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ABSTRACT

The gut microbiota plays a crucial role in both physiological and
pathological processes in humans and animals. Antibiotics, designed to
combat bacterial infections, can induce alterations in the composition and
abundance of the gut microbiota over prolonged exposure. This study
addresses the limited understanding of the connections between gut
microbiota and phenotypic profiles of metazoan species. We investigated the
impact of early-life exposure to tetracycline in wild-type D. melanogaster,
which were fed a standard diet, comparing them to a control group not
exposed to tetracycline. The primary objective was to examine the
consequences of early-life tetracycline exposure on gut microbiota and its
implications for phenotypic profiles, including survival, locomotor activity,
and reproduction in adult flies. Results revealed a significant reduction in
lactic acid bacteria in adult flies exposed to tetracycline. However, tetracycline
exhibited no interference with fly development, allowing them to maintain a
normal lifespan. In adult flies, tetracycline significantly decreased the lifespan
on day 35 at a concentration of 10 pg/mL and reduced locomotion on day 27
at concentrations of 0.1 pg/mL and 10 pg/mL. Remarkably, tetracycline did
not impact the reproductive capabilities of the flies. This study demonstrates
that while tetracycline led to a decline in lactic acid bacteria, locomotion, and
lifespan in adult flies, it did not disrupt their development or reproductive
processes.
Keywords: Tetracycline, gut microbiota, phenotypic profile, Drosophila
melanogaster.
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INTRODUCTION
The gut microbiota constitutes a complex
assembly of microorganisms that reside within the

of host birth. Factors influencing the gut microbiota
composition have long-term implications for health
and disease risk as individuals transition into

digestive tracts of both humans and animals
(Quigley, 2013). This microbial community plays a
pivotal role in preserving intestinal physiology and
health and actively protects the host against
pathogens through the synthesis of diverse
antimicrobial substances (Mills et al, 2019).
Furthermore, it engages in multiple digestive and
metabolic pathways (Rothschild et al, 2018) while
concurrently influencing the growth and
differentiation of enterocytes (Zhang et al,
2015). The gut microbiota also transforms host-
derived components such as bile acids and
nutrients into various metabolites that affect the
host's intestinal environment and immunological
balance (Tafesh-Edwards & Eleftherianos, 2023).
The composition of the gut microbiota changes
during early development, starting at the moment
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adulthood (Nicholson et al., 2012).

One factor that disrupts the equilibrium of
the gut microbiota is exposure to antibiotics (Lu &
Lu, 2019; Sun et al., 2018), which is associated with
various human disorders, including inflammatory
bowel disease, obesity, cardiovascular disease, and
neurological disorders (Gebrayel et al, 2022).
Numerous studies have underscored the
significance of different bacterial types within the
host body, contributing to various aspects, such as
development (Buchon et al., 2009; Storelli et al,
2011) and lifespan (Gilbert et al., 2018; Sommer &
Backhed, 2013). However, establishing the
causative role of the gut microbiota in phenotypic
profiles  presents challenges.  Additionally,
discerning the relationship between changes in the
gut microbiota composition and phenotypic
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profiles, such as survival, locomotion, and
reproduction, is inherently intricate.

To date, studies investigating the relationship
between gut microbiota and phenotypic profiles
have predominantly focused on invertebrate model
organisms (Clark & Walker, 2018; Kinross, et al
2011; Vuong et al, 2017). In Metaphire guillemi,
alterations in several bacterial types, such as
Proteobacteria (Pseudomonadota) and Firmicutes
(Bacillota), have been observed (Chao et al., 2020).
Furthermore, in D melanogaster, an elevation in the
Firmicutes/Bacteroidetes ratio has been noted,
exhibiting obesogenic effects (Yu et al., 2020). An
increased population of Gammaproteobacteria in
the gut microbiota of D. melanogaster has been
associated with an increased production of
proinflammatory cytokines and a shorter lifespan
(Clark et al.,, 2015). Additionally, a change in wing
shape has been observed in D. nigrosparsa, but it
does not affect the movement of larvae or adult flies
(Weiland et al., 2022). Some of these studies used
antibiotics to investigate their effects on gut
microbiota composition.

