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ABSTRACT: Nonthermal atmospheric-pressure plasma (NTAPP) is known to induce a wide 
range of responses at the cellular level. This study is concerned with the effects of NTAPP 
on a eukaryotic organism as a whole: Drosophila melanogaster -

phenotypic anomalies in larvae (such as melanotic masses, melanized and broken trachea, 
incomplete shedding of the old cuticle during molting), morphological anomalies of pupae 
(small size, abnormal form, aberrant development, cryptocephalic forms), and developmental 
anomalies in adults (abnormal formation of wing, legs, and thorax); (2) larval behavior altera-

food, immature pupae formation); and (3) excessive fat accumulation and lipid oxidation. The 

endocrine system, in particular with the steroid hormone ecdysone. Results support the hy-

role in the interruption of normal ecdysogenesis.
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INTRODUCTION 

Exposure to nonthermal atmospheric pressure plasma (NTAPP) has been shown to in-
duce a broad array of biological responses. At the cellular level, there is evidence of that 
NTAPP can induce apoptosis,1 membrane poration,2 integrin activation,3 DNA damage,4 
platelet activation,5 6 increased cell proliferation,6 and cell cycle–
dependent cell death.7 At the tissue level, NTAPP has been associated with tissue regen-
eration,8 angiogenesis,9 and selective, dose-dependent reduction in tumor size.7,10,15

NTAPP generates reactive oxygen species (ROS), reactive nitrogen species (RNS), 
and ultraviolet (UV) radiation. ROS are thought to be the main contributors to the previ-
ously described results.11 The exact mechanism through which these radicals alter the 

such as lipid peroxidation26 and transmembrane protein conformational changes.3,27 
These suggest that the cell membrane is key in the NTAPP-induced activation of intra-
cellular signaling pathways12 culminating in the initiation of DNA damage.
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Several NTAPP generators are already in clinical use, in particular, for the treatment 
of chronic diabetes wounds13 and tumor bed exposure following surgical glial tumor 
removal.14 Yet, the overwhelming complexity of biological systems is such that it is 
imperative to further understand the mechanisms of interaction of nonequilibrium gas 
discharges with living organisms, tissues, and cells.

humans have turned Drosophila into an appropriate model to better understand the basis of 
many human diseases and disorders, such as obesity, hormone regulation, and autoimmune 
disorders.16,17 

of Drosophila larvae. We show that NTAPPs induce an array of outcomes (most commonly 
cell death, ecdysogenesis, and melanotic tumors) and discuss their possible causes.

II. MATERIAL AND METHODS

A. Experimental Apparatus

The NTAPP was generated by means of a dielectric barrier discharge (DBD). The elec-
trodes were 1.5 mm thick copper slabs, the dielectrics were 0.5 mm thick mica slabs, a 
2.5 mm acrylic spacer with a 30 × 30 mm square aperture set a discharge gap volume of 
approximately 2 cm3. The discharge was powered by a pulse high voltage source that is 
similar to the one described by Fridman et al.5 and shown in Figure 1. Voltage pulses were 
shaped as damped sinusoidal oscillations with a maximum amplitude of 1.1 kV (peak to 
peak), period of 17 sec, decay time of 23 sec, and repetition time of 1 msec. Typical 
oscillograms of voltage and current are shown in Figure 2. The average deposited power 
was estimated to be around 3.3 W; hence, a 10 sec exposure produced a total electrical 
dose of 3.7 J/cm2. The discharge operated in air at room temperature. The UV-NIR emis-
sion spectrum (measured with an Ocean Optics HR4000 spectrometer [Winter Park, Flor-

Two different delivery setups were devised in order to determine the relative im-
portance of UV radiation compared to that of plasma reactive species. In one setup, 

FIG. 1: Discharge circuit schematic.
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 were not 

B. Fly Strains

Two strains were used: (1) standard laboratory strain from “Laboratori Fabra,” cour-
tesy Department of Genetics, University of Barcelona; and (2) wild-type strain that was 

lines, and performing sib-mating for six successive generations before exposing one of 
the established lines. Flies were raised at 24°C on standard cornmeal and sugar media.

C. Exposure

It was found that the minimum exposure time for the observation of a sizeable biological 

exposure times were used for all experiments reported here.

