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Abstract

The effects of ionizing radiation on the reproductive system have always been a matter of great interest. Both artificial and
naturally occurring ionizing radiation can directly or indirectly affect the reproductive system via the introduction of DNA single-
strand and double-strand breaks, the excitation of water molecules, and the generation of free radicals. In order to quantitatively
investigate the effects of ionizing radiation on reproductive function, ®°Co v irradiation was applied on a model organism,
Caenorhabditis elegans (C. elegans). The egg-laying and embryo-hatching activities were observed for the parent (FO) and the first 2
progeny (FI and F2) generations. The incidence rate of ovipositor malformation was also recorded. Acridine orange was used to
detect the number of apoptotic germ cells. With the above metrics, the effects of 0Co v irradiation on the reproductive function
of C. elegans were systematically evaluated. The results showed that the postirradiation egg-laying and embryo-hatching activities
of the FO generation were increasingly suppressed by increasing doses of ®°Co 7 irradiation. Those of the F| generation showed a
trend toward recovery although also suppressed by the radiation to the FO generation compared with the control. Those
activities were restored to normal or near-normal levels for the F2 generation. The incidence rate of ovipositor malformation was
greatly increased by 0Co y irradiation according to radiation doses. Gamma irradiation by 0Co also substantially induced germ
cell apoptosis, and the apoptosis rate increased with increasing radiation doses. Therefore, ®°Co 7y irradiation affects the
reproductive function of C. elegans. The suppression on its reproductive function increases with increasing radiation doses. The
reproductive functions of progeny generations are also affected and weakened.
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to many advantages more amenable than the mouse model. C.

Tonizing radiation poses certain health hazards.' It can have .
elegans is an unsegmented pseudocoelomate and a transparent
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nematode living in temperate soil environments and feeding on
bacteria. Although it is a simple organism, its many advantages
such as the short life cycle, the obvious developmental stage, the
small size, the ease of culturing in the laboratory, and the sen-
sitivity toward environmental changes make it a popular and
useful model in genetic studies.”® It has been widely used for
research in modern developmental biology, genetics, environ-
mental toxicology, and so on.” Studies using C. elegans for the
effects of radiation on germ cell apoptosis have been reported in
the literature. In our work, we report a study on the effects of
0Co v irradiation on the reproductive function of C. elegans in
terms of egg-laying and embryo-hatching activities as well as
ovipositor malformation.

Methods and Materials

Caenorhabditis elegans Description and Subgrouping

The wild-type C. elegans N2 and Escherichia coli OP50 were
kindly donated by Dr Huimin Zhang from School of Basic
Medicine and Life Sciences, Suzhou University.'® The
C. elegans samples were cultured in the Nematode Growth
Media (NGM) agar medium containing E coli OP50 at 20°C.
According to the different irradiation doses they received, the
samples were divided into 4 groups: 0 Gy, 50 Gy, 100 Gy, and
200 Gy. Twenty worms were observed and recorded in each

group.

Caenorhabditis elegans Life-Cycle Synchronization

Following the method of Shen et al,'! the C. elegans nematodes
were washed with M9 and placed into the bleach solution when
most of them entered the adult phase. As such, the nematodes
in the synchronous L1 phase were obtained. After culturing at
20°C for 28 hours, the worms were harvested in the L4 phase.
To synchronize the descendant worms, the spawning female
nematodes were selected and placed in new NGM petri dishes
for 2 hours. The progeny worms were selected and cultured at
20°C for 37 hours before harvesting in the L4 phase.

Irradiation

The ®°Co vy irradiator in the State Key Laboratory of Radiation
Medicine and Protection, School of Radiation Medicine and Pro-
tection, Soochow University, was used for the study. All irradia-
tion was carried out as a single-dose total body irradiation with a
25 Gy/min dose rate at the 20°C room temperature. All worms
were irradiated in the L4 phase. Immediately after irradiation, the
worms were transferred to a new NGM agar medium containing
E coli OP50 and cultured at 20°C until they became adult worms.

Assessment on Egg-Laying and Embryo-Hatching
Activities
The worms synchronized in the L4 phase were individually

placed into petri dishes and transferred every 24 hours until
they no longer laid eggs. The total egg count was recorded for

each worm to evaluate the brood size.'? The measurement
method of Swain et al was followed. All egg-containing petri
dishes were incubated at 20°C for 2 to 3 days until the larvae
reached the L3 or L4 phase. The number of offspring larvae in
each petri dish was recorded as the live egg count, and the
number of unhatched eggs was recorded as the dead egg count.
The hatching rate was calculated as the ratio of the live egg
count to the total egg count (the sum of the live egg count and
the dead egg count).

Assessment on Ovipositor Malformation Rates

Following the method of Wu et al,'* the worms were observed
and photographed under a microscope. The ovipositor mal-
formation rate was calculated as the ratio of the number of
worms with an ovipositor malformation to that of all worms in
each group.

