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a b s t r a c t

Antibiotics have been increasingly used over the past decades for human medicine, food-animal agri-
culture, aquaculture, and plant production. A significant part of the active molecules of antibiotics can be
released into the environment, in turn affecting ecosystem functioning and biogeochemical processes. At
lower organizational scales, these substances affect bacterial symbionts of insects, with negative con-
sequences on growth and development of juveniles, and population dynamics. Yet, the multiple alter-
ations of cellular physiology and metabolic processes have remained insufficiently explored in insects.
We evaluated the effects of five antibiotics with different mode of action, i.e. ampicillin, cefradine,
chloramphenicol, cycloheximide, and tetracycline, on the survival and ultrastructural organization of the
flight muscles of newly emerged blow flies Chrysomya albiceps. Then, we examined the effects of
different concentrations of antibiotics on mitochondrial protein content, efficiency of oxidative phos-
phorylation, and activity of transaminases (Glutamate oxaloacetate transaminase and glutamate pyru-
vate transaminase) and described the cellular metabolic perturbations of flies treated with antibiotics. All
antibiotics affected the survival of the insects and decreased the total mitochondrial protein content in a
dose-dependent manner. Ultrastructural organization of flight muscles in treated flies differs dramati-
cally compared to the control groups and severe pathological damages/structures disorganization of
mitochondria appeared. The activities of mitochondrial transaminases significantly increased with
increased antibiotic concentrations. The oxidation rate of pyruvate þ proline from isolated mitochondria
of the flight muscles of 1-day-old flies was significantly reduced at high doses of antibiotics. In parallel,
the level of several metabolites, including TCA cycle intermediates, was reduced in antibiotics-treated
flies. Overall, antibiotics provoked a system-wide alteration of the structure and physiology of flight
muscles of the blow fly Ch. albiceps, and may have fitness consequences at the organism level. Envi-
ronmental antibiotic pollution is likely to have unwanted cascading ecological effects of insect population
dynamics and community structure.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The use of pharmaceuticals has been consistently developed
over the past decades (Aminov, 2017), and antibiotics have revo-
lutioned human medicine. Antibiotics are also highly employed for

food-animal agriculture, aquaculture and plant production (Witte,
2000; Le et al., 2005; Cabello, 2006), for disease prevention, or
for promoting growth and feed efficiency of livestock animals
(Gaskins et al., 2002). However, the use of antibiotics is not without
posing significant problems (Finley et al., 2013; Larsson, 2014; Rico
et al., 2014), and alternatives to these growth promotors are
increasingly discussed (Seal et al., 2013). Besides antibiotic resis-
tance (Neu, 1992; Laxminarayan et al., 2013), the adverse effects of
antibiotics on environmental ecosystems is a rapidly emerging
concern. Andersson & Hughes (2014) suggested that up to 80% of
the active substances of antibiotics can be released into the
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environment. Several antibiotics are not degraded within the gut of
livestock animals, and the several pathways that permit the wide-
scale dissemination of these drugs (Sarmah et al., 2006; Chang
et al., 2015) rapidly expand the antibiotic load in the environment
(Perry et al., 2014; Amos et al., 2015). The effects of antibiotics on
ecosystems and biogeochemical processes have thus become a
major research topic (Roose-Amsaleg & Laverman, 2016).

Antibiotics are present in most ecosystems (Daghrir & Drogui,
2013), often as mixtures. Several antibiotics (tetracyclines) are
widely used as crop protectants (McManus et al., 2002; Chang et al.,
2015), but their exact ecological impacts remain insufficiently
explored. Antibiotics have different modes of actions to kill or limit
growth of bacteria: they can inhibit/regulate metabolism of nucleic
acids (Floss & Yu, 2005), protein biosynthesis (Walsh, 2000; Siibak
et al., 2011; Wilson, 2014), activities of certain enzymes (Kohanski
et al., 2010), or induce toxic metabolic perturbations (Belenky
et al., 2015). Antibiotics are most efficient when cells of the mi-
croorganisms are multiplying (Stewart & Costerton, 2001), and can
particularly affect bacterial symbionts of organisms, with negative
consequences on growth and development of juveniles (Kafil et al.,
2013).

Insects are likely to be exposed to environmentally released
antibiotics, and more particularly tetracyclines. Tetracyclines are
highly persistent into the environment, and can reach very high
amounts into winter manure, up to 43 and 183mg kg-1 for tetra-
cycline and oxytetracycline, respectively (Hu et al., 2010), and up to
200 mg kg-1 for tetracycline in the first layers of the soil (Hamscher
et al., 2002). Surprisingly, most of the studies have focused on the
fitness consequences of adding of these drugs to the food of labo-
ratory cultured insects (Büyükgüzel & Kalender, 2008; Ridley et al.,
2013; Xu et al., 2016). At low concentrations of ciprofloxacin
(3.33e13.33 mgmL�1), the development of the fly Chrysomia putoria
was not altered (Ferraz et al., 2014), while addition of streptomycin
to the food at concentrations of 0.03e0.15% increased the growth of
the larvae of the butterfly Spodoptera litura, without affecting its
survival (Thakur et al., 2016). Dickel et al. (2016) reported that long-
term exposure to prophylactic treatments (fumagillin) negatively
affects the number of eggs laid by females of the wood tiger moth
Parasemia plantaginis. Interestingly, metabolic perturbations pro-
voked by antibiotics to insects, and their end-target consequences,
have remained unexplored.