Currently, the use of antibiotics continues to
escalate (Klein et al, 2018; Kummerer, 2009).
Antibiotics, which are used to eradicate or impede
the growth of microorganisms in humans and
animals, are commonly administered orally and can
potentially influence the gut microbiota (de Vries et
al, 2011; Sapkota et al, 2008). This practice
extends beyond the adult population to include
children (Vaz et al, 2014; WHO, 2018). Children
typically receive antibiotics when they become
unwell, and the long-term consequences of
antibiotic exposure in early life remain unclear.

In this study, D. melanogaster was chosen as
the model organism because of its similarities in
gut microbiota composition with mammals. The
mammalian digestive tract is comprised of four
main phyla: Firmicutes, Bacteroidetes,
Actinobacteria, and Proteobacteria (Vajro et al,
2013). D. melanogaster is dominated by
Proteobacteria and Firmicutes (Lu & Lu, 2019),
making it a suitable platform for investigating gut
homeostasis and disease development (Charroux &
Royet, 2012). Various studies have employed D.
melanogaster as a model organism to understand
the development of the gut microbiota (Guo et al,
2023; Yu et al, 2020). While existing studies
strongly affirm the substantial role of the gut
microbiota in survival, there is a lack of research
exploring the impact of antibiotic administration
during the early life stages on phenotypic profiles
(such as survival, locomotor abilities, and
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reproduction) in genetically unaltered individuals
receiving a standard diet. This study reports that
exposure to the antibiotic tetracycline during the
early life stages of D. melanogaster disrupts its
phenotypic profile later in life, which is most likely
associated with alterations in the gut microbiota.

MATERIALS AND METHODS
Chemicals

The tetracycline utilized in this study was in
the form of tetracycline hydrochloride (TCH, CAS
RN: 64-75-5, C22H24N208-HCI, purity 98.03%),
procured from PhytoTech Labs Inc (USA). The stock
solution was prepared by changing the medium
throughout the experiment. The details of
tetracycline hydrochloride, including its CAS RN
and purity, were obtained from a previous study
(Guo etal,, 2023).

Preparation of Model Organism

D. melanogaster wild-type (Oregon R, OR) was
acquired from the Laboratory of Host Defense and
Response at Kanazawa University, Japan and has
been consistently maintained at the Laboratory of
Pharmacology and Toxicology, Faculty of Pharmacy,
Hasanuddin University, Indonesia. The flies were
cultured on solid media containing sugar, agar
powder, corn flour, yeast, and propionic acid
dissolved in distilled water. The cultivation
conditions involved maintaining the flies at 25°C
with alight-dark cycle of 12 hours each (Liling et al,
2021; Rumata et al.,, 2023). Temporary anesthesia
through CO: exposure was employed for sex
identification, transfer, and random grouping of
flies, as outlined in the study by Guo et al. (2023).

Preparation of Growth Media Containing TCH

The stock solution was prepared at a
concentration of 1000 pg/mL (Guo et al., 2023). A
stock solution was freshly prepared for each change
in the medium. The TCH stock solution was diluted
in sterile distilled water to prepare a series of
working solutions at concentrations of 10 pg/mL
and 0.1 pg/mL. Subsequently, 50 pL of the stock
solution and working solution were mixed into 5
mL of growth media (5 replicate culture tubes per
treatment group).

Survival Analysis

Survival analysis was used to quantify the
lifespan of D. melanogaster, which served as a
parameter to elucidate the lifecycle dynamics of
flies. This analytical approach enables the
identification of factors that influence the

Volume 35 Issue 3 (2024)



Tetracycline effects on gut microbiota and phenotypic profile

deceleration or extension of fly lifespan (Landis et
al, 2020). The experimental design comprised four
groups, including three groups with treated with
TCH concentrations of (0.001 pg/mL, 0.1 pg/mL,
and 10 pg/mL) and one control group without TCH.
Each vial contained 10 second-instar larvae. TCH
administration commenced at the larval stage and
continued seamlessly throughout the life cycle of
the flies. Every 2-3 days, the flies were transferred
to a new medium and daily observations were
conducted, including the enumeration of deceased
flies (Guo et al., 2023).

