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Simple Summary: The insect gut microbiota plays a crucial role in the host’s resistance to pathogenic
microorganisms and toxins. Resident microorganisms may persist for a long time and maintain a
certain location due to the synthesis of antimicrobial agents (including antibiotics). We consider
it one of the adaptation mechanisms of microorganisms in various communities. Not only do
the uncontrolled use of antibiotics and changes in environmental conditions drastically alter the
microbiota structure and give rise to resistant microorganisms, but they also cause a number of
alterations in the host’s physiology and its sensitivity to pathogens. This study opens up new
prospects for further research into antibiotic-resistant symbiotic microorganisms, their benefits for
persistence in the dynamic environment of the insect’s gut, and the conditions necessary for changing
their strategy and manifestation of virulent properties.

Abstract: Environmental pollution with antibiotics can cause antibiotic resistance in microorganisms,
including the intestinal microbiota of various insects. The effects of low-dose aminoglycoside
antibiotic (amikacin) on the resident gut microbiota of Galleria mellonella, its digestion, its physiological
parameters, and the resistance of this species to bacteria Bacillus thuringiensis were investigated. Here,
16S rDNA analysis revealed that the number of non-dominant Enterococcus mundtii bacteria in the
eighteenth generation of the wax moth treated with amikacin was increased 73 fold compared to
E. faecalis, the dominant bacteria in the native line of the wax moth. These changes were accompanied
by increased activity of acidic protease and glutathione-S-transferase in the midgut tissues of larvae.
Ultra-thin section electron microscopy detected no changes in the structure of the midgut tissues.
In addition, reduced pupa weight and resistance of larvae to B. thuringiensis were observed in the
eighteenth generation of the wax moth reared on a diet with amikacin. We suggest that long-term
cultivation of wax moth larvae on an artificial diet with an antibiotic leads to its adaptation due to
changes in both the gut microbiota community and the physiological state of the insect organism.

Keywords: wax moth; antibiotic; microbiota; amikacin

1. Introduction

Environmental pollution with antibiotics quite predictably leads to the emergence
of antibiotic-resistant microorganisms, including various insect microbiota. Antibiotic
resistance developed by bacteria affects the dynamics of insect populations and their
adaptive capabilities both to other xenobiotics and environmental factors. Unfortunately,
there are virtually no studies addressing this issue; however, the use of insects as test objects
for pharmacological and toxicological studies could be a promising direction for research [1].

Insects 2023, 14, 889. https://doi.org/10.3390/insects14110889 https://www.mdpi.com/journal/insects

https://doi.org/10.3390/insects14110889
https://doi.org/10.3390/insects14110889
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/insects
https://www.mdpi.com
https://orcid.org/0000-0003-3438-3217
https://orcid.org/0000-0003-2777-0833
https://orcid.org/0000-0001-8335-3730
https://doi.org/10.3390/insects14110889
https://www.mdpi.com/journal/insects
http://www.mdpi.com/2075-4450/14/11/889?type=check_update&version=2


Insects 2023, 14, 889 2 of 19

Meanwhile, antibiotics are widely used for investigating insect microbiota or their role for
some specific bacteria in the host microbiome [2–5]. Even small amounts of substances
exhibiting antibiotic activity may cause the spread of resistance genes and the emergence of
multidrug-resistance in microorganisms. The development of resistant forms of microbiota
in the insect gut can cause changes in the metabolic rate of the host species [6,7]. Finally,
an imbalance in the gut microbiota may alter the activity of digestive enzymes and food
digestibility, as well as reduce host viability and breeding [8–10]. Toxicosis progression
is often accompanied by an increased count of bacteria belonging to certain groups and
an imbalance in the microbiota [11–14]. The presence of certain microbiota in the gut
definitely facilitates the host’s adaptation to different diets and metabolites [15–17] and
plays a significant role in toxin degradation [18–20].

Bacillus thuringiensis (Bt) is a prevalent soil bacterium first discovered by Berliner in
1915. The mechanism of action of Bt endotoxin (Cry) involves binding to specific receptors
located on the gut epithelial layer of invertebrates under alkaline conditions (Lepidoptera),
followed by pore formation and cell lysis [6,7].

