Biotechnol.

Results
Single-Dose Toxicity Study

A reddish tear was observed with two male rats in the 2,500 mg/kg group on the dosing day, and compound-
colored stool was observed with all animals administered LK1 powder on Day 2. In the single-dose toxicity study,
there was no mortality, no LK1 powder-related body weight changes (Fig. 1), and no necropsy findings.

Bacterial Reverse Mutation Assay
The bacterial reverse mutation assay results are shown in Fig. 2. There was no microbial contamination on any

of the plates used for sterility testing of LK1 and the S9 mix. There was no decrease in revertants or cytotoxicity in
all S. typhimurium strains at all tested masses of LK1. No mass-related increase in the numbers of revertants per
plate was observed with all strains. With WP2 uvrA, there was neither an increase in colonies nor cytotoxicity at
any amount of LK1. The mean number of revertants of the positive control for each test strain was clearly greater
than the mean number of revertants of the corresponding negative control. The viable cell counts of the test strains
were 0.70-0.97 × 109 (TA strains) and 1.43 × 109 (E. coli) CFU/ml, and at least 0.5 × 108 CFU of bacteria/plate were
plated.

Fig. 1. Body weight changes and overall gains (inset) in LK1-administered male (A) and female (B) rats
during the experimental period. LK1, Leptolyngbya sp. KIOST-1. Data are presented as means ± standard deviations
(n = 5).

Fig. 2. Effects of LK1 on bacterial reverse mutation with S9 metabolic activation (A) and without S9 metabolic activation (B). The graphs show
the number of reverse-mutated colonies that grew on agar plates (mean + standard deviation, n = 3). * Significantly different at p < 0.05 compared with corresponding
negative control. Negative controls are indicated with (-). 2-Aminoanthracene (2-AA), benzo[a]pyrene (B[a]P), sodium azide (SA), 2-nitrofluorene (2-NF),
Acridine Mutagen ICR 191 (ICR-191), and 4-nitroquinoline-1-oxide (4NQO) were used as positive controls. LK1, Leptolyngbya sp. KIOST-1.
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In Vitro Chromosome Aberration Test in Chinese Hamster Lung Cells
The chromosome aberration test results are shown in Table 1. Precipitation of LK1 powder was observed at all

tested concentrations in the presence and absence of the S9 mix. In the presence of S9, the mean frequency of
metaphases with structural aberrations was 0.0 in the negative control and with all concentrations of LK1
(Table 1). In the 6-h treatment group in the absence of S9, the mean frequencies of metaphases with structural
aberrations were 0.5, 0.0, 0.5, and 2.0 in the negative control, 250, 500, and 1,000 μg/ml LK1 groups, respectively.
In the 22-h treatment in the absence of S9, the mean frequencies of metaphases with structural aberrations were
0.0, 0.5, 0.5, and 0.0 in the negative control, 250, 500, and 1,000 μg/ml LK1 groups, respectively. There were no
statistically significant increases at any LK1 concentration in the presence and absence of the S9 mix. In contrast,
in the positive control, there was a statistically significant increase in the frequency of aberrant metaphases
compared to that in the negative control.

In Vivo Micronucleus Test
The MNPCE frequencies observed in 4000 PCEs per animal were 2.67, 2.83, 2.0, and 2.0 for the negative

control, 625, 1,250, and 2,500 mg/(kg·day) groups, respectively. There was no statistically significant increase in
MNPCE frequencies in the test groups compared to that in the negative control group. In contrast, in the positive
control group, the MNPCE frequency was 90.83, which was significantly higher (p < 0.01) than the frequency in
the negative control group. The ratios of PCE:RBC, known as a cytotoxicity indicators, were 0.57, 0.59, 0.58, and
0.59 for the negative control, 625, 1,250, and 2,500 mg/(kg·day) groups, respectively, which were not significantly
different. Meanwhile, the PCE:RBC ratio was 0.49 in the positive control and was significantly decreased
(p < 0.01) compared to the negative control ratio. The micronucleus assay results are shown in Table 2.

Table 1. Treatment group organization and summary of chromosome aberration test in Chinese hamster
lung cells with LK1.

Condition Conc.
 (μg/ml)

Aberrations PP+ER No. aberrant metaphase
RICC 
(%)Cs type Ct type

Other Gaps No. Decision
+Gaps -Gaps

Decision
csb cse ctb cte No. No.

