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Maintaining genomic stability is inevitable for organism survival and it is challenged by mutagenic 
agents, which include ultraviolet (UV) radiation. Whenever DNA damage occurs, it is sensed by DNA‑
repairing proteins and thereby performing the DNA‑repair mechanism. Specifically, in response to 
DNA damage, H2AX is a key protein involved in initiating the DNA‑repair processes. In this present 
study, we investigate the effect of UV‑C on earthworm, Perionyx excavatus and analyzed the DNA‑
damage response. Briefly, we expose the worms to different doses of UV‑C and find that worms are 
highly sensitive to UV‑C. As a primary response, earthworms produce coelomic fluid followed by 
autotomy. However, tissue inflammation followed by death is observed when we expose worm to 
increased doses of UV‑C. In particular, UV‑C promotes damages in skin layers and on the contrary, it 
mediates the chloragogen and epithelial outgrowth in intestinal tissues. Furthermore, UV‑C promotes 
DNA damages followed by upregulation of H2AX on dose‑dependent manner. Our finding confirms 
DNA damage caused by UV‑C is directly proportional to the expression of H2AX. In short, we conclude 
that H2AX is present in the invertebrate earthworm, which plays an evolutionarily conserved role in 
DNA damage event as like that in higher animals.

For the survival of organisms, maintenance of genome integrity is crucial and  inevitable1. In the context of 
evolution, higher organisms have developed complex mechanisms to identify and repair DNA  breaks2,3. The 
DNA damage engages with a series of cellular response events that result in either cell cycle arrest or in some 
extreme cases it leads to  apoptosis4. When the DNA damage occurs, its hurried and synchronized action of 
various signaling pathways, including cell-cycle checkpoint  activation5,6, histone modification near the site of 
the  break7, chromatin  remodeling8, cohesins  modulation9, and activation of DNA-repair  proteins6. Many of the 
defects in these pathways lead to several disorders in  human5. The genome integrity is challenged by several 
factors and one of the main factors is UV  radiation10. Therefore, studies on UV radiation on biological system 
is getting more attention.

Ultraviolet (UV) is one of the components of solar radiation, which is classified into UV-A (320–400 nm), 
UV-B (280–320 nm), and UV-C (200–280 nm)11. The UV-C and most of the UV-B do not have the ability to 
reach Earth because it is stopped by the stratospheric ozone layer. Therefore, only UV-A and slight UV-B reach 
the  Earth12. As reported already, the total stratospheric ozone layer depleted by 10% so that the UV-B reaching 
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the Earth’s surface increased by 20%13. However, a recent study shows that there is some recovery from ozone 
depletion; but that is not significant except in  Antarctica14. Although UV-C has not reached the Earth’s surface 
from the solar light, many man-made activities like arc-welding  torches15, mercury lamps, UV sanitizing  bulbs16 
emit UV-C. Similarly, UV-C is highly used for post-harvest  improvement17 and also used in food industries as 
 disinfection18. Even in the COVID-19 pandemic, people are suggesting to use low dose of UV-C (222 nm) to 
reduce the ambient level of airborne viruses with positive results coming out in in-vitro  experiments19; but how 
safe it is in the real-world environment is questionable. UV-A light is poorly absorbed by most biomolecules; 
however, it can damage DNA indirectly through the photosensitizer molecules. UV-B is directly absorbed by 
nucleic acids and generates reactive oxygen species, oxidative stress, and inducing DNA damage. UV-C is also 
strappingly absorbed by nucleic acids of purine as well as pyrimidine bases and generate excited-state species, 
which leads to DNA damage and results in cell death or  mutation20,21.

H2A histone family member X is a type of histone protein and referred to as H2AX. The phosphorylated 
H2AX (γH2AX) foci formation is a potent tool used to study DNA double standard break formation and repair 
after genomic damage, change in chromosome dynamics, and signalling mechanisms associated with DNA 
damage  response22,23. H2AX is highly conserved from Giardia intestinalis to Homo sapiens24. Reports clearly 
suggest that UV exposure induces  H2AX25. In addition, solar radiation effects on the living system have been 
highly  discussed26,27; but limited studies discussed the effect of UV-C in animals. Concerns with high depletion 
of the ozone layer and increasing uses of artificial UV-C lead us to showcase the importance of UV-C effect on 
the animal system.

Earthworms are hermaphrodite, segmented, tubular worm, which come under phylum-Annelida, class-
Oligochaeta28. These are widely used as a model system for  regeneration29 and toxicology studies,  worldwide30. 
In the present study, we investigated the effect of UV-C on earthworm, Perionyx excavatus and its impact on 
genome integrity. In addition, we explored the presence of H2AX protein in earthworm and confirm its role in 
DNA repairing event.