Wax moth Galleria mellonella L. is one of the most commonly used models for toxico-
logical investigations [21–24], including analysis of the antibacterial action of drugs [25]
and in vivo assessment of pathogenicity of various microorganisms [26–28]. Wax moth
larvae develop toxicosis in the midgut, which is accompanied by changes in the microbiota,
digestion activity, and defense systems [11,12]. The moth microbiota is mainly composed
of bacteria belonging to the phylum Firmicutes; these typically are different species of
Gram-positive Enterococci (E. faecalis, E. mundtii, E. innessi, etc.) [12,28–32]. Enterococci can
produce a variety of antimicrobial peptides that help suppress gut infections [4,33]; gut
Firmicutes are known to have a general ability to degrade insecticides [20,34].

The role of the microbiota in the formation of insects’ resistance to Bt still remains
open. The symbiotic gut bacteria are able to act as a protective barrier to Bt [35,36], syner-
gistically or additively interact with pathogen [19,37], change their status from commensal
to pathogenic by penetration of the insects’ hemocoel [38], or are not required at all for Bt
pathogenicity [39].

We hypothesize that changes in the ecological conditions (e.g., permanently feeding
a diet with an antibiotic for several generations) will lead to host adaptation due to the
alterations in both sensitivity of the host to Bt in the gut microbiota community and in the
physiological state of the insects.

In this study, wax moth larvae were fed a diet with amikacin (a broad-spectrum
antibiotic). In the eighteenth filial generation, we analyzed the midgut microbiota to
assess the activity of proteolytic and antioxidant enzymes and identified the midgut tissue
structure using ultra-thin section electron microscopy. Furthermore, we compared some
vital signs (pupa weight and number of eggs in the oviposition), as well as estimated the
sensitivity of G. mellonella larvae to the entomopathogenic bacteria Bacillus thuringiensis.

2. Materials and Methods
2.1. Insects and Experimental Design

The laboratory lines of wax moth Galleria mellonella L. were cultivated at a constant
temperature of 28 ◦C and 20% relative humidity under a 12 h photoperiod and fed an
artificial diet [40]. Some newborn wax moth larvae were fed an artificial diet with antibiotic
solution (a diet with antibiotic). The semi-broad-spectrum synthetic antibiotic, amikacin
(Sintez, Russia), was used in the experiments. Prior to the experiment, the sensitivity
of Enterococcus faecalis (GC1) to amikacin was evaluated using a standard in vitro disk
diffusion test. Specifically, 10 mm paper disks soaked in an antibiotic solution (A—0.935,
B—1.87, and C—3.75 mg/L) were plated. E. faecalis (GC1) from the collection of the Institute
of Systematics and Ecology of Animals, Siberian Branch of the Russian Academy of Sciences
(ISEA SB RAS) was used. No bacterial growth inhibition was observed after 48 h incubation
at 28 ◦C (see Supplementary Figure S1A–C). Amikacin was dissolved in sterile water
(volume specified in the recipe) and added at the end of preparing 1000 g of artificial diet.
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The final amikacin concentration was 1.5 × 10−2%. The wax moth line was continuously
cultivated on a diet with an antibiotic for 18 generations. In parallel, the wax moth line
was maintained on an antibiotic-free diet (the typical diet). In the eighteenth generation of
G. mellonella larvae, both lines (IV instar, at least 8 h post molting) were cryo-anesthetized
at −4 ◦C, followed by surface sterilization and midgut dissection for further analysis.

2.2. 16S rDNA Metabarcoding

Two lines of wax moth larvae fed the typical diet and the diet with antibiotic were
treated with 0.05% chlorhexidine. Midguts with contents were isolated, homogenized, and
frozen in liquid nitrogen (four samples per diet variant, five midguts per sample).

The DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) was used for total DNA
extraction according to the manufacturer’s instructions; bead beating was performed using
TissueLyser II (Qiagen, Hilden, Germany) for 10 min at 30 Hz. Agarose gel electrophoresis
was carried out to assess the quality of the extracted DNA; no further DNA purification
was needed.

