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Introduction

Preservatives have been widely used in food, 
drugs, and cosmetics to prevent aging and decay 
[1, 2]. Some are naturally occurring compounds, for 
example those found in prunes, cinnamon, tea, and 
berries [1]. Some preservatives act as antimicrobial 
agents and/or antioxidants. Benzoic acid (BA) is a 
specific inhibitor of bacteria [3].

  BA and benzoate salts have been used as direct 
food and beverage additives for decades. These 
compounds effectively prevent microbial growth, 
as benzoates exert a high toxicological specificity 
toward bacteria and other food contaminants [4, 

5]. These are classic preservatives that contain 
aromatic structures that naturally occur in small, 
organic, antimicrobial, bimolecular, hydrophobic 
form [6]. BA is used in a variety of foods, such as 
sauces, wine, and canned fruit. Among the most 
heavily benzoate-exposed populations in Taiwan, 
the highest daily dose is 3.1 mg/kg(bw)/day, or 62% 
of the acceptable daily intake [7]. Excessive amounts 
of this preservative can be harmful to human health 
[8, 9]. Sodium nitrite (NaNO2) is widely used as a 
food preservative and color fixative in fish and meat 
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Background/Purpose: An assay system using D. magna embryos was applied to the investigation of 
the adverse effects of food additives.
Methods: Immobilization test and embryonic development assay procedures were utilized to evaluate 
the toxic effects of benzoic acid and sodium nitrite on D. magna embryos according to US EPA 
procedures. The 48h-EC50 values and 95% confidence limits were calculated on Probit analysis, based 
on nominal concentrations.
Results: Long-term exposure of D. magna to preservatives led to delayed first brood and changes in 
number of hatchlings, as well as differences in offspring sex ratio, number of offspring I hatchlings, 
number of living generations, and survival rate. The impact of sodium nitrite on embryos of D. magna 
was greater than that of benzoic acid (p<0.001).
Conclusion: Daphnid embryos are markedly more sensitive to benzoic acid and sodium nitrite than 
juveniles. In addition, sodium nitrite has higher toxicity to Daphnia embryos than benzoic acid. The 
results of the present study clearly demonstrated that benzoic acid and sodium nitrite cause acute 
toxicity to and have teratogenic effects on D. magna neonates and embryos, respectively.
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[10, 11]. Sodium nitrate and nitrite positively affect 
the flavor, appearance, safety, and quality of cured 
meats. In particular, addition of nitrite imparts the 
characteristic color and flavor to cured meats and 
prevents rancidity by inhibiting lipid peroxidation 
[12, 13, 14]. Moreover, nitrite improves the safety of 
meat by inhibiting the growth of microorganisms, 
particularly Clostridium botulinum [15]. People are 
exposed to nitroso compounds through nitrite/
nitrate preserved foods and beverages, such as beer, 
or they are formed in the stomach following uptake 
of the precursor nitrates, nitrites, and secondary 
amines [16]. When administered to organisms in 
excessive amounts, these food additives cause toxic 
reactions [17]. Sodium nitrate and nitrite produce 
potential carcinogenic substances such as N-nitroso 
compounds (NOCs) during cooking, smoking, or 
drying. Several studies have reported that meat-
related factors, such as NOCs, heme iron, and 
heterocyclic amines contribute to cancer risk [18, 19, 

20].
Daphnids are often employed to investigate 

the toxicity of chemicals in aquatic ecosystems 
due to their high sensitivity, short generation time, 
and ease of manipulation. In addition, invertebrates, 
especially aquatic crustaceans, have recently gained 
attention as model organisms for non-mammalian test 
systems to evaluate the toxicities of chemicals, heavy 
metals, and pesticides, as well as for ecotoxicological 
assessments of environmental pollutants [21, 22, 23]. 
Daphnia magna (D. magna) embryos have also 
been used in the study of environmental hormones. 
Our recent study demonstrated that plant growth 
regulators (PGRs) cause acute toxicity to and have 
teratogenic effects on D. magna juveniles and 
embryos [24]. The parthenogenetic developmental 
stages of D. magna embryos are of potential 
benefit in the evaluation of the effects of synthetic 
compounds on aquatic ecosystems [25].