Results
Effect of UV‑C on earthworm behavior. Earthworms are used as an animal model for the current exper-
imental setup as described in materials and methods section. P. excavatus like other species of earthworm has a 
segmented body including head, clitellum, post clitellum and tail region (Fig. 1), and it looks smooth and shiny 
(Figs. 1,2A). Before proceeding with the experiments, it is essential to know the behavior of the earthworm 
under daylight and night conditions. In the night condition, the crawling speed of P. excavatus is very slow and 
noted as relaxed crawling. But under the daylight condition at laminar airflow, it looks slightly stressed and 
the crawling speed is slightly higher when compared to the night condition. Interestingly, if you switch off the 
normal light and switch on the UV-C light, it shows the vigorous altered behavior with a lift up of one-fifth of 
their body from the platform and shaking it (Supplementary Video S1). Generally, whenever they gets stressed, 
they start to release a thick yellow colored coelomic fluid through their dorsal pores (Fig. 2B). Notably, earth-
worm crawling speed doubles when they are exposed to increasing dose of UV light; but once it is over the 
optimal tolerance level, that is, UV exposure dose of 5 min hinders their active crawling along with secretion of a 
flimsy, colorless coelomic fluid around their dorsal surface (Fig. 2C). However, it is visible in white color patches 
following a 15 h post UV-C treatment, which shows the increasing appearance on the dorsal skin respectively 
from 2 min (Fig. 2D), 3 min (Fig. 2E), and 5 min (Fig. 2F). But the similar formation of white color patches on 
the dorsal surface of the worm is not observed in control and 1 min UV-C exposed worms. 

Survival ability of earthworm following UV‑C exposure. All the groups of UV treated worms (1, 2, 
3, and 5 min) survive till 15 h of post-UV-C treatment. But after 15–20 h of post-UV treatment, we can observe 
worm mortality and notable skin damage. In 1 min UV-C-treated group, slight skin burns are visible in 1/10 
worms, but all other worms are alive and active. In 2 min UV-C-treated group, 2/10 worms die and another 2/10 

Figure 1.  Morphology of earthworm, P. excavatus. The anterior region of the worm (1 to 12th segments) is called 
as head, which comprises of prostomium, brain, heart, seminal vesicles, testis (1), Muscular thick portion that 
occurs behind the head region is called as clitellum and it is located in between 13–17th segment (2), Following 
clitellum region, there are no notable organ system present in the post clitellum region except a pair of prostate 
gland that lies on 18th segment (3). The posterior end of the worm is called tail region (4).
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worms are highly damaged in the outer tissue layer and the remaining 6/10 worms are alive. In 3 min UV-C-
treated group, 4/10 worms die, 2/10 worms are highly damaged in the outer skin layer, and the remaining 4/10 
worms are alive. But we observe 100% mortality in 5 min UV-C-treated worms after 20 h of post UV exposure 
(Fig. 3). Similarly, the entire group of worms in 2 min and 3 min UV-treated groups died within 72 and 48 h, 
respectively. The 1 min UV-C-treated worms show 100% UV tolerance without any mortality similar to control 
group.

Phenotypic observation. After 20 h of post UV treatment, except in the control worm (Fig. 4A–C), phe-
notypic changes are observed in all other groups of worms. In 1 min UV-treated group, 1/10 worms show slight 
skin burn (Fig. 4D,E). But in all other groups (2, 3, and 5 min UV-exposed worms), distinct phenotypic changes 
are observed as shown in Fig. 4G–O. In 2 min UV-treated worms, the following notable characteristic changes 
are observed: (1) Skin burns observed in all the worms (Fig. 4G,H); (2) Segment swellings observed in 1/10 
worms (Fig. 5A); (3) Cleavage furrow formation in 4/10 worms (Figs. 4G,5C); and (4) Damaged tail detaches by 
autotomy 1/10 worms (Figs. 4G,5B). In 3 min UV-C-treated worms, tissue inflammation is observed in post-cli-
tellum segments with distinguished tissue color change from brownish to slight yellow in 6/10 worms (Fig. 4J,K). 
In 2/10 worms, the cleavage furrow formed in the post-clitellum segment proceed further to form detached 
segments (Fig. 5D). In 5 min UV-treated group, severe tissue inflammation is observed in the post-clitellum 

Figure 2.  Releasing of earthworm coelomic fluid in different condition. (A) Control worms without stress not 
releasing coelomic fluid on the dorsal surface. (B) Releasing of coelomic fluid in 10% ethanol. (C) Releasing of 
coelomic fluid after 5 min of UV-C treatment. (D–F) White color patch of coelomic fluid visible after 15 h of 
post UV-C exposure of 2, 3, and 5 min, respectively.

Figure 3.  Mortality rate after 20 h of post-UV-C treatment at various doses. No individual worms died in the 
control group. When the earthworms are exposed to 1 min of UV-C exposure, no mortality is observed. But 
after exposure to higher doses of (2, 3, and 5 min) exposure, it shows the mortality rate of 20%, 40%, and 100%, 
respectively.
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segments with a distinct knot-like structure formation in 8/10 worms (Fig. 4M,N). In the knot formation site, 
the brownish skin color turns to blackish pale yellow color. Another interesting observation noticed is in the tail 
region of the UV-C-treated worm where the tissue color gradually changes from pale yellow to greenish yellow, 
which is more prominently visible in 5 min-treated group (Fig. 4C,F,I,L,O). The crawling speed of the worms 
slowdown in the 2 and 3 min UV-C-treated group with high incidence of slow crawling observed in highly dam-
aged. Similarly, in 3 and 5 min UV-C-treated groups, 3/10 and 2/10 worms observe high weight loss along with 
dehydrated tissue nature (Fig. 5E). The knot formation and degeneration occur in 5 min UV-C-treated group at 
posterior segments, but no such changes are visible in the anterior region from prostomium to clitellum region 
(Fig. 5F). 

