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Abstract: The wide use of rare-earth elements in China for aquacultural purposes and many other
applications has resulted in their accumulation in the aquatic environment and has caused concern
about their safety. In this study, we tested the toxicity of lanthanum (La (III)) to the early life stages
(embryonic and sac-fry stages) of the rare minnow Gobiocypris rarus Ye & Fu, 1983. We exposed
fertilized eggs to 0, 0.06, 0.13, 0.25, 0.50, 1.00, and 1.92 mg /L of La (III) until the yolk sac was exhausted
in any group (at about 168 h of exposure). Exposure to 1.00 and 1.92 mg/L La (III) had obvious
lethal effects on embryos, La (III) exposure also accelerated the development of embryos and had a
significant inhibitory effect on the hatching rate after 96 h. As the exposure time increased, the larvae
exhibited obvious yolk-sac edema, pericardium edema, spinal curvature, tail bending, and other
symptoms of poisoning, including deflated swim-bladder. In general, these results clearly indicate
that La pollutants hinder the development of rare minnow embryos and are acutely toxic to rare
minnow larvae. Our finding would provide a theoretical basis for further research of relevant feed
additive criteria for this fish.

Keywords: lanthanum pollutant; Gobiocypris rarus; toxicity test; development; growth

1. Introduction

Seventeen chemical elements in the periodic table, including lanthanum (La), consti-
tute the rare earth elements (REEs) [1]. Generally, the concentration of rare earth elements
in natural seawater is only 0.01 pg/L [2]. But, due to their ability to improve meat quality,
nutrient digestibility, and intestinal digestive enzyme activity in organisms, REEs are used
on a large scale and in agriculture as feed additives for poultry, livestock, and aquacul-
ture [3,4]. This wide use results in REE accumulation in the environment, especially in
aquatic ecosystems [5]. For example, the total dissolved REE concentration in the Wo-
jiang river, China’s Jiangxi Province mining area ranges from 363 to 117,520 ug/L [6]. In
rivers near mining areas in Shanxi Province, the La (III) content varies between 0.116 and
8.260 ng/L due to wastewater discharge and surface runoff, and leakage of REEs [7]. These
reports show that the water around mines in China has been contaminated with REEs, and
the lack of remediation in these areas has led to REE pollution spreading to water bodies far
removed from mining areas. For example, researchers recently reported that the contents
of total dissolved REEs (14 elements) in Taihu Lake ranged from 46.86 to 112.50 ng/L [8].

Data clearly show that REEs pollution exists, and its toxicity to aquatic organisms
requires further study. Chen et al. [9] reported that exposure to La (III) could induce
oxidative stress and DNA damage in the liver of rats, and Zarros et al. [10] found that
La exposure impaired cognitive function in children. Chronic exposure to 20 pg/mL La
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inhibited growth of the Cyanobacterium (Anabaena azollae) and decreased its chlorophyll a
synthesis and oxygen-production activity [11]. Exposure to La induced nuclear anomalies,
blebs, and notches in erythrocytes of the rare minnow (Gobiocypris rarus) [12] and carp
(Cyprinus carpio Linnaeus) [13]. These reports indicate that aquatic organisms exposed to La
may experience physiological toxicity, cytotoxicity, and genotoxicity. The early life stages
of fish are more sensitive to contaminants than the juvenile and adult stages. Thus, studies
of the effect of La on the early development of fish species are critical to understanding
the toxicity of this element and to provide a theoretical basis for further research and
development of relevant feed additive criteria for this fish.

The rare minnow is a freshwater cyprinid fish, with a short generation time (3 or
4 months), tolerance to a range of temperatures (0 to 30 °C), and sensitivity to environmental
pollutants [14]. Currently, it is the only native Chinese fish species recommended by the
National Standard of China (GB/T29763-2013) for use in biological tests of the aquatic
environment. To date, only two studies of the chronic toxic effect of La on its adult
species have been reported [12,15], and whether La exposure adversely influences its early
development was unknown prior to our study.