Numerous studies have been conducted on the 
antibacterial, antifungal, and antiviral activities 
of natural and synthetic phenolic compounds 
including various substituted BAs and sodium 
nitrite [26, 27]. Until recently, most studies on the 
acute toxicity of food additives and LD50, LC50 
and IC50 values of individual toxins have been 
on monkeys, rats, mice, rabbits, fish (Gambusia 

af f inis), bacter ia (Salmonella t yphimurium, 
Escherichia coli), and human cells (HepG2, BEAS-
2B)[28. 29, 30, 31, 32]. In contrast, studies on the effects of 
BA and sodium nitrite, as well as other carboxylic 
acids, on freshwater crustaceans have been limited. 
To the best of our knowledge, the effects of BA 
and sodium nitrite on freshwater crustacean D. 
magna embryos have not been reported. The aims 
of this study were to investigate the impact of BA 
and sodium nitrite on growth, reproduction, and 
embryonic development of D. magna.

Materials and methods

Chemicals
BA (CAS.no. 00065-85-0), IUPAC name 

Benzenecarboxylic acid, molecular formula 
C6H5COOH, molecular weight 122.123 g/mol, 
colorless crystalline solid, solubility in water 3.44 g/
L (25 °C), and sodium nitrite (CAS no. 07632-00-
0), IUPAC name sodium nitrate, molecular formula 
NaNO3, molecular weight 84.9947 g/mol, colorless 
crystals, solubility in water 91.2 g/100 mL (25 °C), 
were both purchased from Sigma Aldrich Co., USA. 
(Fig.1)

Chlorella vulgaris strains and culture conditions
Stocks of green algae, Chlorella vulgaris (C. 

vulgaris), have been cultured in our laboratory at 
Chung Shan Medical University since 2001. For 
this study, BG11 medium (75 mg/L MgSO4•7H2O, 
40 mg/L K2HPO4•3H2O, 27 mg/L CaCl2, 20 mg/
L Na2CO3,1500 mg/L NaNO3, 6 mg/L citric acid 
monohydrate, 6 mg/L ammonium ferric citrate, 1 
mg/L Na2EDTA) with 1 mL trace metal solution 
(2.86 mg/L H3BO3, 1.81 mg/L MnCl2•4H2O, 0.39 
mg/L Na2MoO4•2H2O, 0.222 mg/L ZnSO4•7H2O) 
was used. Culture medium was autoclaved at 
121.5°C for 30 min.

C. vulgaris was cultivated in 2000-mL flasks 
plugged with perforated rubber stopper. A glass 
tube was pushed through the stopper with one end 
placed close to the flask bottom for gas supply. 
Three Philips straight fluorescent tubes (40 W/tube) 
were positioned 6 cm from the flasks. Illumination 
intensity was about 6000 lux with photoperiodicity 
of 16:8 (light for 16 h and dark for 8 h). The 
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temperature was maintained at 25 ± 2°C with air-
conditioning. The gases were sterilized using 0.2 
μm PTFE gas filter diaphragm Midisart-2000 
(SRP65, Sartorius, Germany) with 4% CO2 as 
carbon source at a rate of 0.5 v/v/min. The solution 
pH was 6-8. After seven days of culture, the 
concentration of C. vulgaris reached 1.0 x 106 cells/
mL. The actual number of C. vulgaris cells was 
counted with a hemocytometer under a dissecting 
microscope [25].

Acute toxicity tests on D. magna neonates
D. magna populations have been maintained 

par thenogenetically at Chung Shan Medical 
University since 2001. D. magna used in this study 
were kept at approximately 20°C in 10 L tanks on a 
windowsill of the laboratory. The tanks generated 
enough green algae (C. vulgaris) to sustain a colony 
of several hundred for at least 6 months. The tanks 
were topped up alternately with dechlorinated and 
conditioned tap water to replenish water loss from 
evaporation and aerated with filtered air.