Negative Geotaxis Analysis

Negative geotaxis analysis was employed to
evaluate movement abnormalities in flies. The
outcome of a negative geotaxis test, indicating
deficient or impaired behavior in response to
gravity, can provide insights into specific conditions
or issues in the fly population under examination
(Ali et al, 2011). Four groups, including three
groups with TCH concentrations of (0.001 pug/mL,
0.1 pg/mlL, and 10 pg/mL) and one control group
without TCH were examined in these studies. The
flies were then transferred to empty vials and
sterilized with 70% alcohol. The flies were allowed
a 1l-minute adaptation period before the test
commenced. The procedural steps involved a rapid
tap of the vial containing the flies on the table,
followed by a 10-second interval during which the
number of flies crossing the 8 cm mark was
counted. A resting period of 1 min was introduced
between each trial to ensure consistency and
accuracy of the assessment (Ali et al., 2011; Jaya et
al, 2021; Syamsidi et al,, 2023).

Reproduction Analysis

Reproductive analysis serves as an assay
designed to investigate morphological changes and
discern the conditions influencing the reproductive
output of flies (Boulétreau-Merle et al, 1982;
Markow, 2015). This analytical approach involved
the introduction of three female and three male
flies into vials containing the treatment media. The
vials were organized into three groups with
tetracycline hydrochloride (TCH) concentrations of
0.001 pg/mL, 0.1 pg/mL, and 10 pg/mlL,
respectively, along with a control group without
TCH. Subsequently, the flies were allowed to mate
for a duration of five days, after which all flies were
removed from the vials. Quantification was
performed for the number of pupae and flies in
each experimental group was quantified. It is
essential to note that virgin female flies were used
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in this test, and the maintenance of virginity in
female flies was considered viable within-5-7

hours of emergence from the pupal stage
(Ashburner & Roote, 2007). This approach
facilitated a focused examination of the

reproductive aspects under the influence of varying
TCH concentrations.

Quantitative analysis of the bacteria
Colony-forming unit (CFU) analysis is a
crucial method for quantifying viable bacterial
populations in the fly gut (Lee et al, 2019). This
analytical approach is instrumental in elucidating
dynamic interactions between flies and bacteria
(Leeetal, 2019; Leftwich et al., 2017; Nikolopoulos
etal, 2023; Pais et al., 2018). The determination of
CFU (Figure 1) involved the utilization of five flies
in each treatment groups, namely TCH
concentration of (0.001 pg/mL, 0.1 pg/mL, and 10
pg/mL) and control group without TCH.
Subsequently, the flies were sterilized with 70%
ethanol for 20-30 seconds to mitigate potential
contamination from the fly surface. Following
sterilization, the flies were rinsed three times with
sterile water and subsequently homogenized in
phosphate-buffered saline (PBS). The resulting
homogenate was appropriately diluted and plated
on de Mann-Rogosa-Sharpe agar (MRSA) medium
for 24 h to facilitate the quantification of colony-
forming units (Siva-Jothy et al, 2018). This
approach allows the assessment of bacterial
populations within the fly gut and provides
valuable insights into the complex interplay
between flies and their associated bacteria.

Data Analysis

For the analysis of survival data, the log-rank
test was used to assess statistical significance, and
the resultant data were graphically represented
using a Kaplan-Meier plot. Furthermore, one-way
Analysis of Variance (ANOVA) was utilized not only
in the survival analysis, but also in other
investigations, including reproduction and colony-
forming units (CFU). For the analysis of negative
geotaxis, a Two-way ANOVA was applied. Following
the ANOVA tests, a post hoc analysis was conducted
using the Tukey honest significant difference (HSD)
test. This post-hoc test allowed for the
identification of significant differences between
groups. The results of these statistical analyses
are visually presented using bar graphs. All
statistical analyses were performed using
GraphPad Prism® 9.
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Figure 1. The pour plate method employed for colony-forming unit (CFU) analysis in Drosophila

melanogaster.

RESULTS AND DISCUSSION

Continuous exposure to tetracycline hydro-
chloride (TCH) did not affect the developmental
stages of Drosophila melanogaster.