In the present study, we tested the toxicity of La (III) to the early life stages (embryo
and sac-fry stages) of the rare minnow. The aims of this study were to assess the toxicity of
La (III) to rare minnow embryos and to provide a scientific basis for establishing relevant
feed additives levels for this fish.

2. Materials and Methods
2.1. Chemicals and Reagents

The test compound used in this study was lanthanum chloride heptahydrate (LaCl3-7H,0,
analytical grade 99.999% purity), which was produced by Sigma-Aldrich Corporation (St.
Louis, MO, USA). A 100 mg/L La (III) stock solution was prepared in double-distilled
water at the beginning of the experiment and stored in the dark at 4 °C until use in
this experiment.

2.2. Embryo Collection and Culture

Eggs were obtained from artificial spawning of rare minnow broodstock cultured at
the National Aquatic Biological Resource Center, NABRC. Fertilized eggs were examined
at 8 h post-fertilization using a dissecting microscope (Olympus B41, Hamburg, Germany),
and we selected 630 eggs that appeared to be developing normally (i.e., without coagulation
or signs of deformation) for use in this study. These eggs were transferred to 21,600 mL
(12 cm diameter) cylindrical glass containers (Huaou Industry, Yanchang, China), each
containing 30 eggs. During the experimental period, the photoperiod was maintained at
12L:12D from 08:00 to 20:00. The water temperature, dissolved oxygen content, and pH
were monitored daily (DZB-718L, Leici, INESA scientific instrument Co., Ltd., Shanghai,
China) and maintained at 22.78 £ 0.98 °C, 6.62 £ 0.36 mg/L, and 7.22 £ 0.06, respectively.
All of the experimental procedures were conducted following the guidelines set by the
Animal Care and Use Committee of Wuhan Polytechnic University (Approval protocol No.
WUPU-20160701) and were in line with the National Guiding Principles for the Care and
Use of Laboratory Animals.

2.3. Experimental Design
2.3.1. Chronic Toxicity Assay of Embryonic and Sac-Fry Stages

The chronic toxicity assay of embryonic and sac-fry stages was carried out according to
the Organisation for Economic Cooperation and Development (OECD) guideline 212 [16].
The embryos were randomly divided into seven groups of 30 embryos per container with
three replicates. The previous study reported that the median lethal concentration (LCsp)
value at 96 h for rare minnow was 1.92 mg/L [15]. Thus, we set up a control group
(0.00 mg/L) and six La (III) test concentration groups at 0.06, 0.13, 0.25 mg/L, 0.50, 1.00,
and 1.92 mg/L. Ninety percent of the exposure solutions was renewed daily in order to
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8 h post-fertilization
embryos

Monitored every 24 h Survival rate, body length
for 168 h using dissecting and body weight were
microscope Abnormal symptoms of ~ measured. and calculated.
30 embryos embryos or larvae were
photographed.

maintain the test concentrations. The embryos or larvae were monitored every 24 h for
168 h, and dead individuals were removed (Figure 1). Deceased embryos were identified
as appearing cloudy and opaque under the microscope due to a large amount of white floc
caused by protein coagulation or precipitation. Deceased larvae were identified as those
that lacked a heartbeat, failed to move, and lacked a response to a physical stimulus (touch
with the pipette tip). Food was not provided, and the experiment was discontinued when
the yolk sac was consumed in any group. At the end of the experiment, the mortality of
embryos/larvae was recorded.

0, 0.06, 0.13, 0.25 mg/L,
0.50, 1.00, and 1.92
mg/L La (III), 168 h Dead individuals recorded microscopically at exposed

Spontaneous movement frequency
and heart rate of embryos were

were removed. for 38 h and 48 h.

Figure 1. The experimental design of the chronic toxicity assay of embryonic and sac-fry stages.