The V3–V4 region of the 16S rRNA genes was amplified with the primer pair 343F
(5′-CTCCTACGGRRSGCAGCAG-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′) com-
bined with Illumina (San Diego, CA, USA) adapter sequences [41]. PCR amplification was
performed according to the procedure described earlier [42]. A total of 200 ng of the PCR prod-
uct from each sample was pooled together and purified using a MinElute Gel Extraction Kit
(Qiagen, Hilden, Germany). The obtained amplicon libraries were sequenced with 2 × 300 bp
paired-ends reagents on a MiSeq platform (Illumina) at the Genomics Core Facility, SB RAS
(ICBFM SB RAS, Novosibirsk, Russia). The read data reported in this study were submitted to
the NCBI Short Read Archive under BioProject accession number PRJNA980557.

Raw sequences were analyzed via the UPARSE pipeline [43] using the Usearch
v11.0.667 software. The UPARSE pipeline included merging of paired reads, read quality
filtering, length trimming, merging of identical reads (dereplication), discarding singleton
reads, removing chimeras, and operational taxonomic unit (OTU) clustering using the
UPARSE-OTU algorithm.

The OTU sequences were assigned a taxonomy using the SINTAX [44] and 16S RDP
training set v18 as a reference [45]. Alpha diversity metrics were calculated using the
Usearch software. Principal component analysis (PCA) was performed for the data using
Python’s scikit-learn package [46]. The Mann–Whitney U test was performed using the
Python scientific computing library, SciPy (v.1.5.1) [47].

2.3. Changes in CFU Counts in the Midgut of G. mellonella F18

The surface of wax moth larvae was sterilized with 0.05% chlorhexidine; the midguts
with the contents were then isolated, mechanically homogenized, and suspended in 1 mL of
150 mM sterile saline solution (SS). Aliquots (100 µL) from diluted suspensions at 10−2 were
inoculated onto the surface of bile esculine azide agar (Himedia, India). Bacterial colonies
were counted after 48 h of incubation at 28 ◦C. Fourteen samples from each group were
used for analysis.

2.4. Identification of Bacteria and Their In Vitro Sensitivity to the Antibiotic

Bacterial colonies were isolated into a pure culture by passaging three times on the afore-
mentioned medium under the same conditions (28 ◦C). Pure cultures were identified using
16S rRNA sequencing according to the procedure described previously [48]. The obtained 16S
sequences for isolates were deposited into the Genbank (Nos. OR018313–OR018329).

In order to determine the sensitivity to amikacin, a symbiotic bacteria isolate was
incubated with amikacin. An overnight culture of bacteria (20 µL, D600 = 1.0) was added to
1 mL of nutrient broth (pH 8.4; Himedia, India) with amikacin (pre-filtered 0.45 nm syringe
filter). The final amikacin concentrations in the broth with bacteria were 37.5, 75, and
150 mg/L. Sterile SS was introduced into the broth as a control. After 24 h of cultivation (at
28 ◦C) of bacteria, optical density at λ = 600 nm (D600) was measured (Multiskan Ascent,
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Thermo Sci., Carlsbad, CA, USA). Three replicates were used for all the bacterial isolates
and amikacin concentrations.

2.5. Sample Preparation and Enzyme Activity Measurements

Midgut tissues were prepared on ice in phosphate-buffered saline (PBS; pH 7.2).
Larval midguts were dissected; their contents were removed and twice rinsed with PBS.
The tissues were collected into tubes containing 120 µL of ice-cold PBS supplemented with
0.1 mM N-phenylthiourea (PTU). The midguts were suspended using a Bandelin ultrasonic
homogenizer (Germany) for 3 s (1 cycle). The supernatant (10,000× g, 5 min, 4 ◦C) was
used to spectrophotometrically measure enzyme activity.

The activity of alkaline proteases was measured using the method proposed by Elpid-
ina et al. [49] and Gatehouse et al. [50]. The sample (8 µL) and 500 µL of 5 mM Tris-HCl
buffer (pH 8.0) supplemented with 0.25% azocasein (Sigma-Aldrich, Darmstadt, Germany)
were mixed and incubated at 24 ◦C for 40 min. The reaction was stopped by adding 250 µL
of 1.1 M C2HCl3O2 (trichloroacetic acid, TCA) and immediately cooled down on ice for
10 min. The supernatant (10,000× g, 5 min, 4 ◦C) was measured at λ = 366 nm. Twenty
samples (one sample = two midguts) were used for each variant.