Pathological effects of UV‑C. Histological sectioning of control worm tissue architecture show no tissue 
damage in intestinal cavity, intestinal epithelial layer (Fig. 6A) and in three skin layers, namely epidermal layer, 
circular muscle, and longitudinal layer. Additionally, the coelomic cavity, which occurs in between intestinal 
tissue and the skin tissue layers shows free-flow space and slight accumulation of coelomocytes (Fig. 6B,C). 
In 1 min UV-C-treated groups, no substantial damage or change is observed (Fig. 6D–F) when compared to 

Figure 4.  Phenotypic changes in the earthworm, P. excavatus after 20 h of post-UV-C exposure. (A–C), (D–
F), (G–I), (J–L) and (M–O) respectively from control, 1, 2, 3, and 5 min UV-C-treated worms. Control worms 
without exposure to UV-C (A–C). Slight burn occur in UV-C, 1 min treated worms (D, E); autotomy (red 
arrow), and cleavage furrow (black arrow) visible in UV-C, 2 min treated worms (G); tissue inflammation visible 
in UV-C, 3 min treated worms (J, K); High inflammatory, tissue segments (dead worm) appear in UV-C, 5 min 
treated worms (M, N). No tissue damage observed in control post clitellum region (B). The damage is clearly 
visible in the post clitellum region and it increases from 1, 2, 3 and 5 min UV-C treated worms respectivily E, H, 
K and N. No color change in control group tail (C). The yellow color appears and gradually increases in the tail 
region of the 1, 2, 3, 5 min UV-C treated worms respectivily  from F, I, L and O.
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control, but in the dorsal side of the skin, the epithelial flip structure is disturbed notably (Fig. 6E). However, 
in 2 min UV-C-treated group, the coelomic fluid cavity is highly reduced (Fig. 6G–I); the epidermis is highly 
damaged with collapsed flip structure; circular muscle layer shows slight damage and increased tissue pattern of 
longitudinal tissue layer on the dorsal side (Fig. 6H). Moreover, notable coelomocyte accumulation is observed 
in both dorsal and ventral side (Fig. 6H,I). Interestingly, in 3 min UV-C-treated group, the intestine gets shrunk, 
no space is observed in between the adjacent intestinal epithelium and thereby completely blocking the passage 
of food (Fig. 6J). Additionally, the outgrowth of chloragogen tissue layer at the dorsal side pushes the coelomo-
cyte towards the damaged skin layer and thereby seals the entire tissue layer and blocks the free flow of coelomic 
fluid (Fig. 6J,K). Overall, the dorsal side of the worm is highly exposed to UV-C and receives more damage with 
an enlarged epithelial layer together with the collapsed flip structure. UV-C-induced damages are commonly 
observed in the circular muscle layer with collapsed structure. In high UV-C dose, reduced tissue pattern of 
longitudinal skin layer is also observed. The skin layer together with chloragogen tissue and coelomic fluid 
make it a condensed stagnated structure (Fig. 6K). Similarly, at the ventral side, stagnant or condensed coelomic 
fluid towards the chloragogen tissue layer is visible and notably the coelomic fluid free flow space in between 
ventral skin tissue and the longitudinal layer is highly reduced (Fig. 6L). Similarly, in 5 min UV-treated group, 
the inner side of intestinal epithelial tissues fuses at many sites preventing the free flow of food (soil). The outer 
face of intestinal tissue outgrowth merges with the overlaying longitudinal cell layers along with the coelomo-
cytes (Fig. 6M). The dorsal and ventral sides of the 5 min-treated group are similar with the 3 min-treated group 
(Fig. 6N,M). However, there is an unknown visible structure observed (Fluorescent green arrow) in-between the 
intestinal tissue and the accumulated coelomocytes of the ventral side of the worm (Fig. 6L,O).

UV‑C effect on earthworm genome integrity. The genome integrity of the earthworm is analyzed 
by DNA fragmentation assay. DNA is isolated from UV-C-treated and the control group of earthworms and 
resolved in agarose gel electrophoresis. In the control group, genomic DNA is clearly visible as a single band, 
but in the UV-C-treated groups, DNA fragments are visible as a sheared band because of the fragmented DNA. 
The fragmentation gradually increases from UV-C 1 min- to UV-C 5 min-treated group. The DNA fragmenta-
tion is high in the UV-C 3 min- and 5 min-treated group (Fig. 7A). The data confirms that the earthworm DNA 
damage is increased by increasing the UV-C dose. Further to confirm the UV-C-induced DNA damage, alkaline 
comet assay is performed using the DNA that are isolated from the UV-C treated earthworm tissue, which shows 
DNA damage increases in a dose-dependent manner which are revealed through the increasing size of the comet 
length. In control, the DNA is visible as circular in structure, but in 1 min-treated group it shows a slight halo 