2.3.2. Signs of Embryonic and Sac-Fry Stage Toxicity

Daily observations of abnormal development, including yolk sac edema and pericar-
dial edema, and mortality were performed based on the lethal and sublethal toxicological
endpoints provided by OECD guidelines [16] and on previously published methods. Spon-
taneous movement frequency of embryos was recorded microscopically at exposed for 38 h,
for six randomly selected embryos from each replicate in a room with constant temperature
(22.78 £ 0.98 °C). The number of heartbeats within 20 s of each group of surviving embryos
was detected to calculate heart rate when exposed for 48 h. Newly hatched larvae were
monitored under a dissecting microscope. After hatching, larvae were observed every 24 h
after being anesthetized in 100 mg/L tricaine methanesulfonate (MS-222, Sigma Aldrich, St
Louis, MO, USA) buffered with 10 mg/L sodium bicarbonate (NaHCO3). The number of
individuals with abnormal symptoms (yolk-sac edema, pericardium edema, deflated swim
bladder, weak pigmentation, spine curvature, and body shortening) was determined under
the dissecting microscope. During the experimental period, the observed embryos/larvae
were returned to the cylindrical glass containers for further observation. After 168 h of
exposure, the survival rate was calculated, and the body length of surviving larvae was
measured (Figure 1). Ten larvae per replicate were placed together in one weighing bottle,
dried to a constant weight at 105 °C, and dry weight was recorded using a Mettler Toledo
XS 105DU balance. All observations were made by the same investigator.

2.4. Statistical Analysis

All data are shown as mean = standard deviation (SD). Data were checked for nor-
mality and assumptions of homogeneity of variance using the Kolmogorov-Smirnov and
Levene tests, respectively. Due to normality and homogeneity of variance, data were
analyzed by one-way analysis of variance (ANOVA). Statistically significant differences
between the control group and exposure groups were confirmed by the least significant dif-
ference test using SPSS 19.0 (IBM, Armonk, NY, USA). p < 0.05 and p < 0.01 were considered
to be statistically significant and highly statistically significant, respectively. All figures
were created using OriginPro 8.0 (OriginLab, Northampton, MA, USA) and Photoshop CS
7.0 (Adobe, San Jose, CA, USA).

The parameters were calculated as follows:

Hatchability (%) = (number hatching/the total number of eggs) x 100

Survival rate (%) = [survival number (at end of test)/number of hatching] x 100
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3. Results

3.1. Hatchability and Survival Rates

The hatchability in the control group was 2.22 £ 1.92% at 72 h and 57.78 £ 3.85%
at 96 h. Compared to the control group, the 0.06 mg/L La (IlI) exposure group had a
slightly higher hatchability (p > 0.05), and a significant increase was observed as the La (III)
concentration increased (p < 0.01). However, none of the embryos in the groups exposed
to 1.00 and 1.92 mg/L La (III) survived after 72 h. After 96 h of exposure, the hatchability
of the 0.06-0.50 mg/L exposure groups were significantly lower than that of the control

group (p < 0.01) (Figure 2).
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Figure 2. Effects of La (III) on hatchability of rare minnow embryos. Error bars represent standard
deviation. * Significant difference from the control group (p < 0.05) and ** highly significant difference

from the control group (p < 0.01).

We also detected a concentration-time-dependent decrease in the survival rate of rare
minnows exposed to La (III). The survival rate in the control group was 64.45 £ 5.09% at
168 h of exposure, but it was significantly lower in the 0.06 and 0.13 mg/L La (III) exposure
groups (p < 0.01). At 120 h, all larvae in the higher concentration group (>0.13 mg/L) had

died (Table 1).

Table 1. Survival rates following exposure of rare minnows to different levels of La (III) for varying durations.

0.06 0.13 0.25
La (III) concentration (mg/L)

A4

0.