Assessment on Germ Cell Apoptosis

Germ cell apoptosis was determined by generally following the
method of Kelly et al with slight modifications.'* After irradia-
tion, late-stage L4 hermaphrodites were picked and aged for 20
hours. The adults were placed in a 96-well plate. An amount of
100-puL M9 solution containing a small amount of OP50 was
added, and the worms were stained by 25 pg/mL of acridine
orange for 1 hour. The worms were subsequently aspirated and
placed in an NGM medium without food for a 2-hour recovery.
The worms were then obtained and placed at the center of a
slide containing 30 puL of levamisole for observation with fluor-
escence microscopy. Under the microscope, the normal live
cells were evenly stained with green fluorescence with normal
green nucleus; whereas the apoptotic cells were dyed into den-
sely stained green pellets of various sizes. Because the anterior
arm of the C. elegans gonad is substantially affected by the
intestine, only the apoptotic cells in the posterior arm of the
gonad were quantified in this experiment.

Statistical Analysis

The results were analyzed using SPSS23.0 software. Data were
presented as mean (standard deviation). Intergroup comparisons
were conducted using the one-way analysis of variance, and the
statistical significance was evaluated using the lease square dif-
ference ¢ test. P <.05 as the difference was considered statisti-
cally significant. Each experiment was repeated at least 3 times.

Results

Effects of °Co 7 Irradiation of Varying Doses on

the Egg-Laying Activities of FO, Fl, and F2 Generation
C. elegans

Post ®°Co 1 irradiation, the egg-laying capacity of C. elegans
was severely inhibited (Figure 1). The irradiation significantly

reduced the egg-laying capacity of adult C. elegans in the FO
generation, and the severity increased with increasing radiation
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Figure 1. Effects of ®°Co 1 irradiation on the egg-laying activities of Caenorhabditis elegans. A, Brood sizes of C. elegans at different irradiation
doses to the FO generation; *P < .05 versus FO group. B, Brood sizes of C. elegans for different generations; *P < .05 versus 0 Gy group. *indicates
a statistically significant difference between the 2 groups (P <.05). Note: For the 200 Gy group, all FO worms lost the egg-laying capacity, so there

is no 200 Gy data set depicted in the figure.

doses. Compared with the control group (0 Gy), the average
egg count of the 50 Gy group decreased by 67.90% (¢ = 11.74,
P <.05), and that of the 100 Gy group decreased by 98.67%
(t = 27.54, P < .05). It is noteworthy that when exposed to
200 Gy, all nematodes lost their egg-laying capacity and led to
a 0 egg count in the FO generation. The egg-laying capacity of
the F1 generation worms was also affected by the FO irradiation.
Compared with the control group, the average F1 egg count of
the 50 Gy group was 27.84% lower (¢ = 4.22, P < .05), and that
of the 100 Gy group was 57.41% lower (¢ = 7.14, P < .05). For
the F2 generation, the egg-laying capacity was restored and not
affected by the dose to the FO generation. At 50 Gy to the FO
generation, the egg-laying capacity of the F1 generation was
greatly recovered, and that of the F2 generation was completely
restored, with significant intergeneration differences (F = 30.45,
P <.05). At 100 Gy to the FO generation, the egg-laying capacity
of the F1 generation was still greatly undermined, and the
restoration was observed until the F2 generation.

Effects of °°Co v Irradiation of Varying Doses on the
Embryo-Hatching Activities of FO, FI, and F2 Generation
C. elegans

Post ®°Co vy irradiation, the embryo-hatching capacity of C.
elegans was also severely damaged, leading to lower survival
rates for the descendants. The irradiation significantly reduced
the embryo-hatching capacity of adult C. elegans in the FO
generation (Figure 2A), and the severity increased with increas-
ing radiation doses. Compared with the control group (0 Gy),
the average hatching rate of the 50 Gy group decreased by
15.17% (¢t = 5.78, P < .05), and that of the 100 Gy group
decreased by 82.36% (¢t = 11.94, P < .05; Figure 2D). The
embryo-hatching capacity of the F1 generation was also
affected. Compared with the control group, the F1 hatching
rate of the 50 Gy group was 5.10% lower (¢ = 3.32, P < .05),
and that of the 100 Gy group was 28.70% lower (¢ = 5.70, P <

.05; Figure 2B). In the F2 generation, the egg-hatching rate was
still inhibited by the FO irradiation. Compared with the control
group, the F2 hatching rate of the 50 Gy group was 1.51%
(t = 3.45, P < .05), and that of the 100 Gy group was 8.67%
lower (¢ = 3.20, P < .05; Figure 2C). Post ®°Co v irradiation to
the FO generation, the embryo-hatching rates of the F1 and F2
generations both partially recovered but were not completely
restored to normal levels (Figure 2E).