Figure 5.  Phenotypic changes observed in earthworm, P. excavatus. After 20 h of post-UV-C exposure, tissue 
bulges are observed in some segments (A). Small pieces of tail segments are separated from the worm by 
autotomy (B). Cleavage furrow appears in the post clitellum region (C). Cleavage furrow almost proceeds with 
formation of detached segments (D). In the post clitellum region, the worm segment is fully dehydrated (E). 
Dead worms fully degenerated in the posterior region, but not in the anterior region from mouth to clitellum 
segments; but prostomium gets damaged heavily (F).
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Figure 6.  Longitudinal tissue structure of P. excavatus after 20 h of different doses of UV exposure (post clitellum section—figure 
panel (A), (D), (G), (J), and (M)—200 µm; dorsal side—figure panel (B), (E), (H), (K), and (N)—100 µm; ventral side—figure 
panel (C), (F), (I), (L), and (O)—100 µm). (Arrows green—intestinal cavity, blue—intestinal epithelium, sky blue—skin epithelium, 
violet—circular muscle, black—longitudinal tissue, yellow—coelomocyte, orange—coelomic fluid cavity, red—chloragogen tissue, 
fluorescent green—unknown structure). Longitudinal sections (LS) of P. excavatus without UV-C exposure (A–C) clearly show all the 
tissue structures without any damage. In 1 min UV-C-treated worms (D–F), (D)—the visible space in the intestinal cavity, (E)—flip 
structure collapsed in epithelial layer others are similar to (B), (F)—no notable changes in ventral side similar with (C). The 2 min-
treated worms show (G–I) (G)—similar to control, (H)—high damage in epithelial tissue and slight damage in circular muscle tissue, 
slight increase in size in the longitudinal tissue layer, no substantial space of coelomic fluid free flow space, (I)—reduction of coelomic 
fluid cavity and slightly increased accumulation of coelomocytes. UV-C for 3 min (J–L), (J)—highly reduced intestinal cavity space, 
overgrowth of intestinal epithelial tissues, (K)—fully collapsed and increased structure of epithelial, slight structural changes and 
damages of circular muscle, change in tissue pattern and reduction in size of longitudinal tissue layer, high production or accumulation 
of coelomocyte, substantial growth of chloragogen tissue layer, (L)—in ventral side, chloragogen tissue overgrowth, unknown structure 
(fluorescent green), accumulation of coelomocyte, coelomic fluid cavity space reduced the size of longitudinal tissue layer. Similarly, in 
5 min UV-C-treated group (M–O), (M)—intestinal cavity fully blacked, intestinal epithelial fused from both side, (N)—dorsal side is 
similar to (K), (O)—ventral side is similar with (L).
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structure around the comet head. Moreover, very few comet tails are visible in the same group. However, comet 
tail gradually increases from 2 min, 3 min, and 5 min UV-C-treated group (Fig. 7B) in parallel to the decrease 
in comet head. From the results it is evident that DNA single strand break and increased length of tail, which 
referred to the high DNA damage. These long comet tails are observed more in number in UV-C 3 and 5 min-
treated animals.

Effect of UV‑C on H2AX and β‑actin. To study the expression of H2AX and β-actin following UV-C 
treatment, Western blot analysis is performed. Briefly, protein lysate is prepared from the control and UV-C-
treated earthworms and subject to Western blotting against H2AX and β-actin antibodies. The data shown in 
Fig. 8A proves that upon exposure to increasing dose of UV-C, P. excavatus show gradual upregulation of H2AX 
expression from UV-C 1 min-treated to UV-C 3 min-treated groups. H2AX in the 1, 2- and 3-min UV-C-treated 
groups is overexpressed to a fold of 1.54, 2.14 and 3.26 times higher respectively than the control group (Fig. 8B). 
Similarly, β-actin, normally used as a loading control is also elevated in UV-C-treated groups. The expression 
level of β-actin is increased to 1.12, 1.96, 1.85 folds in UV- 1, 2, 3 min treated group respectively than in the 
control worm (Fig. 8B). Protein sample is not obtained from the 5 min-treated group because no more worms 
are alive in 5 min UV-C treated group following 20 h.

Discussion
Significance of coelomic fluid in earthworm survival. In this present study, the earthworm P. excava-
tus is used as an animal model to study the impact of UV-C on earthworm morphology and genomic integrity. 
Generally, if earthworms are under stress condition, they release coelomic fluid, which usually possesses several 
immune defence-related biological  functions31. The earthworm, P. excavatus coelomic fluid is yellow in color due 
to the presence of autofluorescence riboflavin in the type of coelomocyte called  eleocytes32 and the viscosity of 
the fluid is very high (Fig. 2B), which may facilitate more protection comparatively. But on increasing the UV-C 

Figure 7.  DNA fragmentation assay and Comet Assay. (A) DNA fragmentation assay—ladder (1 kb), Control 
group DNA with a single clear band and from 1, 2, 3, and 5 min UV-C-exposed earthworms, DNA are 
fragmented and come with dragged structure. The DNA fragmentation dragged is high in UV-C 3 and 5 min-
treated groups. (B) Comet assay—in control group, the DNA appears in a proper round structure whereas in 
1–5 min UV-C-treated group, it shows increased tail movement.
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exposure time (5 min), the nature of the exorcizing coelomic fluid changes results in secreting flimsy, colorless 
coelomic fluid (Fig. 2C), which appears as white color patches on the dorsal surface following 15 h of post UV-C 
treatment (Fig. 2D–F) is noted. The secretion of coelomic fluid is protective to certain extent but increasing the 
UV-C dose is not able to protect their skin from burn and subsequent death occurs. In human and some animals 
following UV irradiation, high amount of mediators is released through the skin, which include eicosanoids 
(PGE2, PGD2, PGF2a, LTB-4, 12-HETE), cytokines ( IL-1, IL-6, IL-8, TNF-alpha), growth factors ( TGF-beta, 
VEGF, NGF), vasoactive amines, and neuropeptides (histamine, bradykinin, CGRP)33. Some report suggesting 
that some chemicals and enzymes protect the organism from UV radiations; such as mycosporine-like amino 
acid and flavonol quercetin or  photolyase34–36.