To investigate the effect of TCH on the
developmental stages of Drosophila melanogaster,
second instar larvae were exposed to TCH. The
objective of this study was to assess whether TCH
influences the progression of larvae into pupae and
ultimately into adult flies. This experimental
design aimed to provide insight into the
potential effects of TCH on the developmental
processes of D. melanogaster throughout its
lifecycle. Exposure of second-instar larvae to
tetracycline  hydrochloride (TCH) had no
discernible effect on the developmental process, as
evidenced by the normal progression of larvae
into pupae and pupae into flies. Developmental
stages proceeded without any observable
abnormalities or toxic effects (Figure 2A).
Quantitative analysis (Figures 2B and 2C) further
supported these observations, revealing no
statistically significant differences between the
control group, which was not exposed to TCH, and
the experimental groups subjected to TCH at
concentrations of 0.001 pg/mlL, 0.1 pg/mL, and 10
pg/mL. This consistency across groups suggests
that TCH, at the tested concentrations, did not
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induce notable alterations in the developmental
trajectory of D. melanogaster from larvae to pupae,
and subsequently into adult flies. These results
confirmed the absence of developmental toxicity
following TCH exposure in this experimental
context.

Adverse effects of prolonged TCH exposure on
adult Drosophila lifespan

The initial observations indicated that the
normal development of D. melanogaster larvae into
pupae and adult flies was unaffected by TCH.
Subsequent experiments were conducted to further
explore the potential long-term effects of TCH on
the lifespan of D. melanogaster. The adult flies that
emerged from larvae previously treated with TCH
were subjected to prolonged exposure to
antibiotics. The objective of this study was to test
the hypothesis that TCH might influence the entire
lifespan of D. melanogaster, even after completion
of the developmental stages. This study assessed
the cumulative and delayed effects of TCH on the
overall longevity of adult flies. Comprehensive
analysis of the effects of TCH exposure on the
lifespan of D. melanogaster revealed a clear
concentration-dependent effect. The continuous
exposure to TCH early in the life of adult flies
resulted in a reduction in the lifespan (Figure 3A).
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Figure 2. Prolonged exposure of Drosophila melanogaster to tetracycline hydrochloride (TCH) did not induce
any discernible effects on its developmental stages. Larval transformation into adult flies (A), larval
development into pupae (B), and pupal development into adult flies (C). NS: Not significant.
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Figure 3. The administration of tetracycline hydrochloride (TCH) throughout the entire life cycle of
Drosophila melanogaster, from larvae to adult flies, resulted in a notable decrease in the lifespan of the flies.
Overall lifespan analysis (A) and selective analysis on day 35 (B) post TCH administration demonstrated
reduced fly lifespan compared to the untreated control. NS: Not significant; *: p<0.05.
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Flies exposed to higher concentrations of TCH
exhibited a more pronounced decrease in lifespan
than those exposed to lower concentrations or
those not exposed to TCH. To statistically validate
these observations, one-way ANOVA was
conducted on day 35. The results indicated a
significant reduction in the lifespan of flies exposed
to a concentration of 10 pg/mL (Figure 3B). This
concentration-dependent effect of TCH aligns with
that reported in previous studies, emphasizing the
critical role of antibiotic concentration in
influencing the lifespan of D. melanogaster
(Adembri et al, 2020; Osthoff et al, 2016). This
pattern is consistent with the findings of previous
studies on other antibiotics. Gokge (2020)
demonstrated that the effect of penicillin
antibiotics on survival and development varied
based on the administered concentration, causing a
decrease in survival and significantly slowing down
the developmental process at high concentrations
(Ustindag et al, 2020). Similarly, the
administration of high concentrations of
ciprofloxacin resulted in a decrease in fly survival
and development (Liu et al, 2019). These
cumulative findings underscore the concentration-
dependent nature of TCH antibiotics and their
consequential impact on the lifespan of D.
melanogaster.

TCH affects cellular metabolic processes,
such as oxidative phosphorylation and Krebs cycle
activity, likely compensated by the increased
activity of transaminase enzymes. This decrease in
oxidative  phosphorylation correlates  with
mitochondrial damage, which affects cellular
function and health. Oxidative phosphorylation is
the final stage of the cellular respiration pathway,
which produces energy in the form of ATP within
the mitochondria. Krebs cycle activity is involved in
the breakdown of fatty acids, proteins, and
carbohydrates into energy. In addition, TCH causes
changes in the fly microbiome (Renault et al,
2018).