6-18
(h)

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Negative 0.0 0.0 Negative 100
87.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Negative 0.0 0.0 Negative 94
175 0.0 0.0 0.0 0.0 0.0 0.5 0.0 Negative 0.5 0.0 Negative 88

S9 mix (+) 350 P 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Negative 0.0 0.0 Negative 49
B[a]P (20) 0.0 0.5 10.5 22.5 0.0 3.0 0.0 Negative 23.5 23.5** Positive 51

6-18
(h)

0 0.0 0.0 0.5 0.0 0.0 0.0 0.0 Negative 0.5 0.5 Negative 100
250 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Negative 0.0 0.0 Negative 91
500 0.0 0.0 0.5 0.0 0.0 0.0 0.0 Negative 0.5 0.5 Negative 68

S9 mix (-) 1000 0.0 0.0 2.0 0.0 0.0 1.0 0.0 Negative 3.0 2.0 Negative 46
4NQO (0.4) 0.0 0.5 4.5 10.5 3.0 1.0 0.0 Negative 11.5 11.0** Positive 66

22-2
(h)

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Negative 0.0 0.0 Negative 100
250 0.0 0.0 0.5 0.0 0.0 1.0 0.0 Negative 1.5 0.5 Negative 100
500 0.0 0.0 0.5 0.0 0.0 0.0 0.0 Negative 0.5 0.5 Negative 72

S9 mix (-) 1000 0.0 0.0 0.0 0.0 0.0 0.5 0.0 Negative 0.5 0.0 Negative 43
4NQO (0.4) 0.0 1.0 7.0 10.0 3.0 2.5 0.0 Negative 19.0 18.0** Positive 64

Numbers of cells examined, aberrations, PP+ER, and metaphases shown are mean values. Benzo[a]pyrene (B[a]P) and 4-
nitroquinoline-1-oxide (4NQO) were used as positive controls in the presence and absence of S9, respectively. PP, polyploid; ER,
endoreduplication; cd, chromosome; ct, chromatid; csb, chromosome-type deletion; cse, chromosome-type exchange; ctb,
chromatid-type deletion; cte, chromatid-type exchange; other, metaphases with more than 10 aberrations (including gaps) or
with chromosome fragmentation. **Significantly different from the negative control at p < 0.01 (Fisher’s exact test). LK1,
Leptolyngbya sp. KIOST-1; RICC, relative increase in cell counts

Table 2. Micronucleus assay results.
Dose

(mg/(kg·day))
Body weights (g) at the time of MNPCE/4000 PCE 

(Mean ± SD)
PCE:RBC Ratio 

(Mean ± SD) % Control
1st Admin 2nd Admin Euthanasia

0 34.67 ± 1.45 34.30 ± 1.50 34.96 ± 1.34 2.67 ± 1.51 0.57 ± 0.04 100
625 34.82 ± 1.13 34.70 ± 1.32 34.60 ± 1.23 2.83 ± 2.14 0.59 ± 0.02 103

1250 34.61 ± 1.25 34.38 ± 1.36 34.51 ± 1.23 2.00 ± 1.10 0.58 ± 0.04 100
2500 34.83 ± 1.38 34.61 ± 1.05 34.17 ± 1.23 2.00 ± 0.89 0.59 ± 0.02 102

CPA70 34.43 ± 1.50 34.83 ± 1.60 34.54 ± 2.05 90.83 ± 24.04** 0.49 ± 0.02** 85

Body weights of mice, micronucleus observations, and PCE:RBC ratios are shown. LK1 was orally administered to mice for two
consecutive days. CPA was intraperitoneally administered to mice once on the 2nd Admin day. Bone marrow smears were
prepared ~24 h after the final administration. The number of MNPCE (micronucleated polychromatic erythrocytes) in 4000
PCE (polychromatic erythrocytes) was analyzed. RBC, red blood cells (polychromatic erythrocyte + normochromatic
erythrocyte); CPA, cyclophosphamide monohydrate (positive control); LK1, Leptolyngbya sp. KIOST-1; SD, standard deviation.
**Significantly different from the negative control group (0 mg/(kg·day)) at p < 0.01.
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Discussion
The present study was conducted to investigate the potential acute toxicity of LK1 in Sprague Dawley rats after a

single oral administration. During the experimental period, a reddish tear on the dosing day and compound-
colored stool from all animals 2 days after administration were observed. However, there was no mortality. The
compound-colored stool was considered an effect of excretion of LK1 and its metabolites. Because the reddish
tears were observed with two animals in the high-dose group, they were considered an LK1-related change. These
manifestations did not affect body weight increases and were therefore considered temporary, as typically found
in other animal experiments. Furthermore, there were no LK1-related body weight changes and necropsy
findings. Based on the above results, the approximate lethal dose of LK1 is considered higher than 2,500 mg/kg
when orally administered to Sprague Dawley rats.