La (III) Survival Rate (%)
Concentration (mg/L) 24h 48h 72h 96 h 120h 144 h 168 h
0 98.9 4+ 1.93 98.9 +1.93 90.0 + 333 84.4 4193 744 + 193 67.8 +3.85 64.4 & 5.09
0.06 98.9 +1.93 95.6 + 5.09 94.4 +1.93 711+ 3.85* 53.3 4 12.62 ** 15.6 & 8.39 ** 22+ 3.85*
013 97.8 £1.93 97.8 £1.93 711 £ 1072 * 533 +12.02* 34.4 £ 12,62 ** 23.3 + 6.67 ** 6.7 £ 577 *
025 96.7 +3.33 96.7 + 3.33 53.3 &+ 8.82 17.8 4839 * 0.0 & 0.00 ** 0.0 4 0.00 ** 0.0 & 0.00 **
050 98.9 +1.93 97.8 +1.93 12.2 4+ 6.94 % 0.0 % 0.00 ** 0.0 % 0.00 ** 0.0 = 0.00 ** 0.0 % 0.00 **
1.00 97.8 +1.93 31.1 4 694 % 0.0 % 0.00 ** 0.0 % 0.00 ** 0.0 % 0.00 ** 0.0 % 0.00 ** 0.0 % 0.00 **
1.92 944 +193* 0.0 = 0.00 ** 0.0 = 0.00 ** 0.0 = 0.00 ** 0.0 = 0.00 ** 0.0 = 0.00 ** 0.0 = 0.00 **

Data are expressed as means £ SD. * p < 0.05 and ** p < 0.01.

3.2. Body and Heart Development

We measured spontaneous movements to evaluate body development in rare minnow
embryos. In the control group, the spontaneous movement frequency of embryos was
8.7 & 2.34 time /30 s at 38 h of exposure. The spontaneous movement frequency of embryos
in the low-concentration La (III) exposure groups (0.06, 0.13, and 0.25 mg/L) was lower
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than that of the control at 38 h (p > 0.05), and it was significantly lower in the 0.50 mg/L
exposure group (p < 0.01) (Figure 3).
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Figure 3. Effects of La (III) on spontaneous movement frequency of rare minnow embryos at 38 h.
Error bars represent SD. ** Highly significant difference from the control group (p < 0.01).

We used heart rate to evaluate heart development in the embryos. In the control
group, the heart rates of embryos at 40 h and 60 h of exposure were 40.3 + 1.86 and
46.8 £ 1.72 beat/30 s, respectively. The average heart rate of rare minnow embryos in-
creased after exposure to the lower concentrations of La (III) (p > 0.05), but it significantly
decreased at higher concentrations of La (III) (>0.25 mg/L, p < 0.01) (Figure 4).

60 r [140h
E 50F N 60h
g 4“ B * **** —
s 30}
:. -
v 20
-
= 10}
0 N k %

0.00 0.06 013 025 0.50 1.00
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Figure 4. Effects of La (III) on the heart rate of rare minnow embryos. Error bars represent SD.
** Highly significant difference from the control group (p < 0.01).

3.3. Signs of La (1) Toxicity in Rare Minnow Embryos/Larvae

The development of rare minnow embryos/larvae was severely affected by La (III)
exposure. Abnormal symptoms in embryos were primarily egg condensation, melanin de-
pletion, embryo autolysis, and eyespot disappearance (Figure 5A-D). Abnormal symptoms
in larvae were mainly yolk sac edema, pericardium edema, deflated swim bladder, weak
pigmentation, spine curvature, and body shortening (Figure 5E-L).
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Figure 5. Effects of exposure to La (III) on developing embryos/larvae of rare minnows. The black
arrows represent the following: (A) embryonic eggs condensation; (B) normal embryos; (C) melanin
depletion; (D) embryo autolysis and eyespot disappearance; (E) normal larva; (F) yolk-sac edema and
blood circulation disorder; (G) spinal curvature; (H) tail ending; (I) pericardium edema and blood
circulation disorder; (J) body bending; (K) no functional swim-bladder; (L) edema rupture.

3.4. Growth

La (III) had severe toxicity effects on the growth of rare minnow larvae. In the
control group, the mean body length and body weight of larvae were 4.36 & 0.37 mm and
1.23 & 0.25 mg, respectively. La (III) exposure significantly reduced the body length of rare
minnow larvae (p < 0.05), but there was no significantly difference in body weight (p > 0.05)
(Figure 6).
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Figure 6. Effects of La (III) on body length (A) and body weight (B) of rare minnow larvae at 168 h.
Error bars represent SD. * Significant difference from the control group (p < 0.05).

