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a b s t r a c t

In the present paper, the genotoxicity of transgenic Synechocystis sp. PCC 6803 containing flounder (Par-
alichthys olivaceus) growth hormone gene has been assessed using micronucleus tests in mice and fish. No
micronucleus inductions in bone marrow erythrocyte of mice were observed at three doses of transgenic
Synechocystis (2.0, 5.0, and 10.0 g/kg). The frequencies of micronucleus and other nuclear abnormalities
in turbot (Scophthalmus maximus L.) fed with 0.2%, 0.5% and 1.0% transgenic Synechocystis were also not
significantly different (P > 0.05) from controls. In contrast, cyclophosphamide, used in detecting the sen-
sitivity of the biological assays, significantly increased the frequencies of micronucleus and other nuclear
abnormalities in mice and turbot. Results indicate that the flounder GH transgenic Synechocystis sp. PCC
6803 seems to have no genotoxic effects on fish.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recombinant growth hormone (rGH) was proved to have the
ability to promote the growth of fish [1–4] and thus increasing
attention has been paid on its potential usage in fish farming [5–7].
To date, several expression systems such as Escherichia coli and
Pichia pastoris have been developed to produce rGH. The com-
plicated procedure for purification restricts their application in
commercial aquaculture. In order to develop a cost effective way
of manufacturing biologically active rGH for its eventual use in
aquaculture, we constructed transgenic Synechocystis sp. PCC 6803
containing flounder (Paralichthys olivaceus) GH gene. The aim is
to promote fish growth by using it directly as feed additive and
omit purification steps, then make the production economically
viable. If the transgenic alga could be verified to be nontoxic
and can promote fish growth, it would bring great benefit to fish
farmers.

Synechocystis sp. PCC 6803 is basically considered as a model
cyanobacterium adapted to wide range of ecological conditions [8].
The species possesses a short growth cycle and is easy to be cultured
at low cost. However, investigations on the feasibility of Synechocys-
tis as a feed supplement for fish are yet to be conducted. Therefore,
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studies on the safety of the GH transgenic Synechocystis with regard
to fish health is of great concern.

Fish genotoxicity is widely discussed for the possible risk if expo-
sure to humans through the food chain. Among the techniques
available to detect the genotoxic effects, the micronucleus (MN)
assay has extensively been employed in assessing the genotoxi-
city of many compounds under laboratory conditions [9,10] and
for in situ biomonitoring of environmental mutagenesis [11,12]. Its
wider application was supported by the sensitivity, reliability and
the simplicity of use. For the MN assay, mice erythrocyte in bone
marrow is a classical test-system. On the other hand, several studies
have showed that fish micronucleus tests are sensitive enough to
detect genotoxic compounds [9,10,13]. In addition, it was reported
that abnormal nuclear morphology is also an indicator of genotoxic
damage in fish [14–16]. In the present study, we evaluated the geno-
toxic potential of transgenic Synechocystis sp. PCC 6803 containing
flounder GH gene through micronucleus and other nuclear abnor-
malities assay in mice and turbot (Scophthalmus maximus L.). The
aim of this investigation was to verify the safety of GH transgenic
Synechocystis as feed additive for fish.

2. Materials and methods

2.1. Culture of Synechocystis sp. PCC 6803

Non-transgenic and transgenic Synechocystis sp. PCC 6803 were cultured
in liquid BG-11 medium with continuous air bubbling at 30 ◦C. Cultures were
illuminated with fluorescent lamps. For the transgenic alga, medium was supple-
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mented with 50 �g/ml kanamycin sulphate and at the exponential growth phase
(OD730 = 0.8 − 1.0), cells were harvested and inoculated into medium without ferric
ammonium citrate to trigger the expression of the GH gene of flounder. Algae were
harvested by centrifugation at 12,000 × g for 3 min, lyophilized and stored at −20 ◦C
until use.

2.2. Mouse micronucleus test

Mice, obtained from the Center of Experimental Animal, Qingdao, China, were
acclimatized to the laboratory conditions for one week prior to the experiment. All
experiments were performed accordance with Welfare Committee of the Centre of
Experimental Animal, Qingdao, China, and this project was also approved by the
committee. Males and females, body weight 28 ± 2 g, were fed with mice feed (pur-
chased from the Center of Experimental Animal, Qingdao, China) and were provided
filtered water ad libitum. Mice were housed and randomly divided into 6 groups,
10 animals (5 males and 5 females) in each group. Each group mice in the three
experimental groups were fed with transgenic three dose Synechocystis (2.0, 5.0 and
10.0 g/kg) twice within a 24 h interval by gavage. Transgenic alga liquid stock was
prepared by dissolving alga powder in 0.5 ml distilled water. The negative control
was the mice received distilled water (0.5 ml), and the positive control was the mice
injected with cyclophosphamide at a dose of 40 mg/kg. The non-transgenic alga
control received 10 g/kg non-transgenic Synechocystis. The bone marrow erythro-
cyte slides were fixed with methanol, stained with acridine orange and observed by
fluorescent microscopy. 1000 cells per animal were counted and the frequency of
MN was expressed per 1000 cells (‰).