The basic principle of toxicity testing is first to determine the direct effect of the test substance on the test
animal, and second to extrapolate the risk of exposure of the substance from the test animal to humans. In this
study, the maximum dose administered to the experimental animals (2,500 mg/kg) represents the highest
concentration of the range suggested by the KFDA. In the KFDA and OECD guidelines, the recommended highest
dose of test materials is 2,000 mg/kg; they also recommend that the dosage volume be below 20 ml/kg for single-
dose toxicity studies in mice. In the present study, 2,500 mg/kg was selected as the highest dose, which is higher
than the recommended highest dosage for test materials. Previous studies using oral administration of
environmentally relevant doses of cyanobacterial biomasses containing microcystins demonstrated sublethal
effects and high-dose toxicity [22]. However, to the best of our knowledge, there has been no report on the
investigation of acute and sublethal toxicity owing to spirulina.

For all of the test strains, in the presence and absence of the S9 mix, there were no significant increases in the
number of revertants per plate at any LK1 amount in the bacterial reverse mutation test. There was no statistically
significant increase in the frequency of aberrant metaphases with structural and/or numerical aberrations,
regardless of the treatment regimen, at all tested concentrations of LK1. Additionally, there was no significant
increase in MNPCE frequencies in the test groups compared with that in the control group. All criteria for a valid
assay were met, and all results of the genotoxicity testing failed to meet the criteria for positivity. Therefore, LK1 is
not considered to induce reverse mutations, chromosomal aberrations, and micronuclei in mouse bone marrow
cells under the present test conditions.

Previous reports of in vitro experiments or experiments with laboratory animals suggest that cyanobacteria are
an excellent source of biologically active compounds that are beneficial for human health as novel
pharmaceuticals. However, several studies have shown that cyanobacteria produce a number of hepatotoxins and
neurotoxins such as microcystins, anatoxins, and saxitoxins [23, 24]. Nevertheless, Leptolyngbya species are
generally known to produce no cyanotoxins [25]. In our previous study, no significant cytotoxicity of LK1 was
detected, and the genome of LK1 does not contain cyanotoxin-related genes encoding, for example, anatoxin-a,
anatoxin-a(S), β-methylamino-L-alanine (or BMAA), cylindrospermopsin, microcystins, lyngbyatoxin-a,
nodularins, and saxitoxins. This genomic information reveals the potential of LK1, and the absence of
genotoxicity in this study strongly supports the use of LK1, for alimentary purposes [13, 14].

In conclusion, our results suggest that LK1 does not cause acute toxicity in experimental animals. To establish
safety information on LK1 powder, we will conduct additional toxicity studies in the future, including repeated
oral toxicity studies, since these reflect how most individuals consume LK1 powder over the long term. The
toxicity tests carried out in this study were only short-term, but they included monitoring of physiological
parameters and abnormalities and generated accurate data to detect both symptoms and genetic abnormalities.
Therefore, the toxicity test results presented herein are likely to be essential data used in the food industry.

Acknowledgments
This work was funded by research grants (PE99621 and PE99822) from the Jeju Marine Research Center, Korea

Institute of Ocean Science and Technology (KIOST), and the Basic Core Technology Development Program for
the Oceans and the Polar Regions of the National Research Foundation (NRF) funded by the Ministry of Science
and ICT (PN68031), Republic of Korea. We would like to thank Editage (www.editage.co.kr) for English language
editing. The authors declare that there is no conflict of interest.

Conflict of Interest
The authors have no financial conflicts of interest to declare. 

References
1. Abdulqader G, Barsanti L, Tredici MR. 2000. Harvest of Arthrospira platensis from Lake Kossorom (Chad) and its household usage

among the Kanembu. J. Appl. Phycol. 12: 493-498.
2. Farrar W. 1966. Tecuitlatl; a glimpse of Aztec food technology. Nature 211: 341-342.
3. Gantar M, Svirčev Z. 2008. Microalgae and cyanobacteria: food for thought(1). J. Phycol. 44: 260-268.
4. Ciferri O. 1983. Spirulina, the edible microorganism. Microbiol. Rev. 47: 551-578.
5. Takenaka H, Yamaguchi Y, Sakaki S, Watarai K, Tanaka N, Hori M, et al. 1998. Safety evaluation of Nostoc flagelliforme (nostocales,

Cyanophyceae) as a potential food. Food Chem. Toxicol. 36: 1073-1077.
6. Kumar MH, Ramesh C. 2014. Single dose oral toxicity study of nano formulated extract of Picrorhiza kurroa in wistar rats. J.