4. Discussion

REEs are widely used as feed additives because they can improve meat quality, nutrient
digestibility, and intestinal digestive enzyme activity in organisms. However, little is known
about their toxicity [3,4]. We previously reported that La caused erythrocytes with nuclear
anomalies, blebs, and notches in rare minnow [12]. Yong et al. [17] found that La exposure
could increase micronucleus frequency, DNA single-strand breaks, and unscheduled DNA
synthesis in cultured human lymphocytes. Thus, REE-associated toxicity is an important
research focus.

Chemical substances can be absorbed by fish embryos and eventually be transported
into the yolk sac and body, which suggests that these toxic substances could persist through-
out embryonic development [18,19]. Due to their relative ease of culture and sensitivity,
fish species at the embryo and yolk-fry stages are often used in toxicity tests [20]. In this
study, we used rare minnow embryos to test the effects of chronic exposure to La (III) to
evaluate the developmental toxicity of this REE on aquatic organisms.

La (III) exposure had severe toxic effects on the growth and development of rare
minnow embryos/larvae, including decreased survival rate and body length, reduced
spontaneous movement frequency and heart rate, increased the symptoms of malforma-
tion, such as yolk sac edema, pericardial edema, spinal curvature, and deflated swim
bladder. Remarkably, no obvious difference in weight was detected between the control
group and the exposure groups. A similar phenomenon was reported for other chemical
pollutants [21,22], which suggests that survival rate, malformation, and body length are
the best and most easily assessed indicators to evaluate the toxicity effects of La pollutants
on rare minnows. For the symptoms of malformation, Chen et al. [23] found that heavy
mental could inhibit the entry of calcium (Ca) into fish, resulting in abnormal development.
In addition, Dubé et al. [24] indicated that La (IIT) had an ionic radius close to that of Ca?*
(100 pm), which could promote the displacement of calcium at various binding sites. Thus,
the symptoms of malformation in exposed rare minnow larvae may be due to the fact that
La (III) in an ionic state could inhibit Ca?* from entering rare minnow larvae, which would
result in malformation.

We found 1.00 mg/L La (III) exposure prevented the embryo from hatching. It is well
known that adenosine cells secrete high levels of chorionic enzymes during hatching and
low levels of chorionic enzymes during embryo incubation [25]. Fish hatching is completed
by breakage of the egg membrane under the action of chorionic enzymes and twisting of the
embryo [26]. However, chorionic enzymes are only present for a short period of time during
the embryo hatching process, and they are susceptible to external pollutants [27]. During
embryonic development, La may enter the embryo and affect the development of the yolk,
and this change may directly reduce the hatching rate and increase yolk sac edema. On the
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other hand, the survival rate of La (III) exposure groups significantly decreased compared
with the control group. This result may be related to the absence of egg membrane, which
directly exposed rare minnow larvae to La (III), thus resulting in their death.

We also found that 1.00 mg/L La (III) exposure was acutely toxic to rare minnow
embryos, and malformation occurred at 48 h in this exposure group. Oral et al. [28] found
that 1.389 mg/L La (III) induced 100% developmental defects in sea urchin (Paracentrotus
lividus) embryo, without causing embryonic mortality. But, Balusamy et al. [29] showed
that 1000 mg/L La (III) had an absence of toxic effect on Chlorella sp. This considerable
difference in La toxicity to embryos and sac-fry suggests that rare minnows are more
sensitive to La (III) pollutants. Thus, different standards are needed for different species
when La is used as a feed additive.

5. Conclusions

In the present study, we found that exposure to 1.00 mg/L La (III) was acutely toxic
to rare minnow embryos. Additionally, the La (III) concentrations tested had a significant
inhibitory effect on embryonic development. The larvae showed obvious pericardium
edema, yolk-sac edema, spinal curvature, tail bending, and other poisoning symptom:s,
including a deflated swim-bladder. Thus, La pollutants pose a threat to this species.
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