Bacteria and mitochondria share many similarities in terms of
ribosomal machinery (Zhang et al., 2005), and there are growing
evidence that antibiotics can affect mitochondrial protein synthesis
and mitochondrial functioning in a wide range of non-bacterial
taxa (Kalghatgi et al., 2013; Wang et al., 2015). For instance, doxy-
cycline (tetracycline family) has been demonstrated to affect pro-
teostasis in both invertebrate and vertebrate cells (Houtkooper
et al., 2013). Ballard & Melvin (2007) demonstrated that tetracy-
cline reduces ATP production in Drosophila simulans and increases
mtDNA density in insects free of Wolbachia. In parallel, several
works have demonstrated that rapid metabolic changes occur after
antibiotic treatments in bacteria (Belenky et al., 2015; Hoerr et al.,
2016; Zampieri et al., 2017), but there are many unknowns
regarding the mechanisms of action of antibiotics, and their im-
pacts, at the intra-organismal level in insects. Hence, the use of
extracellular footprints and physiological intracellular fingerprints
should improve our understanding of the effects of antibiotics on
insects.

Juveniles of dipterans are poorly mobile insects which often
thrive in microhabitats near the surroundings of human settle-
ments, including agricultural lands and farms. The probability of
exposure of fly larvae and pupae to antibiotics is thus very high, and
should greatly affect the biochemistry, physiology and morpho-
anatomy of these developing individuals, with potential long-

lasting effects. At the larval stage, wings and flight muscles are
absent from the thorax (Paululat et al., 1999; Roy & VijayRaghavan,
1999), and muscle cells appear and progressively arrange and
differentiate at the pupal stage (Roy et al., 1997). Also, in a number
of fly species, the maturation of flight muscle mitochondria only
occurs after the emergence of adults (Marden, 2000), and this
process is associated with a high biosynthetic activity of mito-
chondrial proteins from flight muscles (Lennie et al., 1967; Tribe &
Ashhurst, 1972). Because several antibiotics are inhibitor of protein
biosynthesis, the exposure of juvenile flies to these drugs should
affect the mitochondrial efficiency and mitochondrial DNA density,
as shown in Drosophila flies (Ballard & Melvin, 2007).

In this work, we investigated the effects of different antibiotics
inhibiting (i) cell wall synthesis (ampicillin and cefradine) and (ii)
protein synthesis (chloramphenicol, cycloheximide, and tetracy-
cline) (Table S1) on the survival and ultrastructural organization of
the flight muscles of newly emerged blow fly, Chrysomya albiceps.
Having these phenotypic data, we further examined the effects of
these drugs on the physiology and metabolism of the individuals.
Considering the prominent importance of mitochondria for flight
muscles, we examined the effects of different concentrations of
antibiotics onmitochondrial protein content, efficiency of oxidative
phosphorylation, and activity of transaminases. Among trans-
aminases that are localized in mitochondria, glutamate oxaloace-
tate transaminase (GOT) and glutamate pyruvate transaminase
(GPT) are the most active in insects (G€ade, 1985). These enzymes
are crucial for amino acid metabolism, but the effects of antibiotics
on their activity have received little attention. Finally, we were
interested in describing the cellular metabolic perturbations of flies
treated with antibiotics, and run metabolomics assays to obtain a
system-wide picture of biochemical networks altered by
antibiotics.

We expected that moderate to high concentrations of protein
synthesis inhibitors would be detrimental to the survival of newly
emerged adult Ch. albiceps, whose mitochondriogenesis and
biosynthetic processes should be affected. Chloramphenicol and
tetracycline bind on large and small subunits of the mitochondrial
ribosomes, and can inhibit mitochondrial protein synthesis and
biogenesis in mammals (Brodersen et al., 2000; Houtkooper et al.,
2013), while cycloheximide provokes a complete inhibition of
cytoplasmic protein synthesis of eukaryotic cells. We assumed that
mitochondrial structures and protein amounts would be altered in
muscle tissues of flies injected with these three drugs. Ampicillin
and cefradine are cell wall synthesis inhibitors, and these bacteri-
cidal antibiotics can strongly reduce the activity of the electron
transfer chain of mitochondria (Kalghatgi et al., 2013). At low to
moderate concentrations, mitochondrial metabolism of adult Ch.
albiceps treated with ampicillin, cefradine, chloramphenicol,
cycloheximide and tetracycline should be reduced, rendering cells'
energy deficient (reduced oxidative phosphorylation). Finally, we
hypothesized that metabolic alterations would occur after the flies
would be injected by the different antibiotics, and that the effects of
the metabolic profiles would mirror the mode of actions of these
different drugs.

2. Materials and methods

2.1. Insect rearing

Adults of the hairy maggot blow fly (GenBank common name:
taxid:81419) Chrysomya albiceps (Wiedemann, 1819) (Diptera:
Calliphoridae) were field-collected from Giza, Egypt (30�01034.400N
31�12021.600E). Colonies were established at the insectary of the
Faculty of Science (Cairo University, Giza, Egypt) as described in
Queiroz (1996). Adult flies were placed into wooden cages
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