FIG. 2: Discharge voltage and current oscillograms.
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Larval staging was performed in accordance with standard criteria.28

The larvae of the same stage were kept at 4°C for 15 min in order to render them 
less active. Subsequently they were exposed and then kept in groups of 10 in a Petri dish 
containing standard media. They were observed under stereoscope within 1 and 4 hours 
after exposure. Then the larvae were observed and transferred to a new dish every 24 
hours to ensure absence of fungi. The dead larvae were mounted and observed under 
microscope. Those with anomalies (morphological or behavioral) were transferred to 
a separate Petri dish. The larvae were observed until they either died or reached adult-
hood. The dead pupae were dissected and mounted on slide preparations. The emerged 
adults were observed morphologically and kept in new vials. Since no differences were 
detected between the two lines employed, they are both referred to as Drosophila mela-
nogaster throughout the text.

was determined after Bonferroni correction.

III. RESULTS

A. Mortality and Melanism

the second instar larvae, and 26.9% (28 out of 104) of the third instar larvae died within 
2 = 

1.110, 1 df  = 1; P =  0.292) from the control; therefore, other factor(s) such as mechani-

FIG. 3: Discharge UV-NIR emission spectrum.
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cal manipulation might have caused the mortality because the larvae are very fragile at 

second and especially third stage larvae ( 2 = 6.595, df = 1; P = 0.0102; and 2 = 30.907, 
df = 1; P = <5 × 10–5, respectively) compared with the control. The most common phe-
notypic trait in the larvae after exposure was the appearance of melanism/melanotic 
masses (MMs). This trait could appear rapidly, as soon as 30 min after exposure, or later 

higher in larvae, regardless of the stage, that had developed MMs compared to others 
(supplementary data). Many of the dead larvae showed a disintegration of the fat body, 

related to different stages of lipid oxidation (Fig. 4d).
MMs occurred either in a restrained manner (constant size and number) or they 

became uncontrolled, increasing in size and number. Evolution of MMs over time was 
recorded in photographs. Overall the MMs in the head and the thoracic segments caused 
larvae death. However, when they occurred in other segments, the larval viability and 
mortality depended on the size and number of the MMs. Some larvae had melanized 
anterior or posterior spiracles. Those with anterior melanized spiracles died, but the ones 
with posterior melanized spiracles normally survived, because it mainly occurred in the 
cuticules that were later detached during ecdysis. Four of the 279 control larvae also de-
veloped small and localized MMs in the hemolymph without alteration in their survival.

This anomaly was also observed in pupal stages (Figs. 4 and 5), and (as in larvae) 
widespread melanism was associated with high mortality of the pupae. The localized 
MMs did not show any effect on pupal viability. The adults formed by these latter pupae 
could either carry free small MMs in their abdomen or had melanism in body parts (legs, 
internal organs).

B. Behavior and Ecdysis

After exposure, regardless of the stage, the abnormal larvae lacked normal feeding be-
havior and either ran away or stayed on the food surface, slowly rotating their head. 
Some larvae presented broken lateral or main tracheae and inevitably died after 2 or 3 
days. Others continued with the abnormal behavior up to 30 days without ever reaching 
the normal larvae size of the prepupal stage. Their body remained small and compact 

-
ure (such as simultaneous presence of the third and second instar mouthparts, anterior 
spiracles, and cuticles in the same animal), or they managed to form premature pupae 
with larval shape and a soft puparium without cuticle darkening and arrest in develop-
ment (Fig. 4).

The larvae that formed normal pupae could present defects later in pupal ecdysis, 

eclose, but those with failure in expansions of the thorax or thoracic appendages (legs 
and wings) only survived for a few days (Fig. 5c, g).
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FIG. 4: Anomalies detected in larvae and pupae after exposure to NTAPP. (a) Control larvae; 
(b) larvae with several internal melanotic masses scattered throughout the body; (c) compressed 
larva, with twisted trachea and internal and subcuticular melanotic masses; (d) larva with molting 
defects; presents a second and third stage spiracle (1), broken trachea (2) and disintegration of fat 

of the old cuticle (1), the characteristic second and third stage spiracle (2 and 3), and duplication 
of mouth hooks (4, 5); (f, g) control pupae; (h, i) early pupae failed in eversion of the anterior 

-
senting internal melanotic masses.

FIG. 5: Anomalies observed in pupae and adults resulting from larvae exposed to NTAPP (a, 
b) dissected control pupae; (c) dissected cryptocephalic pupae with two pigmented eyes in the 
abdominal cavity, indicated by black arrow; (d) cryptocephalic pupae where it is observed one 
eye developed in the abdomen (should be in 1 and is in 2); (e) control adult; (f) adult with the 
formation and segmentation of three pairs of legs, completely changed; (g) adult with abnormali-
ties in the formation of the thorax, indicated by the black arrow.
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IV. DISCUSSION

Intrinsically ROS are produced by some cell organelles as part of normal metabolism 
and are also known to play important role in cell and tissue signaling. However, exces-
sive ROS production targets essential macromolecules and organelles, damaging the 

exposure and occurred within a few hours to a few days or even weeks after treat-
ments. ROS generated by NTAPP could have caused severe oxidative stress resulting 
in larvae death.