The procedure proposed by Anson [51] and modified by Noskov et al. [52] was used
to measure the acidic protease activity. Briefly, 250 µL of 0.3% hemoglobin (BD, France)
solution in PBS (pH 6.0) and the sample (30 µL) were incubated at 27 ◦C for 20 min. The
reaction was stopped by adding 250 µL of 0.3 M TCA. Supernatant (10,000× g, 5 min)
was measured at λ = 280 nm. Twenty samples (one sample = two midguts) were used for
each variant.

The activity of glutathione-S-transferases (GSTs) was measured colorimetrically ac-
cording to formation of 5-(2.4-dinitrophenyl)-glutathione based on the method proposed
by Habig et al. [53]. Here, 200 µL of ice-cold substrate [49.4 mM C6H3ClN2O4 dissolved
in acetone and 0.98 mM glutathione in PBS] was added to the 5 µL sample. The reaction
mixture was incubated at 28 ◦C for 15 min, and optical density at λ = 410 nm was measured.
Twenty samples (one sample = two midguts) were used for each variant.

Peroxidase activity was measured using 4-aminoantipyrine as a substrate according to
the procedure proposed by Nicell and Wright [54] with some modification. The samples
(20 µL) were mixed with 100 µL of the reaction mixture [0.17 M C2H5OH, 1.7 mM H2O2 and
2.5 mM 4-aminoantipyrine dissolved in PBS (pH 7.2)]. After incubation (4 min at 25 ◦C in
the dark), the mixture was incubated for measuring optical density at λ = 510 nm. Fourteen
samples (one sample = two midguts) were used for each variant.

Catalase activity was assayed by measuring optical density at λ = 240 nm according to
the rate of hydrogen peroxide decomposition [55]. Briefly, 195 µL of the reaction mixture
[1.17 mM H2O2 in PBS (pH 7.0)] and 5 µL samples were mixed, and optical density was
measured (after 60 s at 25 ◦C). Twenty samples (one sample = two midguts) were used for
each variant.

The protein concentration was determined using the method described by Brad-
ford [56]. Bovine serum albumin was used to generate the standard curve. Enzyme activity
was measured in optical density units (∆A) of the incubation reaction mixture per 1 min
(or 1 s for catalase) and 1 mg of protein.

2.6. pH of the Midgut Contents and Electron Microscopy of the Midguts

Larval midguts were isolated on ice-cold SS. The contents of the midgut were removed
and collected in tubes containing 1 mL of deionized water. pH of the midgut contents of
both wax moth lines was determined. At least 10 samples were used for each variant.

Midgut tissues were rinsed thrice in sodium cacodylate buffer. The midguts were
placed into a fixative solution [2% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.2)] and maintained at 4 ◦C for 24 h. The midgut samples were stained, dehydrated,
and sectioned according to the procedure described by Polenogova et al. [57].
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2.7. Vital Signs

The pupa weight (200 individuals from each group) and the number of eggs in the
oviposition (40 oviposition samples for each group) of G. mellonella F18 after cultivation on
a diet with antibiotic and a typical diet were recorded.

2.8. Preparing Bacteria and Performing Bioassay

Entomopathogenic bacteria B. thuringiensis var. galleriae 69-6 (Bt) from the collection of
the Institute of Systematics and Ecology of Animals (ISEA) SB RAS was used for in vitro
assessment of sensitivity to amikacin (as described in Section 2.1. Insects and experiment
design) and for treatment. E. mundtii 2521 and E. innessi 1721 strains were used after their
isolation and identification during the treatment study. All the bacteria were cultivated on
nutrient agar (pH 7.2; Himedia, India) at 28 ◦C for 6 days (for Bt) and 24 h (for E. mundtii
2521 and E. innessi 1721). Bacterial suspension was prepared in SS and pre-rinsed twice
with SS (6000× g for 10 min). The bacterial titer was determined using a Neubauer hemo-
cytometer. The entomopathogenic bacterial titer of Bt was 2 × 108 spores and crystals/mL;
the titer of both symbiotic bacteria E. mundtii 2521 and E. innessi 1721 was 7 × 107 cells/mL.
The spore:crystal ratio was 1:1 in a microbiological smear dyed with eosin. In the control
group, 1 mL of sterile SS was added. Wax moth larvae of the eighteenth generation up to
the IV instar (4–6 h post molting) were kept without food for 2 h before the experiment
and then fed 3 g of artificial diet with 1 mL suspension of bacteria. Four replicates were
used for each variant (1 replicate = 30 larvae). Survival was assessed over 7 days. The
following variants were used to perform bioassays with both insect lines (the typical diet
and diet with antibiotic): control, Bt, E. mundtii 2521, Bt + E. mundtii 2521, E. innessi 1721,
and Bt + E. innessi 1721.