Simulated high-hardness medium was employed 
in the preparation of a series of concentrations 
of dilution water for acute toxicity tests [33, 34]. 
These tests were performed in 50 mL of medium 
in 100 mL glass beakers. Beakers containing D. 
magna neonates were placed in a growth chamber 
(temperature 20 ± 2°C, under a 16/8 h light/dark 
cycle). To evaluate the acute toxicities of BA and 
sodium nitrite, D. magna neonates, randomly 
selected from laboratory cultures (< 24 h old, 
≥ third brood), were exposed to the simulated 
high-hardness medium (control) or varying 
concentrations of BA (range 500 to 1000 mg/L) or 
sodium nitrite (5 to 100 mg/L). Four replicates of 
five D. magna neonates each were used according 
to US EPA procedures [35]. Immobilization and 
mortality of D. magna neonates in each beaker were 
assessed under a low-magnification microscope 
(10-63 times magnification, Nikon SMZ800, Japan) 
every 24 h during the test period. Immobility was 
the endpoint for determining acute toxicity. D. 
magna neonates that showed no movement, within 
15 s of gentle stirring, were defined as immobile. 
EC50 values were calculated on probit analysis [36] 
according to nominal concentrations.

Acute toxicity tests on D. magna embryos
Immediately after the release of the third 

brood, females were isolated from the culture 
and observed until the passage of new embryos 
from the ovaries to the brood chamber. This 
time point was taken as time zero of embryonic 
development. Eight hours after time zero, females 
were placed under a dissecting microscope and 
embryos were removed by introducing a small 
pipette with simulated high-hardness medium 
into the brood chamber to create a low f low to 
push the embryos to the microscope slide [24, 37, 

38]. After being washed, embryos were placed in 
individual wells of tissue culture plates with 300 
mL of control medium or with β-agonist at desired 
concentration (according to the lowest observed 
effect concentration (LOEC) for neonates at 48 h). 
For each concentration, there were 20 replicates. 
Embryos were incubated at a constant temperature 
(20 ± 2°C) with a photoperiod of 16 h (light):8 h 
(dark). Embryonic development was observed at 24, 
48 and 72 h under a low-magnification microscope. 
The percentage of embr yos that  exhibited 
developmental abnormalities was determined 
when the development of daphnids in the control 
group was complete. Abnormalities included 
incomplete development of antennae, helmet, 
rostrum, Malpighian tube, and sensory bristles, as 
well as bent tail spine. For the analysis of toxicity 
to embryos, 48 h EC50 values and 95% confidence 
limits were calculated on probit analysis [36] based 
on nominal concentrations.

Teratogenic assay
The series of test concentrations for teratogenic 

assay were based on the 48 h LOECs for the two 
β-agonists. Ten replicates per concentration were 
used. Embryos (8 h-old eggs; stage 2) were washed 
and placed in individual wells of tissue culture 
plates with 300 mL of control medium or with 
preservative at the desired concentrations. They 
were incubated at a constant temperature (20 ± 2°C) 
with a photoperiod of 16 h (light):8 h (dark) and 
subjected to microscopic examination every 24 h to 
determine developmental stage and abnormalities. 
T he  development  t i me of  each  D. mag na 
neonate that hatched was recorded, in addition 
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to morphological abnormalities in the carapace, 
first and second antennae, eyes, brood chamber, 
abdominal protuberance, Malpighian tube, sensory 
bristles, tail spine, and pigmentation, regardless of 
survival status [25, 39, 40, 41].

Statistical analysis
EC50 values were calculated on Probit analysis 

using SAS statistical software (SAS Institute, Inc., 
Cary, NC). One-way ANOVA and Tukey test were 
used for comparisons with controls.

Results

Acute toxicities of benzoic acid and sodium 
nitrite to D. magna embryos and neonates 

In this study, the acute toxicities of preservatives, 
as defined by 24 and 48 h EC50 values, were 
determined using D. magna embryos and neonates. 
Control groups were cultured in simulated high-
hardness medium (Table 1). Results of 24-h 
exposure indicated that D. magna embryos are 
less sensitive to BA and sodium nitrite. Prolonged 
sodium nitrite exposure of 48 h resulted in a decline 
in EC50 value of D. magna embryos, implying 
increase in sodium nitrite toxicity over time (48 h 
EC50 = 57.9±3.5 mg/L). The toxicity ratio of 24 h 
EC50/48 h EC50 indicated that acute toxic effects of 
sodium nitrite on daphnid embryos occur after the 
first 24 h and worsen from 24 to 48 h. D. magna 
neonate 48 h EC50 values (95% CI) were 135.2±4.7 
mg/L for BA and 55.8±6.2 mg/L for sodium nitrite. 
Acute toxicity increased with duration of exposure 
for both preservatives. Moreover, the toxicity of 
sodium nitrite to D. magna neonates was 2.4 times 
that of BA.