-
ers during Drosophila development: immune system function and ecdysogenesis.

A. Immune System

-
tion of cuticle and internal organs) observed in the present work could be related to the 

in Drosophila to contain a microbial infection or/and facilitate wound healing by pro-
ducing melanin at the proper site.18–20 This process involves rapid synthesis of melanin 
by phenol oxidase conversion. Another type of defense leading to melanism is humoral 
reactions that activate proteolytic cascades and produce antimicrobial peptides (AMP), 

system (cellular or humoral) can lead to the formation of melanotic tumors.21 The base-
ment membrane (BM) has an essential role in preventing autoimmune activation in Dro-
sophila.19 In a mutant strain with melanotic tumors, the disintegration of the BM of the 
caudal fat body prior to encapsulation and melanization has been reported.20 We suggest 

-
tegration of fat body cells, their encapsulation, and melanization. Also, the NTAPP ex-
posure could have physically damaged the cuticle and the epidermis, releasing damage 
signals that attract hemocytes to the damaged area. The subsequent clotting and mela-
nization of the area resulted in the appearance the melanized cuticle and epidermis. The 
melanotic masses have also been detected in Drosophila larvae infected with parasites 
and bacteria.18,21 None of these agents could be involved in the formation of this trait in 
the present study because a cocktail of antibiotics was used in rearing the Drosophila for 
six generations. This eliminated any possible bacterial infection. Also, under controlled 
laboratory conditions the larvae were not exposed to any parasitoid wasps.

The melanization of some organs such as tracheae, Malpighian tubules, and the 
digestive system, could be associated with activation of humoral or epithelial immunity, 

AMP gene expression level has been reported22 in the fat body in the absence of infection 
and in several surface areas in contact with the external environment (such as epidermis 
of digestive and respiratory tracts). Further research is needed to determine if NTAPP 
can induce the proteolytic cascade by mimicking microbial infection or other similar 
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mechanisms. Overactivation of the immune system could have caused the formation of 
multiple melanotic tumors in the larvae, frequently leading to their death.

B. Ecdysogenesis

The abnormal phenotypes and behavior observed after exposure can be related to 
anomalies in the ecdysogenesis. Pulses of the steroid hormone ecdysterone (20-hy-

Dro-
sophila
cuticle that is mainly restricted to the epidermis.23 At the end of the third instar, a 
higher titer of the hormone prompts widespread signals that induce prepupal changes, 
including body shortening, cuticle hardening, leg and wing imaginal discs eversion 

-

Therefore, there is a striking similarity between the deregulation of ecdysone and ob-
served phenotypic anomalies such as: inability to shed the cuticle, resulting in a third 
instar larva with second instar cuticle attached in the mouth hook; failure to evert the 
anterior spiracles; a pupa with an elongated shape (failure to shorten); failure in hard-
ening of the puparium; failure in disc eversions, resulting in cryptocephalic pharate 
adult with short and distorted legs; and failure in full eversion leading to an adult with 
internalized wings and half a thorax.

C. NTAAP Possible Interferences with Ecdysogenesis

of sterols (mainly cholesterol), which are the necessary compound in the biosynthesis 
of 20E. Development of Drosophila larvae reared on cholesterol-free food was arrested 
in the larval stages.24,25

biosynthesis, which leads to developmental arrest phenotypes similar to those reported 
here, such as problems with molting and death, prolonged larval stages, and failure to 
transform into a pupa. Improper spiracles and altered cuticle morphology have been 
reported in mutants.25 Also NTAPP could have disrupted the PTTH (prothoracicotropic 
hormone) signal transduction cascade in the prothoracic gland by interacting with mem-
brane or/and cytosolic lipids. The same phenomenon has been reported in Drosophila 
mutants.25 Future work at the molecular level will shed light on the nature of the interac-
tion between NTAPP exposure and ecdysogenesis.

ACKNOWLEDGMENT

The work was partly supported by FCT - Fundação para a Ciência e a Tecnologia of 



Volume 6, Issue 2, 2016

Effects of NTAPP on Drosophila Development 123

REFERENCES

wildtype and p53-null HCT116 colon carcinoma cells. Apoptosis. 2007;12:1721–31.
2.  Yonson S, Coulombe S, Léveillé V, Leask RL. Cell treatment and surface functionalization using a 

miniature atmospheric pressure glow discharge plasma torch. J Phys D: Appl Phys. 2006;39:3508.