Effects on Ovipositor Malformation

The control nematodes, unexposed to radiation, had a smooth
ovipositor structure. Structural changes of the ovipositor were
observed after ®°Co y-ray irradiation. Two types of ovipositor
malformation were observed: ovipositor protuberance and ovi-
positor tumor (Figure 3A). Compared with the control group,
the ovipositor malformation incidence rate significantly
increased by 10 folds for the 50 Gy group (f = —7.07, P <
.05), by 25 folds for the 100 Gy group (¢ = —11.18, P <.05),
and by 31 folds for the 200 Gy group (¢t = —13.86, P < .05;
Figure 3B). The ovipositor malformation incidence rates sub-
stantially increased with the increase of radiation dose.

Effects on Germ Cell Apoptosis

Substantial induction of germ cell apoptosis by °Co v irradia-
tion was observed. Under the microscope, the normal live cells
were evenly stained with green fluorescence with normal green
nucleus, whereas the apoptotic cells were dyed into densely
stained green pellets of various sizes (Figure 4A). Compared
with the control group, the number of apoptotic cells increased
by 2.50 times (¢t = —13.16, P < .05) for the 50 Gy group, by
3.50 times (t = —18.43, P < .05) for the 100 Gy group, and
by 8.25 times (+ = —13.97, P < .05) for the 200 Gy group
(Figure 4B). With the increase in radiation dose, the number
of apoptotic cells also increased substantially.
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Figure 2. Effects of ®*Co y-ray irradiation on embryo-hatching activities of Caenorhabditis elegans. A, The total number of eggs and the number
of hatched eggs for the FO generation at different doses. B, The total number of eggs and the number of hatched eggs for the FI generation at
different doses. C, The total number of eggs and the number of hatched eggs for the F2 generation at different doses. D, The ratios of incubation
of C. elegans at different doses; *P < .05 versus 0 Gy group. E, The ratios of incubation of C. elegans for different generations; *P < .05 versus FO
group. #indicates a statistically significant difference between the 2 groups (P < .05). Note: For the 200 Gy group, all FO worms lost the egg-laying

capacity, so there is no 200 Gy data set depicted in the figure.

Discussion

Caenorhabditis elegans is a model organism whose adult
somatic cells remain constant but whose reproductive cells
remain proliferative for the entire life cycle but are susceptible
to various environmental factors such as ionizing radiation,'®
ultraviolet,'® and chemicals.'” The growth pattern of C. ele-
gans is relatively fixed. Compared with traditional rodent mod-
els, it takes only 3 days to develop from a fertilized egg to an
adult and then enters the spawning period. The number of its
offspring can be obtained after another 3 days of concentrated
spawning. Therefore, C. elegans has unique advantages in mul-
tigeneration studies. Therefore, this experiment used C. ele-
gans as the model organism to observe the effects of ionizing
radiation on the reproductive system.

Previous studies have shown that the lethality of C. elegans
was not significantly increased even when exposed to ionizing
radiation doses as high as 500 Gy.'®?° They can still develop
into adults even when exposed to ionizing radiation doses as
high as 120 Gy.?' But the reproductive system of C. elegans is
susceptible to ionizing radiation. Such kind of susceptibility
was also observed in our study. As the radiation dose increased,
both the egg-laying and embryo-hatching capacities of
C. elegans decreased and the ovipositor malformation rate
increased. Our study also found the impacts of ionizing radia-
tion on the offspring of the exposed C. elegans. Through the

quantification of the egg-laying counts and embryo-hatching
rates of C. elegans in F1 and F2 generations, we found a gra-
dual recovery trend as the generation progressed. In the F2
generation, the egg-laying capacity of C. elegans returned to
its normal level, but the hatching rate was still below its normal
level, indicating that the offspring survival rate gradually
increased with the generation progression but was still not
restored to normal levels in the F2 generation.

Apoptosis, also known as programmed cell death, is a fun-
damental feature of the development of multicellular animals.
It plays a decisive role in the clearance of aging and excess
cells as well as the maintenance of the homeostasis of normal
cells. Our study demonstrated that ionizing radiation signifi-
cantly increased the apoptosis of germ cells of C. elegans. With
the increase in radiation dose, the number of apoptotic cells
also increased significantly, and there was a dose-dependent
effect.?>** The apoptosis of C. elegans is controlled by various
genes that are similar to the mammalian genes that control the
apoptotic factors. Therefore, the study on the mechanism of
genetic regulation of apoptosis in C. elegans could enhance
and complement the researches on the biochemical and cellular
mechanisms of mammalian apoptosis. In our study, the ioniz-
ing radiation-induced apoptosis of germ cells of C. elegans was
observed.”*> Current studies have shown that the mitochon-
drial pathway, cell death receptor pathway, endoplasmic
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reticulum pathway, and DNA damage response (DDR) path-
way are essential for the apoptosis. While the germ cell apop-
tosis induced by ionizing radiation differs from apoptotic
somatic cell death. The sensitive part of radiation-induced
injury is in the nucleus, and DNA is a key target. We suspect
that the germ cell apoptosis is due to DDR, and its underlining
mechanism still awaits further investigation.
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