2.9. Statistics

Statistics and data visualization were performed using STATISTICA 8.0, Past3, and
GraphPad Prism 5. The normality of the data distribution was checked using the Shapiro–
Wilk W test. Normally distributed data (p > 0.05) were subjected to t-tests. Non-normally
distributed data (p < 0.05) were subjected to Mann–Whitney U-tests. Differences in the
mortality rate were analyzed using the Kaplan–Meier log-rank test (Sigma-Stat 3, Systat
Software Inc., Tulsa, OK, USA).

3. Results
3.1. Bacteriobiome

The samples were collected after cultivating eighteen generations of G. mellonella larvae
reared on the standard diet and a diet containing amikacin. Metabarcoding sequencing
of the 16S rDNA was performed. The final dataset contained 115 OTUs and 236,085 reads
(29,492 ± 1175 reads per sample, see File S1). All the rarefaction curves followed a trend
of approaching the saturation plateau, which indicated a reasonable volume of reads
(see Supplementary Figure S2). Based on 16S rDNA metabarcoding, three main phyla,
including Firmicutes, Proteobacteria, and Actinobacteria (identity > 99%), were identified
in the bacterial community in the midgut of moth larvae.

Cultivation of 18 generations of the wax moth fed an antibiotic significantly increased
the number of OTUs as well as bacterial diversity (Shannon_10) and richness (Chao1) in-
dices; however, only the Chao1 index was significant compared to the wax moths receiving
a typical diet (Mann–Whitney U-test, p = 0.03) (Table 1).

The abundance of OTUs in Firmicutes samples ranged from 86 to 100% (Figure 1). In
the 18th generation of wax moths, an antibiotic diet significantly reduced their abundance,
but only as a trend (Mann–Whitney U-test, p = 0.054 (Table 2). Meanwhile, we recorded
an increased abundance of OTUs of Actinobacteria and Proteobacteria compared to that
in wax moths fed a typical diet, but only as a trend (p = 0.06). Significant changes in the
relative abundance of bacteria within the Firmicutes phylum referred to two OTUs of
the genus Enterococcus (class Bacilli). Specifically, the abundance of E. faecalis (OTU_2)
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decreased more than 90 fold, whereas the abundance of E. mundtii (OTU_6506) increased
73-fold compared with the typical diet (p = 0.02 and p = 0.03, respectively). The five-fold
increase in the relative abundance of E. xiangfangensis/E. devriesei (OTU_1865) was not
significant (p = 0.19). The first two principal components from the PCA accounted for over
98% of the total variation in the original microbial community fed different diets (Figure 2).

Table 1. Diversity characteristics of bacterial communities of the G. mellonella F18 generation after
cultivation with a typical diet and a diet supplemented with an antibiotic (the final concentration of
amikacin was 1.5 × 10−2%). The results are presented as the median and the 25th and 75th quartile
ranges for four replicates.

Diversity Quantitative
Parameters

Diet of the Insect Group p-Value < 0.05
(Mann–Whitney

U-Test)Typical with Antibiotic

Shannon_10 Median 0.14 0.4 0.2
Lower and upper quartiles 0.11–0.19 0.34–0.51

Chao1 Median 11.5 25.4 0.03
Lower and upper quartiles 5.5–18.0 18.88–31.0
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Figure 1. The main operational taxonomic units (OTUs) of the midgut microbiota composition of
G. mellonella larvae (F18 generation) after cultivation on a typical diet and a diet supplemented with
an antibiotic (a final concentration of amikacin of 1.5 × 10−2%). Both variants included four samples
(one sample = five midguts).
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Table 2. Changes in the relative abundance of the main phyla and OTUs of the midgut microbiota of
G. mellonella larvae (F18 generation) after cultivation on a typical diet and a diet supplemented with
an antibiotic (a final concentration of amikacin 1.5 × 10−2%). The results are presented as the median
and 75th and 25th quartile ranges for four replicates.