Following exposure to UV-C, the ventral side of earthworm becomes slight yellowish when compared to 
control worms (Fig. 4C,F,I,L,O). It can be due to the increase in production of coelomic fluid and their stagnation 
at the site of damages. In earthworm, respiration is depending on the network of small blood vessels present in 
the body wall epidermis. The oxygen is taken from the moist surface of the body wall, which keeps moisture by 
mucous gland of the  epidermis28. When exposed to increased dose of UV-C, the epidermis and mucous gland 
get damaged, which makes it difficult to respire and leads to suffocation. Likewise, coelomic fluid circulation 
mainly depends on muscle contraction and the damaged epithelium causes abnormal muscle contraction that 
also leads to  suffocation37. While exposing to UV-C, we observe the vigorous behavior of earthworm and the 
worm tries to avoid the UV exposure, possibly due to the effect on sensory neurons. Similarly, zebrafish larvae 
also have negative phototaxis when exposed to UV  light38. In the earthworm body, there are nerve fibers and 
nerve plexus (motor neuron and sensory neuron), which arise from the segmental neuron. Specifically, nerve 
plexus occurs in the epidermis and it is well observed that the sensory cell of the epidermis transmits impulses 
directly to muscles as well as to the central nervous system of  earthworm39. Hence, UV-C radiation effects on 
motor neuron leads to muscle constrain. In the meantime, muscular coordination between the circular and 
longitudinal layer is very essential for proper muscular  contraction37 and in UV-C-exposed worms, the circu-
lar and longitudinal layers are damaged, which directly affects the crawling of earthworm. Collectively, upon 
increasing UV-C dose, the amount of coelomic fluid released is gradually increased and at the same time tissue 
respiration is highly affected.

Tissue response and assessment of autotomy. Many studies report the effects of UV radiation on sev-
eral  organisms40–42. In particular on earthworm, Chuang et al. in 2006 reported that the earthworm, Amynthas 
gracilis tolerate UV-A, dies when exposed to UV-B, and shows lower tolerance than Metaphire posthuma species 
when exposed to UV-B. But Pontoscolex corethrurus species show the highest tolerance and survival ability even 
at a high dose of UV-B37. In our present study, P. excavatus survive up to 15 h of post-UV-C treatment in all 
groups, but after 20 h of post UV treatment, damages are visible, which is directly proportional to the exposure 
dose of UV-C. The formation of white patches on the dorsal surface of the skin following UV-C exposure are 
commonly observed in all groups, except in 1 min UV-C-treated earthworms. Similarly, the zebrafish produces 
a systemic anti-inflammatory and strong proinflammatory responses upon UV  radiation43. However, the link 
between UV-B and immunity is reported in mice that UV-B suppresses the immune system by inhibiting mem-
ory and effector T-cells44. It also prevents atherosclerosis by regulating immuno-inflammatory  reactions45. In 
earthworm, immune cells are loaded in the coelomic fluid and its increasing secretion following UV-C exposure 
definitely triggers inflammatory responses associated with damage of cells. However, the mechanism of earth-
worm immunity needs to be thoroughly studied.

Several reports have shown that UV induces production of reactive oxygen species, photo-oxidation, and 
increase in the oxidative damage to  biomolecules46–48. Earthworm, Lumbricus terrestris secretes a photoreactive 
sterol and produces singlet following UV-A  exposure49. Similarly, UV-A induces apoptosis in the central nerv-
ous system in a p53-dependent  manner50. In our study, few worms in 3 min and most of the worms in 5 min 

Figure 8.  H2AX and β-actin expression in the earthworm, P. excavatus after 20 h of post UV-C exposure—(A) 
Western blot analysis, H2AX expression is gradually increased in 1 and 2 min UV-C exposed earthworms; in 
3 min UV-C-treated group double the expression of H2AX was observed when compared with the control 
group. Similarly, β-actin, the reference protein also shows upregulated expression as the dose of UV-C increases. 
(B) Quantification of H2AX and β-actin expression are done based on the band intensity and represented using 
bar diagram. To analyse the statistical significance, the experiments were repeated in triplicate and their value is 
represented as mean ± SD. p-value < 0.05 was considered as a statistically significant data.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21005  | https://doi.org/10.1038/s41598-020-77719-2

www.nature.com/scientificreports/

UV-treated groups showed knot-like structure formation (Fig. 4J,K,M,N) and it is referred to as inflammation. 
However, similar kinds of inflammation are not visible in the regions where most of the organs are present, which 
are located within 3rd to 18th segments which includes clitellum. The organs present in these segments may 
prevent them from visible UV damages than where no organ is present. There are multiple pathways for regu-
lated cell  death51. Still, UV-C induces death in earthworms and may perhaps lead by apoptosis and/or necrosis 
pathways. In Ly-5 murine lymphoma cells, UV-C induces apoptosis rather than  necrosis52. Several organisms 
like amphibians, reptiles, fishes, and arthropods have a special kind of defence quality to escape from predators 
by a special process named  autotomy53.