Teratogenic effects of benzoic acid and sodium 
nitrite on D. magna

Table 2 illustrates the toxic effects of BA 
and sodium nitrite on D. magna embryos. After 
72 h exposure, differing degrees of teratogenic 
effects were observed, such as growth retardation, 
forelimb deformities, heart defects, Malpighian 
tube malformation, visceral atrophy, carapace 

deformities, tail spine defects, and albinism, when 
compared with control group (Fig. 2). 

For a preliminary test to determine dose toxicity, 
sodium nitrite was added at nominal concentrations 
from 5 to 40 mg/L at the beginning of culture. Four 
replicates of five stage 1 or 2 embryos each were 
exposed to sodium nitrite at each concentration. 
Incubation continued for 4 days, with medium 
change after 2 days. In the control group without 
sodium nitrite treatment, all the embryos developed 
and hatched neonates were observed on the second 
day after the start of culture. After 48 hours and 
comparison with the control group, the test group 
showed poor development with shrunken antennae 
and forelimbs, slightly atrophied helmet, deformed 
rostrum, poorly formed digestive caeca, atrophied 
brood chamber, undifferentiated Malpighian 
tube, incompletely differentiated splanchnic cells, 
deformed and open carapace, shrunken sensory 
bristles, and bent tail spine (Fig. 3a). After exposure 
for 72 hours, test group showed immobility and 
activity was lower than that of control group. 
Moreover,  antennae had not  s t retched out 
fully, compound eyes had not closed and were 
distorted and swollen, heart showed deformities, 
brood chamber was shrunken, carapace showed 
corrugations, sensory bristles were shrunken, 
tail spine was bent, and growth retardation was 
observed (Fig. 3b). Following exposure for 96 
hours, sodium nitrite induced teratogenic effects 
on the formation of internal organs and carapace or 
death of D. magna, when compared with exposure 
for 72 hours (Fig. 3c). The results showed that a 
higher concentration of sodium nitrite and long-
term exposure cause severe teratogenic effects on D. 
magna embryos.

Chronic toxicities of benzoic acid and sodium 
nitrite on D. magna embryos

To ensure the feasibility of chronic toxicity 
test of preservatives on D. magna embryos, 
concentrations of BA and sodium nitrite were 
based on 48h-EC10 value ± 20% (i.e. 80 and 120 
mg/L for BA and 20 and 30 mg/L for sodium 
nitrite) for 72 h pre-test. The results are shown in 
Fig. 4. Fig. 4a and 4b illustrate the toxic effects of 
BA on D. magna embryos. After 72 h exposure, 
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deformities were observed. The higher the BA 
concentration, the more severe the deformities. 
Similar results were obtained for sodium nitrite. 
Sodium nitrite continued to induce teratogenic 
effects between 48 and 72 h of exposure during 
which embryos developed into neonates. After 72 
h exposure, deformities were observed. The higher 
the sodium nitrite concentration, the more severe 
the deformities including those that were fatal (Fig. 
4c and 4d). 

As mentioned above, we attempted to observe 
the chronic toxicity of BA and sodium nitrite to D. 
magna embryos for 21 days. Concentrations of BA 
and sodium nitrite were based on 48h-EC10 values of 
neonate acute toxicity. The results are shown in Table 
3. In general, long-term exposure of D. magna to 
preservatives led to delayed first brood and changes 
in number of hatchlings, as well as differences in 
offspring sex ratio, number of offspring I hatchlings, 
number of living generations, and survival rate. The 
impact of sodium nitrite on D. magna embryos was 
greater than that of BA (p<0.001) and both food 
additives affected D. magna.