Disruption of gut microbiota growth in adult
Drosophila resulting from extended exposure
to tetracycline

To explore the possible relationship between
reduced fly survival and changes in the gut
microbiota, a Colony Forming Unit (CFU) assay was
performed on adult flies from each experimental
group on day 35. CFU analysis, a method for
quantifying viable bacteria, was performed based
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on a previous study (Lee et al.,, 2019) to assess the
effect of prolonged tetracycline exposure on the gut
microbiota of adult Drosophila. The results
revealed a significant reduction in the number of
lactic acid Dbacteria at all tetracycline
concentrations 0.001 pg/mlL, 0.1 pg/mL, and 10
ug/mL) compared to the control group (Figure 4).
This decrease in the abundance of lactic acid
bacteria suggests a potential link between the
observed decline in fly lifespan and disturbances in
the gut microbiota. Similar findings have been
reported in previous studies, associating reduced
microbiota with decreased lifespan in Drosophila
(Clark et al., 2015; Clark & Walker, 2018). However,
the number of bacteria in all groups of flies exposed
to TCH at concentrations of 0.001 pg/mL, 0.1
pg/mL, and 10 pg/mL showed similar results. This
phenomenon arises because of the 100-fold
difference in the concentration of TCH, which
results in the same activity of reducing the number
of bacteria. The effectiveness of TCH depends on its
concentration; the higher the concentration, the
greater the inhibition of bacterial growth (Ahmad
etal, 2015).
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Figure 4. The Colony Forming Unit assay in flies
using de Mann Rogosa Sharpe Agar medium. A
substantial decrease in the abundance of lactic acid
bacteria was evident across all TCH concentrations
in comparison to the control group without TCH.
However, there was no difference between all TCH
concentration of 0.001 pg/mlL, 0.1 pg/mL, and 10
pg/mL. NS: Not significant; ****: p<0.0001.
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Figure 5. Impaired Drosophila locomotor upon tetracycline hydrochloride (TCH) treatment. The
administration of TCH at a concentration of 0.001 pg/mL had no impact on the locomotion of adult flies (A),
whereas the administration of TCH at concentrations of 0.1 pg/mL and 10 ug/mL disrupted the locomotion
of adult flies (B, C). NS: Not significant; *: p<0.05; **: p<0.01.
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Figure 6. No significant difference in the number of pupae and flies between those exposed to tetracycline
hydrochloride (TCH) and the control group not exposed to TCH, as shown by the number of larvae
developing into pupae after five days of mating time (A) and the number of flies emerging from pupae (B).

NS: No significant.

De Mann-Rogosa-Sharpe agar (MRSA),
specifically designed for lactic acid bacteria, was
used for this analysis. MRSA supports the growth of
various lactic acid bacteria genera, including
Lactobacillus, Streptococcus, Pediococcus, and
Leuconostoc, which produce significant amounts of
lactic acid (De Man, 1960; Nero et al,, 2006). This
medium has been widely used to culture and
quantify lactic acid bacteria in fly guts (Broderick et
al, 2014; Pais et al., 2018).

Lactic acid bacteria are known for their
ability to ferment carbohydrates, producing lactic
acid. Their metabolic activities, including the
breakdown of complex macromolecules and the
generation of various products such as short-chain
fatty acids, amines, bacteriocins, vitamins, and
exopolysaccharides, have been well documented
(Wang et al,, 2021). The Drosophila gut microbiota
includes species of the genus Lactobacillus, which
are commonly found in mammals, including
humans (Matos & Leulier, 2014).

Locomotor impairment of adult Drosophila due
to prolonged exposure to TCH

We performed a negative geotaxis
analysis to assess the impact of TCH exposure
on the locomotor activity of adult Drosophila.
Negative geotaxis analysis is a valuable tool
for evaluating the behavioral responses of
organisms and determining whether early
life antibiotic exposure affects the activity
level and mobility of flies (Ali et al, 2011).
The results indicated that TCH administration at a
concentration of 0.001 pg/mL did not significantly
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alter the locomotion of adult flies (Figure 5A).
However, concentrations of 0.1 pg/mL and 10
ug/mL demonstrated a significant effect on day 27,
with flies exhibiting impaired responses to gravity
(Figures 5B and 5C). Notably, the influence of
microbiota on the walking speed of Drosophila has
been documented, with certain types of gut
bacteria reported to reduce locomotor activity
(Schretter et al., 2018).