2.3. Fish micronucleus test

Juvenile turbot (body weight 1.4 ± 0.3 g, body length 4.8 ± 0.3 cm) obtained from
Xuejiadao Island Experimental Station, Institute of Oceanology, Chinese Academy of
Sciences, were acclimatized in the laboratory for two weeks. During the period,
fish were fed with commercial diet obtained from Qingdao Jinhaili Fishery Sci-
ence Co., Ltd. A total of 125 fish were equally distributed into five 50 l aquaria
(25 fish/aquarium), which received continuously aerated seawater at 17–19 ◦C. They
were maintained under natural photoperiod. Water in each aquarium was renewed
daily. Fish fed with commercial diet (free from algae) and diet containing 1.0% non-
transgenic alga were considered as the control groups. Fish in experimental groups
were fed with commercial diet supplemented with 0.2%, 0.5% and 1.0% transgenic
Synechocystis sp. PCC 6803. A mixture of commercial feed and transgenic or non-
transgenic alga powder with appropriate amount of distilled water was used to
prepare the pellets. The mixture was compressed with a laboratory-scale pellet mill
equipped with 4.0 mm die, dried at room temperature and stored at −20 ◦C until
use. Fish in each aquarium were hand fed three times a day to apparent satiation.
After 8 weeks, 10 fish in each group were randomly selected for the micronucleus
and abnormal nuclear examinations.

Cyclophosphamide, a well-known genotoxic compound, was employed in
detecting the sensitivity of the biological assay. One day prior to the end of the
trial, 30 mg/kg cyclophosphamide were intraperitoneally injected to each of the 10
fish in the control group fed with commercial diet. Blood samples were collected
24 h after the injection and slides were prepared for examination.

Peripheral blood samples from the caudal vein of each fish were collected and
smeared immediately onto cleaned slides. After air-drying for 12 h, slides were fixed
in absolute methanol for 15 min, followed by staining with aqueous Giemsa (15%)
for 10 min.

Micronucleus and other nuclear abnormalities in erythrocytes were detected
under 1000× oil-immersion lens. The criteria for the identification of MN were based
on the methods description by Grisolia [9]: (a) MN should be smaller than one-third
of the main nuclei, and (b) MN must not be refractive and should be the same color
and intensity as the main nuclei. A total of 3000 erythrocytes were examined per
fish in three coded slides (1000 cells per slide). All slides were scored by a single
observer. The frequency of MN and other nuclear abnormalities were expressed per
1000 cells (‰).

2.4. Statistical analysis

The Kruskal–Wallis and Mann–Whitney tests with the confidence level of
P < 0.05 were used in determining the significance between experimental and con-
trol groups.

3. Results

A representative fluorescent photomicrograph of micronucle-
ated bone marrow erythrocyte of mice is shown in Fig. 1. We scored
only MN that was clearly delineated and typically shaped. Micronu-
cleus frequency of bone marrow erythrocyte of mice is summarized
in Table 1. Cyclophosphamide, the positive control, caused a signifi-
cant increase in the frequency of micronucleated cells (P < 0.05), but

Fig. 1. Micronucleus of bone marrow erythrocyte of mice stained by acridine orange.

Table 1
Effect of transgenic Synechocystis sp. PCC 6803 containing flounder GH gene on the
frequency of micronucleus of bone marrow erythrocyte in mice (mean ± S.D., n = 10)

Treatment Number
of cells

Number
of MN

Frequency of
MN (‰)

Commercial feed control 10,000 18 1.80 ± 1.04a

Non-transgenic alga control 10,000 16 1.60 ± 0.88a

Cyclophosphamide 10,000 221 22.10 ± 4.72b

2.0 g/kg transgenic alga 10,000 22 2.20 ± 0.81a

5.0 g/kg transgenic alga 10,000 20 2.00 ± 1.10a

10.0 g/kg transgenic alga 10,000 17 1.70 ± 0.96a

1000 cells were counted per each animal. Within the columns, values with different
letters are significantly different (P < 0.05).

administrated with transgenic Synechocystis caused no MN induc-
tion compared to the controls (P > 0.05).

MN and other nuclear abnormalities (including binucleus, lobed
nucleus and notched nucleus) in the peripheral blood erythrocytes
of turbot were observed in all the groups (Fig. 2). The results of
MN and other nuclear abnormalities are given in Figs. 3–6. No
significant differences (P > 0.05) in the frequencies of micronu-
cleus and nuclear abnormalities were found among the two control
groups and the fish fed with transgenic Synechocystis sp. PCC 6803
(Fig. 3). However, MN and the nuclear abnormalities frequency of
the fish treated with cyclophosphamide were significantly higher
than those of the two control groups and the other administrated
transgenic Synechocystis groups (P < 0.05). The frequency of the bin-
ucleated cells in non-transgenic alga control was significantly lower
(P < 0.05) than that of the commercial feed control group (Fig. 4),
but not significantly different from the three treated groups. Val-
ues of lobed nucleus cell and notched nucleus cell frequencies were
found to be similar to all the five groups (P > 0.05).