Pharmacogn. Phytochem. 2: 138-145.
7. Vardaka E, Kormas KA, Katsiapi M, Genitsaris S, Moustaka-Gouni M. 2016. Molecular diversity of bacteria in commercially

available “Spirulina” food supplements. PeerJ. 4: e1610.



Safety Evaluation of Leptolyngbya sp. KIOST-1 Biomass 297

February 2021⎪Vol. 31⎪No. 2

8. Blinkova LP, Gorobets OB, Baturo AP. 2001. [Biological activity of Spirulina]. Zh. Mikrobiol. Epidemiol. Immunobiol. (2): 114-118.
9. Pardhasaradhi BV, Ali AM, Kumari AL, Reddanna P, Khar A. 2003. Phycocyanin-mediated apoptosis in AK-5 tumor cells involves

down-regulation of Bcl-2 and generation of ROS. Mol. Cancer Ther. 2: 1165-1170.
10. Subhashini J, Mahipal SV, Reddy MC, Mallikarjuna Reddy M, Rachamallu A, Reddanna P. 2004. Molecular mechanisms in C-

Phycocyanin induced apoptosis in human chronic myeloid leukemia cell line-K562. Biochem. Pharmacol. 68: 453-462.
11. Romay C, Armesto J, Remirez D, Gonzalez R, Ledon N, Garcia I. 1998. Antioxidant and anti-inflammatory properties of C-

phycocyanin from blue-green algae. Inflamm. Res. 47: 36-41.
12. Romay C, Gonzalez R, Ledon N, Remirez D, Rimbau V. 2003. C-phycocyanin: a biliprotein with antioxidant, anti-inflammatory and

neuroprotective effects. Curr. Protein Pept. Sci. 4: 207-216.
13. Kim JH, Kang DH. 2016. Draft genome sequence of Leptolyngbya sp. KIOST-1, a filamentous cyanobacterium with biotechnological

potential for alimentary purposes. Genome Announc. 4: e00984-16.
14. Kim JH, Choi W, Jeon SM, Kim T, Park A, Kim J, et al. 2015. Isolation and characterization of Leptolyngbya sp. KIOST-1, a basophilic

and euryhaline filamentous cyanobacterium from an open paddle-wheel raceway Arthrospira culture pond in Korea. J. Appl.
Microbiol. 119: 1597-1612.

15. Morton DM. 1998. Importance of species selection in drug toxicity testing. Toxicol. Lett. 102-103: 545-550.
16. 1997. [OECD series on principles of good laboratory practice and compliance monitoring]. Ann. Ist. Super. Sanita. 33: 1-172.
17. Maron DM, Ames BN. 1983. Revised methods for the Salmonella mutagenicity test. Mutat. Res. 113: 173-215.
18. Green MH, Muriel WJ. 1976. Mutagen testing using TRP+ reversion in Escherichia coli. Mutat. Res. 38: 3-32.
19. Japanese environmental mutagen society-mammalian mutagenicity study group. 1988. Atlas on chromosome aberration induced by

chemicals. 
20. Schmid W. 1975. The micronucleus test. Mutat. Res. 31: 9-15.
21. Hayashi M, Sofuni T, Ishidate M, Jr. 1983. An application of Acridine Orange fluorescent staining to the micronucleus test. Mutat.

Res. 120: 241-247.
22. Kral J, Pikula J, Bandouchova H, Damkova V, Hilscherova K, Misik J, et al. 2012. Avian high-dose toxicity of cyanobacterial biomass.

Neuro. Endocrinol. Lett. 33 Suppl 3: 161-165.
23. Namikoshi M, Sivonen K, Evans WR, Carmichael WW, Sun F, Rouhiainen L, et al. 1992. Two new L-serine variants of microcystins-

LR and -RR from Anabaena sp. strains 202 A1 and 202 A2. Toxicon. 30: 1457-1464.
24. Carmichael WW. 1992. Cyanobacteria secondary metabolites--the cyanotoxins. J. Appl. Bacteriol. 72: 445-459.
25. Taton A, Lis E, Adin DM, Dong G, Cookson S, Kay SA, et al. 2012. Gene transfer in Leptolyngbya sp. strain BL0902, a cyanobacterium

suitable for production of biomass and bioproducts. PLoS One 7: e30901.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