2012;14:053019.
4.  Kalghatgi S, Kelly CM, Cerchar E, Torabi B, Alekseev O, Fridman A, Fridman G, Azizkhan-Clifford 

J. Effects of non-thermal plasma on mammalian cells. PLoS One. 2011;6(1):e16270.
5.  Fridman G, Peddinghaus M, Balasubramanian M, Ayan H, Fridman A, Gutsol A, Brooks A. Blood co-

Chem Plasma Process. 2006;26:425–42.
6.  Kalghatgi S, Friedman G, Fridman A, Clyne AM. Endothelial cell proliferation is enhanced by low dose 

7.  Volotskova O, Hawley TS, Stepp MA, Keidar M. Targeting the cancer cell cycle by cold atmospheric 
plasma. Sci Rep. 2012;2:636 

8.  Lloyd G, Friedman G, Jafri S, Schultz G, Fridman A, Harding K. Gas plasma: medical uses and devel-
opments in wound care. Plasma Process Polym. 2010;7:194–211.

-
duces angiogenesis through reactive oxygen species. J R Soc Interface. 2011;9:147–57.

10.  Keidar M, Walk R, Shashurin A, Srinivassan P, Sandler A, Dasgupta S, Ravi R, Guerrero-Preston R, 
Trink B. Cold plasma selectivity and the possibility of a paradigm shift in cancer therapy. Br J Cancer. 
2011;105:1295–301.

11.  Schlegel J, Köritzer J, Boxhammer V. Plasma in cancer treatment. Clin Plasma Med. 2013;1:2–7.
12.  Cheng X, Sherma J, Murphy W, Ratovitski E, Canady J, Keidar M. The effect of tuning cold plasma 

composition on glioblastoma cell viability. PLoS One. 2014;9(5):e98652.
13.  Stoffels E, Sakiyama Y, Graves DB. Cold atmospheric plasma: charged species and their interactions 

with cells and tissues. IEEE Trans Plasma Sci. 2008;36:1441–57.

15.  Köritzer J. Biophysical effects of cold atmospheric plasma on glial tumor cells [dissertation]. Ludwig-
Maximilians: Universität München; 2013.

16.  Padmanabha D, Baker KD. Drosophila gains traction as a repurposed tool to investigate metabolism. 
Trends Endocrinol Metab. 2014;25:518–27. 

17.  Wang L, Kounatidis I, Ligoxygakis P. Drosophila -
mation, innate immunity and cancer. Front Cell Infect Microbiol. 2013;3:113.

18.  Walker I. Die Abwehrreaktion des Witres Drosophila melanogaster gegen die zoophage Cynipidae 
Pseudeucoila bochei. Weld Rev Suisse Zool. 1959;66:569.

19.  Rizki RM, Rizki TM. Hemocyte response to implanted tissues in Drosophila melanogaster. Rouxs 
Arch Dev Biol. 1980;189:207–13.

20.  Lamaitre B, Hoffman J. The host defense of Drosophila melanogaster. Annu Rev Immunol. 
2007;25:697–743. 

21.  Avet-Rochex A, Boyer K, Polesello C, Gobert V, Osman D, Roch F, Agué B, Zanet J, Haenlin M, 
Waltzer L. An in vivo Drosophila mela-
nogaster blood cell homeostasis. BMC Dev Biol. 2010;10:65.

22.  Riddiford LM. Hormones and Drosophila development. In: Bate M, Martinez-Arias A, editors. The 
development of Drosophila. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press; 1993.

23.  Parkin CA, Burnet B. Growth arrest of Drosophila melanogaster on erg-2and erg-6 sterol mutant 
strains of Saccharomyces cerevisiae. J Insect Physiol. 1986;32:463–7.



Plasma Medicine

Ferreira et al.124

24.  Fluegel ML, Parker TJ, Pallanck LJ. Mutations of a Drosophila NPC1 gene confer sterol and ecdysone 
metabolic defects. Genetics. 2006;172:185–96

25.  Huang X, Warren JT, Gilbert LI. New players in the regulation of ecdysone biosynthesis. J Genet Ge-
nomics. 2008;35:1–10.

26.  Ogura R, Sugiyama, M, Nishi J, Haramaki N. Mechanism of lipid radical formation following expo-
sure of epidermal homogenate to ultraviolet light. J Invest Dermatol. 1991;97:1044–7.

27.  Dupre-Crochet S, Erard M, Nusse O. ROS production in phagocytes: why, when, and where? J Leukoc 
Biol. 2013;94:657–70.

28.  Ransom R.A handbook of Drosophila development. New York: Elsevier Biomedical Press; 1982.