4. Discussion

Growth-promoting effects of rGH have been well documented in
many teleost species [17]. Recently, increasing commercial produc-
tion demands have generated considerable interest regarding the
use of rGH in increasing yield in aquaculture. However, its use has
been impeded by lack of method of economical mass production
and practical administration. Based on these grounds, we con-
structed transgenic Synechocystis sp. PCC 6803 containing flounder
(P. olivaceus) GH gene, which could be used directly as feed additive.
However, the safety needed to be studied before applying it to fish
aquaculture.
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Fig. 2. Erythrocytes of turbot with normal nucleus (A), micronucleus (B and C), binucleus (D), lobed nucleus (E) and notched nucleus (F). Giemsa-stained peripheral blood
smear. Micronucleus: smaller than one-third of the main nuclei and with a round or ovoid shape; binucleus: two nuclei with the same volume, isolated or connected by little
part; lobed nucleus: evagination of the nuclear envelop that seem to contain euchromatin; notched nucleus: an appreciable depth into nucleus that dose not contain nuclear
material.

Fig. 3. Frequency distribution of micronucleus and nuclear abnormalities in periph-
eral blood erythrocytes of turbot fed with transgenic Synechocystis sp. PCC 6803
containing flounder GH gene for 8 weeks (mean ± S.D., n = 10). A total of 30,000 ery-
throcytes were tested in each group of fish (3000 erythrocytes/per fish); Frequency
of nuclear abnormalities: the sum of frequencies of binucleus, lobed and notched
nucleus; ‘*’ represents significant difference (P < 0.05).

Fig. 4. Binucleated cell frequency in peripheral blood erythrocytes of turbot fed with
transgenic Synechocystis sp. PCC 6803 containing flounder GH gene for 8 weeks
(mean ± S.D., n = 10). A total of 30,000 erythrocytes were tested in each group of
fish (3000 erythrocytes/per fish); ‘*’ represents significant difference compared to
commercial feed control (P < 0.05).

Fig. 5. Lobed cell frequency in peripheral blood erythrocytes of turbot fed with
transgenic Synechocystis sp. PCC 6803 containing flounder GH gene for 8 weeks
(mean ± S.D., n = 10). A total of 30,000 erythrocytes were tested in each group of fish
(3000 erythrocytes/per fish); there were no significant differences among groups
(P > 0.05).

Fig. 6. Notched cell frequency in peripheral blood erythrocytes of turbot fed with
transgenic Synechocystis sp. PCC 6803 containing flounder GH gene for 8 weeks
(mean ± S.D., n = 10). A total of 30,000 erythrocytes were tested in each group of fish
(3000 erythrocytes/per fish); there were no significant differences among groups
(P > 0.05).
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The count of MN has been used as an index of chromosome
breaks and mitotic spindle apparatus dysfunction for over 20 years.
Although originally developed for its application in mouse, MN test
was subsequently modified by Hooftman and de Raat [18] for the
use in fish. To date, it has been widely employed in assessing the
biological impact of water pollution and the genotoxicity of chem-
ical compounds in fish [19,20] and other aquatic organisms such as
sea urchin [21], bivalves [22] and whales [23].

According to the present results, mice have not found MN
expression, which induced by transgenic Synechocystis sp. PCC
6803 containing flounder GH gene. Juvenile turbot fed with the
transgenic alga for 8 weeks also showed any effect on the fre-
quencies of MN and other nuclear abnormalities in contrast to
those fed with commercial feed and non-transgenic alga. How-
ever, cyclophosphamide, a well-known genotoxic compound has
induced the formation of MN and other nuclear abnormalities both
in mice and in juvenile turbot, which suggest that the two species
are sensitive to the genotoxic compound. Based on these findings, it
could be concluded that transgenic Synechocystis sp. PCC 6803 con-
taining flounder GH gene is not a genotoxic agent for fish and mice.
Because no report on the genotoxic effect of Synechocystis sp. PCC
6803 on animal was found up to now, this study appears to be the
first investigation on the genotoxicity of Synechocystis sp. PCC 6803.

Blood physiological and chemical parameters are commonly
used diagnostic tools in fish toxicology [24]. Results of red and
white blood cell counts, hemoglobin content, volume of erythro-
cytes, serum enzyme activities and metabolite concentrations of
juvenile turbot used in the present study and those cultured in an
experimental station of Yellow Sea Fisheries Research Institute, Chi-
nese Academy of Fishery Sciences (weight 15 ± 2.1 g, fed with 1%
transgenic Synechocystis for 40 days) demonstrated that the trans-
genic alga had no adverse effect on these blood parameters [25,26].
These findings together with the results in MN tests in the present
study suggest that the GH transgenic Synechocystis sp. PCC 6803
seems not to be a genotoxin for fish.
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