Continuous exposure to TCH did not affect the
reproductive activity of adult Drosophila.

Coordination of movement is essential not
only for basic life activities but also for reproductive
processes. Reproductive analyses were conducted
to identify the conditions that might influence
offspring count in flies (Boulétreau-Merle, 1982;
Markow, 2015). Some studies have suggested that
gut microbiota does not affect mating behavior in
Drosophila (Jia et al., 2021; Leftwich et al, 2017;
Selkrig et al, 2018). Consistent with previous
research, the results of this study revealed no
notable disparity in the number of pupae and adult
flies between the groups exposed to TCH and the
control group without TCH exposure. This analysis
focused on a brief duration of TCH exposure limited
to a five-day mating period.

Similar to the findings at the developmental
stage, short exposure to TCH did not exhibit any
reproductive effects. During its developmental
stage, Drosophila have a restricted timeframe of
approximately 10-12 days to transition into adult
flies (Panchal & Tiwari, 2017). In contrast, the
observed effects of decreased lifespan and
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impaired locomotion manifested after a month of
TCH exposure. Considering that Drosophila
typically has a normal lifespan of approximately 90-
100 days (Panchal & Tiwari, 2017), it is evident that
the duration of TCH exposure plays a crucial role in

influencing various aspects of Drosophila
physiology.
Numerous studies have elucidated the

intricate relationship between the gut microbiota
and the health span in human populations
(Claesson et al, 2012; Fan & Pedersen, 2021).
However, this study uniquely delves into the
ramifications of early life antibiotic administration
on the gut microbiota and phenotypic profiles,
including survival, locomotor function, and
reproduction.

Tetracycline, a widely accessible antibiotic
used for prophylaxis and infection management in
humans and animals (di Cerbo et al., 2019), was the
focus of this investigation. Despite well-established
awareness of the potential side effects associated
with tetracycline use, its prevalent administration
in pediatric contexts persists (Enabulele et al,
2020). Hence, there is a compelling need for
enhanced health education and widespread
dissemination  of information concerning
tetracycline use, particularly when children are
involved. The broad-spectrum activity of
tetracycline extends beyond targeting Gram-
positive and Gram-negative bacteria and
encompasses a myriad of species, including those
constituting the gut microbiota. Mechanistically,
tetracyclines impede the attachment of aminoacyl-
tRNAs to bacterial ribosomes, which is a pivotal
step in cellular protein synthesis (Chopra &
Roberts, 2001). Thus, tetracyclines can reduce the
species diversity of gut microbiota, potentially
promoting pathobiont overgrowth (Ramirez et al,
2020). Furthermore, tetracycline exposure can
induce alterations in the gut bacterial metabolism,
thereby influencing host immune responses and
overall health (Keerthisinghe et al., 2019).

The use of D. melanogaster as a model
organism in this study offers notable advantages,
including a straightforward and cost-effective
maintenance process and a genetic resemblance of
approximately 75% to humans (Nainu et al.,, 2019).
Moreover, D. melanogaster possesses a gut
microbiota similar to that of humans, notably
featuring Proteobacteria and Firmicutes species
(Cheng et al., 2018; Panchal & Tiwari, 2017; Tafesh-
Edwards & Eleftherianos, 2023).

Given the outcomes of this research, our aim
was to establish a foundation for exercising
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prudence in antibiotic use during early life and to
stimulate further investigations that deepen our
understanding of the intricate interactions among
antibiotics, gut microbiota, and their consequential
impact on health. These efforts are expected to
mitigate the potential adverse effects of antibiotic
administration.

In future research, it would be pertinent to
explore whether the diminished survival observed
when administering the antibiotic TCH exclusively
to adult flies without larval-stage exposure yields
comparable outcomes. This intriguing inquiry
underscores the need for additional investigations
into the potential influence of tetracycline
administration during the larval stage on survival
during the adult stage.

CONCLUSION

Exposure to tetracycline during early life
results in impaired survival and movement in adult
flies in a concentration-dependent manner.
However, this exposure did not impair the fly
development or reproduction at any concentration
tested. There is a likelihood that the observed
decrease in lactic acid bacteria in flies exposed to
tetracycline may be associated with the impaired
survival and locomotor functions.
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