Autotomy is also reported in earthworm, Eudrilus eugeniae in which it helps to eliminate toxic material from 
their body. Earthworm accumulates the toxic material at the most end segments of the tail region and detaches 
them to survive the remaining parts of the  body30. In our study, the forming of cleavage furrow (Fig. 5C) proceeds 
further with a detachment of damaged segments (Figs. 4G,5D) and it happens mostly in the post clitellum region 
(Figs. 4G, 5C,D). Since the exposure of UV-C radiation on earthworm exposes all over the body and causes lethal 
effect, it is not possible to remove the genotoxic effects through autotomy process. In order to survive, worms can 
only stretch to detach the segments at the end of the tail region (Figs. 4G,5B); but even after a successful detach-
ment, either part of the worm fails to stay alive, suggesting that earthworm can survive using autotomy against 
lower toxic chemicals not when completely exposed to genotoxic UV-C. However, its competence of autotomy 
on genotoxic needs to be evaluated by further pointed UV exposure studies.

Notably, we observe that whenever the dose of UV-C increases, the damage is deep and highly visible in their 
skin tissues. Moreover, we observed outgrowth of intestinal tissue structures, which narrow down the intestine 
and coelomic cavity free flow spaces in the dorsal side (highly exposed tissue) and accumulate the coelomocytes 
towards damaged dorsal skin tissue (Fig. 6K,N). Similarly, in ventral side it was towards the intestinal tissue not 
towards the ventral skin. However, this accumulation of coelomocytes make way for free flow towards longi-
tudinal layer tissue of the ventral side (Fig. 6L,O). In overall, overgrowth of chloragogen establishes increased 
production of coelomic fluid, these overproduction make more coelomocytes availability towards damaged tissue. 
Upon UV exposure, overproduction of coelomocytes is reported in sea urchin  species54 and also in response 
to wound, the accumulation of coelomocytes occurs near wound sites in earthworm  species55, which supports 
our findings. These efforts show that worms attempt to tackle the tissue damage made by the UV-C. In contrast, 
interestingly this accumulated pressure in the coelomic cavity and intestinal epithelium overgrowth influence 
to shut the intestinal food path (Fig. 6J,M). In Metaphire posthuma, following 36 h of post UV-B exposure, the 
epidermis is pleated, and some epidermal cells show necrosis. But after 48 h of post exposure, the epidermis is 
damaged and some circular muscles are  deformed37. Notably, these effects are dependent on the dose and species 
tolerance, but in P. excavatus earthworm, it initiates deadly effect within a day. Based on our data, the effect of 
UV-C on earthworm shows obvious impacts and the phenotypical, pathological, and lethal assessment confirms 
that UV-C is more harmful radiation than any other subdivided UV spectrum.

The linkage between genome integrity and gene regulation. One of the main effects of radiation 
exposure is the formation of single strand (ssDNA) and DNA double-strand breaks (DSB) together referred to as 
DNA  damage56. High DSB levels can lead to cell death and low levels of DSB result in genomic rearrangements 
and may lead to cancer. In this present study, DNA fragmentation assay shows a clear picture of DNA dam-
age when earthworms are exposed to certain dose of UV-C (Fig. 7A). Many studies reveal that UV irradiation 
induces  apoptosis57,58 and few studies refer comet assay for indication of  apoptosis59 and some referred alka-
line comet assay for single strand DNA break. We performed alkaline comet assay and it further confirms that 
UV-C induces significant damage to the earthworm DNA in a dose-dependent manner (Fig. 7B). Tissue size of 
about 10–12 segments is taken for the sample preparation, which include all the tissue layers from both dorsal 
and ventral side. Therefore, we observed different size of the comet tail structure. But the high number of comet 
tails are observed in 2 min- and 3 min-treated animals, whereas the long comet tails are observed in 3 min and 
5 min-treated groups. However, 1 min-treated group also shows very few small comet tail DNA, which indicates 
that even in 1 min of UV exposure, it can damage the earthworm DNA and it could be in the outer layer tissue 
but it does not lead to death of the animal. The number of comet tail DNA in 5 min-treated group is lower than 
the 3 min-treated group. It might be due to DNA degradation and the DNA degradation during apoptosis is well 
 discussed60. An author discusses the importance of DNA fragmentation in apoptosis and also suggests that dur-
ing DNA fragmentation, DNA DSB can promote efficient  apoptosis61. However, DNA degradation during UV-
induced apoptosis in earthworms needs a detailed study. Through the tissue inflammation (Fig. 4J,K,M,N) and 
DNA damage (Fig. 7A,B), we infer that the UV-C-induced death in earthworm may be caused by both necrosis 
and apoptosis pathways.