Discussion

There has been increasing interest in the use 
of invertebrates, especially aquatic crustaceans, 
as model organisms due to the need for non-
mammalian systems to evaluate toxicities of 
chemicals and environmental pollutants [42]. The 
results of this study indicated that daphnid embryo 
assay is more sensitive than acute daphnid neonate 
immobilization assay for BA and sodium nitrite. 
Material Safety Data Sheet (MSDS) provided 
by Merck Taiwan rarely records the LC50 values 
of daphnids or only shows EC50 values. In this 
study, the LC50 and EC50 values of daphnids were 
lower than the LD50 value of rats [43], indicating 
that the EC50 value of daphnids is more sensitive 
than the LD50 value of rats [44, 45]. In animal models 
of chronic toxicity, EC50 of D. magna cannot be 
compared with LD50 of rats. Based on MSDS 
data, BA and sodium nitrite show no toxic effects 
on daphnids. However, in this study, 100 mg/L 
of BA and 25 mg/L of sodium nitrite produced 

toxic effects on D. magna embryos after 72 h, 
respectively. Therefore, the results of this study can 
be used to supplement MSDS data. 

Muccini et al. [46] reported that the ionized and 
un-ionized forms of halobenzoic acids contribute 
differently to toxicity. Zhao et al. [47] reported acute 
toxicities of BA to D. magna at three different 
pH values (6.0, 7.8, and 9.0). Toxicities decreased 
as pH increased. Kamaya et al. [27] reported that 
hydroxylated BA has lower pKa value, although 
with higher toxicity than meta- and/or para-
hydroxylated BA, indicating that hydroxyl-benzoate 
derivatives behave differently from halo-benzoates. 
In this study, during the immobilization toxicity 
test, BA was substituted with hydroxyl (OH) and/
or methoxyl (OMe) groups on the benzene ring 
under neutralized conditions. BA 48h- EC50 has 
been reported to be 447 mg/L [27], which was higher 
than in this study (120.4±3.2 mg/L, embryo 48 h 
EC50), pointing to the precision of this study. BA 
induced morphological abnormalities and delayed 
embryonic development. Similar results have been 
noted for phenols [37]. In both studies, 2 to 6-h-old 
cleaved eggs (between stage 1 and 2) were used. 
Eggs in earlier stages of development might be 
more sensitive to embryonic development and to 
detection of malformation. However, it is difficult to 
remove eggs less than 2-h old uninjured from adult 
females. Additionally, treatment of immature eggs 
is difficult to control due to rapid developmental 
processes. More advanced handling techniques will 
be needed to overcome these challenges.

Inhibition test of D. magna embryo immersion 
using sodium nitrate showed no change within 
the first 24 hours. This may have been due to the 
shell covering of the embryo, which reduced drug 
permeability [42]. After incubation for 48 hours, the 
embryo became a neonate. At that time, the outer 
shell disappeared, allowing the drug to permeate 
and causing deformity. When food additives are 
given to organisms in excessive amounts, they 
may cause toxic reactions. For example, nitrite-
nitrate containing foods react with endogen amines 
to form carcinogenic and mutagenic cells. It is 
well documented that certain types of foods and 
beverages for human consumption pose toxic, 
genotoxic, or carcinogenic hazards. Sarıkaya and 
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Çakır [17] suggested that sodium nitrate is toxic 
to and causes deformation of human neural cells, 
which is consistent with the results of this study. 
Sodium nitrate at concentrations below 12.4 mg/L 
demonstrated toxic effects on D. magna embryos, 
indicating that the toxic effects on organisms is 
significant. The results of this study are consistent 
with those of previous studies. Thus, it is necessary 
to be concerned about dosage. This study revealed 
that there are relationships among concentration, 
exposure duration, and deformities of D. magna 
embryos. Deformities positively correlated with 
duration. As the concentration increased, the rate 
of deformity increased. Moreover, at a constant 
concentration, the rate of deformity increased 
as the duration increased. These results were 
confirmed on chronic toxicity test (Table 3).

Conclusion

An assay system using D. magna embryos was 
applied to the investigation of the adverse effects of 
food additives. Data was compared with that of the 
literature. Daphnia embryos were markedly more 
sensitive to BA and sodium nitrite than juveniles. 
In addition, sodium nitrite had higher toxicity to 
Daphnia embryos than BA, suggesting that sodium 
nitrite holds potential risk and that its use as a food 
additive should be restricted. The present study 
clearly demonstrated that BA and sodium nitrite 
cause acute toxicity to and teratogenic effects on D. 
magna neonates and embryos, respectively. In this 
study, D. magna embryos were used to detect the 
toxicity of food additives as indicators of sensitivity 
and teratogenic effects.
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