During apoptosis, the initial DNA fragmentation encourages H2AX  phosphorylation62. Many reports sup-
port the importance of the histone variant H2AX in various other biological processes including cell division, 
embryonic development, neural stem cell development, and  ageing63. Mainly H2AX phosphorylation is consid-
ered in response to the DNA DSB and ssDNA formation. However, the UV-C that we used in this experiment 
does not produce DSB directly, but produces cyclobutane pyrimidine dimers (CPDs) and 6–4 photoproducts 
(6-4PP)  majorly64. Several reports suggest that H2AX phosphorylation depends on nucleotide excision repair 
(NER)65,66. In addition, UV radiation also generates DSB in an NER-dependent  manner56 and unrepaired SSB 
develops into DNA DSB during  mitosis67 The H2AX phosphorylation in response to DSB formation mediated 
by the major physiological factor ATM  kinase68 but for ssDNA formation ATR (the ATM- and Rad3-related 
protein kinase) phosphorylates the  H2AX69. But, phosphorylation of H2AX is mediated by all phosphoinositide 
3-kinase-related protein kinases (PIKKs), ATM, ATR, and DNA-dependent protein kinase (DNA-PK) in the 
case of DNA damage caused by  radiation70 suggesting that radiation causes ssDNA formation and DNA DSB. 
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Although H2AX is largely considered to be a DNA damage marker, UV irradiation induces phosphorylation of 
 H2AX71. In human cell lines, γH2AX formation is gradually increased up to 4 h when irradiated with 10–40 J/
m2 of UV-C72. Our result confirms that upregulation of H2AX is directly proportional to the increased level of 
DNA damages. The combined evidence suggests that DNA fragmentation or damage induced through UV-C 
radiation causes ssDNA formation and DSB, which leads to apoptosis and phosphorylation of H2AX as the signal 
for initiation of counteraction. However, increased dose of UV-C associated with increased DNA damage and 
apoptosis leads to mortality in earthworm.

Several attempts have been made in the past to identify stable and convenient endogenous control genes in 
human studies. Reports suggest that UV-B irradiation in human skin fibroblasts, β-actin and TUBB1 are used as 
the reference  genes73. Hence, we use β-actin as a reference gene for our experiments. Interestingly, we note β-actin 
gene expression is upregulated and it is visible in 2 min- and 3 min-treated groups (Fig. 8) when compared to 
control. Many of the reports show that the commonly used reference genes are not stable, the low-dose X-ray 
irradiation downregulates β-actin74; unregulated  CDKN1A75;18S and B2M genes are unstable under different 
radiation in human  cells76. In addition, recent studies show that one of the prominent reference gene, GAPDH 
expression significantly vary in the earthworm, Eisenia fetida under the exposure of UV filter 4-Hydroxybenzo-
phenone77. Therefore, housekeeping genes stability varies depending on cellular pathway response to the toxin. 
From our results, the upregulated expression of β-actin may be due to the need of the cells to maintain the cel-
lular integrity following UV-C exposure.

Conclusion
Based on behavioral, phenotypical, pathological, lethal effect, DNA damage, and the expression of H2AX ana-
lyzed in our study, we conclude that the earthworm, P. excavatus is highly sensitive to UV-C. Notably, frequency of 
those changes increases in the earthworm with an enhanced dose of UV-C. Further, UV-C affects the earthworm 
system and generate the ssDNA and DNA double strand breaks, thereby disturbing the genome integrity. Our 
study suggests that UV-C-induced cell death in earthworm is lead by apoptosis and necrosis pathway. Moreover, 
this study confirms the presence of H2AX protein in earthworm, which shows DNA damage response similar to 
higher animals like vertebrates. Since earthworms are widely used as an animal model system for regeneration 
and toxicology studies, our data steps the use of earthworm animal model in radiation research. In addition, we 
suggest that H2AX can be adopted as a marker for genotoxicity studies. On the other hand, we are focusing to 
study the influences of UV-C on earthworm regeneration.

Materials and methods
Earthworm culture. Earthworm, P. excavatus are purchased from ‘Karthik Vermi-compost Industry, Vadi-
patti, Madurai, India’. Worms are cultured in a plastic container filled with fine soil, cow dung, and leaf litters. 
Jaggery filtrates are regularly sprayed to the soil for effective culturing of earthworms. The containers are main-
tained with moisture at ambient temperature around 20–25 °C in a good ventilated room. The worm bed is 
regularly changed once every month by removing the vermicompost and compensates with soil and leaf litters.

Ethical statement. The experiments are carried out using lower invertebrate, earthworm therefore ethical 
statement is not needed. Necessary care is taken in experimental procedure that are intended to avoid unneces-
sary pain and suffering to the experimental animals.

UV‑C treatment. The mature worms weighing around 300  mg are selected for the present experimen-
tal studies. The worms are divided into five experimental groups and each group has ten worms in total. All 
the group worms are taken in a separate (20 × 18 × 15 cm) plastic tray. To maintain the wet surface, 10 ml of 
water is filled into the tray so that the tray is wet for few minutes. Following that, the worms are exposed to 
UV-C for different time periods 1, 2, 3, and 5 min. The UV source is laminar airflow and wavelength of that 
UV-C light is 253.7 nm and the exposed area is 120 × 60 × 55 cm. Consequently, exposure dose is calculated as 
1 min = 1.423 ×  10–17 J/m2, 2 min = 2.85 ×  10–17 J/m2, 3 min = 4.27 ×  10–17 J/m2, 5 min = 7.13 ×  10–17 J/m2 (detailed 
calculation available in supplementary data 1). But the control groups are not exposed to the UV-C. Following 
one-time UV-C exposure, all the worms are maintained in a regular bed. After 15th and 20th hours of post UV 
treatment, the visible physiological changes are analyzed. All the samples are collected from the post clitellum 
region of earthworm for following experiments.

Histology. Histology is performed to study the impact of UV-C-treated earthworms by analyzing the cellu-
lar structures, morphological changes, and tissue damage. Briefly, worm tissues are fixed with 10% formalin for 
24 h. Then gradient (60–100%) isopropyl alcohol is used to dehydrate followed by clearing it with xylene. Fol-
lowing the clearing step, the tissue samples are embedded with paraffin wax. The embedded tissues are sectioned 
into 6 μm thick sections using a rotary microtome (Leica-RM2125 RTS). Further, the sections are rehydrated 
and stained with Hematoxylin and Eosin mounted with DPX mounting agent. The results are observed under 
light microscope (Leica-DM2000LED) and documented.

DNA extraction and DNA fragmentation assay by agarose gel electrophoresis. DNA is isolated 
from all the earthworm groups, including control worms, UV-C 1, 2, 3, and 5 min-treated groups. In brief, the 
small pieces of tissues are taken and washed with ice-cold PBS buffer. Then it is taken in the vial and added with 
50 μl of digestion buffer, homogenized and further incubated at 50 °C for 6–12 h. Following incubation, homog-
enized tissues are added with equal amount of a mixture of phenol, chloroform, and isopropyl alcohol in the 
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ratio of (25:24:1) and kept in a rocker for 10 min. At that point, transfer the aqueous layer to a fresh tube and add 
half the volume of ammonium acetate and double the volume of 100% ethanol. Later, centrifuge this mixture at 
10,000 rpm for 2 min. Subsequently, remove the supernatant and add 700 μl of 70% ethanol to the pellet and mix 
well. Repeat the step again and dry the pellet for a few minutes. Finally, add 50 μl of 1 × TE buffer to the dried 
pelleted DNA, mix well, and store it at 4 °C. The isolated DNA is in 1% agarose gel electrophoresis. DNA bands 
are analyzed and compared with the control group.

Comet assay. Cell isolation. The earthworm tissue is washed with ice cold water and cut into very small 
tissue fragments. Then the cell is dissociated from the tissue fragment in ice cold PBS containing 50 mM EDTA 
and 0.1% trypsin by using fine needles. Further, transfer the cell suspension into a centrifuge tube and allow to 
stand it for 5 min at room temperature to settle down the debris. Subsequently, the supernatant is collected by 
centrifugation at 1000 rpm for 4 min, the supernatant is discarded and the pellet is added with ice cold PBS. Re-
peat the step once again and collect the cell and mix it well with ice cold PBS and keep at 4 °C in dark condition.

Slide preparation. The Comet slide base layer is coated with the 0.75% low melting agarose on frosted glass 
slide at a temperature of 40 °C. Then it is kept at 4 °C for 15 min. Later, the earthworm cell suspension is mixed 
with low melting agarose in 1:10 ratio at 37 °C. Subsequently, 100 μl of this suspension is taken and coated on the 
base layer of the prepared slide and allowed to dry at 4 °C for 15 min in dark condition.

Further, it is treated with lysis buffer (contains triton × 100) for 1 h followed by incubation in alkaline solu-
tion for 30 min in ice cold condition. Then it is run in the electrophoresis at 35 V for 15 min. Later slides are 
transferred into pre-chilled water and immersed for 2 min twice. Later, transfer it to pre-chilled 70% ethanol for 
5 min and allow it to dry in a horizontal position. Finally, the slides are incubated with Bisbenzimide Hoechst 
3342 fluorescent stain for 15 min followed by documentation using Evos inverted fluorescence microscope.

SDS PAGE and immunoblotting. The earthworm, P. excavatus tissues are taken for the protein sample 
preparation. Briefly, tissues are homogenized with 2 × protein sample buffer and the homogenate are boiled for 
5 min. Subsequently, 10 μg of each protein samples are resolved in 12% SDS-PAGE. The resolved proteins in 
the SDS-PAGE gel are transferred to the PVDF membrane. The membrane is then incubated with a primary 
antibody, H2AX (Rabbit polyclonal, Abcam-ab20669), and β-Actin (Mouse monoclonal, Abcam-ab8227) at the 
dilution of 1:5000 at 4 °C for 6 h. Following incubation, the membrane is washed with 1 × PBST buffer thrice and 
incubated with secondary antibody, anti-rabbit IgG, HRP (produced in goat, Sigma-A0545), and Anti-mouse 
IgG, HRP (produced in goat Abcam-ab6789) at a dilution of 1:10,000 for 2 h at room temperature. Following the 
washing step, the band signals in the membrane are developed using an X-ray film. The ECL is a chemilumines-
cent substrate used for the detection of horseradish peroxidase (HRP). After incubating the membrane in ECL 
substrate solution for 1 min, the membrane is removed and excess liquid is drained out. Then the membrane is 
placed inside the transparent plastic sheet and positioned inside the cassette followed by situating an X-ray film 
over it to close the cassette to capture the signals. After 5 min of exposure, the X-ray film is immersed few times 
in the developer solution and the signals in the X-ray film are developed followed by immersion in water. Later, 
immerse it in fixture solution followed by water. Then, the X-ray film is allowed to dry for documentation.

Statistical analysis. Survival graph (Kaplan–Meier) for the UV-C-treated earthworms is plotted using the 
statistical software—GraphPad Prism, Version 5.01. Briefly, UV-C treatment of the earthworms, death, and live 
worms are counted and plotted in the (Kaplan–Meier) survival graph. All other experiments are repeated for at 
least three times to obtain the statistical significance. The data obtained were analysed using the statistical soft-
ware SPSS (version 22.0; IBM Corp., USA) and expressed as mean ± SD. The results were considered as statistical 
significance when the p-value < 0.05.

Data availability
All data generated or analyzed during this study are included in this published article.
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