Taxons Quantitative
Parameters

Diet of the Insect Group p-Value < 0.05
(Mann–Whitney U-Test)Typical with Antibiotic

Firmicutes

Median 99.19 96.44

0.06Lower and upper
quartiles 98.14–99.94 93.52–97.01

OTU_2 (Enterococcus faecalis)

Median 92.5 0

0.02Lower and upper
quartiles 88.83–95.57 0

OTU_6506 (Enterococcus
mundtii)

Median 0.89 65.75

0.03Lower and upper
quartiles 0–0.9 57.16–70.36

OTU_1865 (Enterococcus
devriesei/
E. xiangfangensis)

Median 4.08 20.07

0.19Lower and upper
quartiles 0–6.39 0–34.34

OTU_36 (unc. Bacillus)

Median 0.95 1.91

0.34Lower and upper
quartiles 0–1.08 1.27–5.57

OTU_25 (unc. Staphylococcus)

Median 0 1.33

0.4Lower and upper
quartiles 0–0.29 0–4.08

Proteobacteria
Median 0.58 2.37

0.20
Lower and upper quartiles 0.06–0.61 0.27–2.43

OTU_11 (unc. Melaminivora)
Median 0 0

1.00
Lower and upper quartiles 0–0.47 0–0.73

Actinobacteria
Median 0.47 2.00

0.06
Lower and upper quartiles 0–0.77 1.51–2.32

Others
Median 0 1.4

0.19
Lower and upper quartiles 0–0.09 1.29–1.72

3.2. CFU Counts and Identification of Bacteria

In order to determine how the midgut bacteria influence the wax moth’s adaptation to
a diet supplemented with antibiotic, the larval midguts with their contents were plated
onto microbiological medium. Analysis of the CFU count showed that the number of
cultivated bacteria in insects fed a diet that contained the antibiotic was slightly decreased
(×1.7), but the result was not significant (Mann–Whitney U-test, p = 0.19) (Figure 3).

The predominant bacterial colonies present in the microbiota of both groups of larvae
were isolated and identified. The results showed that all the identified bacteria belonged to
the genus Enterococcus. Specifically, 16S rRNA gene-based identification of these cultures
showed 100% identity with E. faecalis, E. mundtii, and E. innesii (Table 3). The midgut
microbiota of G. mellonella larvae (F18 generation) cultured on a diet supplemented with
an antibiotic included E. mundtii and E. innesii bacteria. Meanwhile, E. faecalis prevailed in
the midgut of larvae raised on a typical diet. This result is consistent with the findings of
metabarcoding taxonomic identification of the bacterial community in the midgut of the
wax moth larvae (Figure 1).
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Table 3. Putative identification of 16S rRNA (~1400 bp) gene sequences of Enterococci isolated
from the G. mellonella midgut of the F18 generation using the BLAST technique against procaryotic
genomes from GenBank.

Diet of the
Insect Group

Isolate
Number Nearest Isolate from GenBank Identity

(%)
OTU

Number
GenBank Accession

Number

Typical diet

N121 Enterococcus faecalis (DACBQW010000003) 100 OTU_2 OR018313
N221 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018314
N1021 Enterococcus faecalis (DACBQW010000003) 100 OTU_2 OR018315
N1321 Enterococcus faecalis (DACBQW010000003) 99.93 OTU_2 OR018316
N1721 Enterococcus faecalis (DACBQW010000003) 100 OTU_2 OR018317
N1821 Enterococcus faecalis (DACBQW010000003) 100 OTU_2 OR018318
N2121 Enterococcus faecalis (DACBQW010000003) 100 OTU_2 OR018319
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Table 3. Cont.

Diet of the
Insect Group

Isolate
Number Nearest Isolate from GenBank Identity

(%)
OTU

Number
GenBank Accession

Number

Diet with
antibiotic

A1121 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018320
A1621 Enterococcus mundtii (WXPA01000019) 100 OTU_6506 OR018321
A2021 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018322
A2521 Enterococcus mundtii (WXPA01000019) 100 OTU_6506 OR018323
A121 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018324
A521 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018325
A921 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018326

A1421 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018327
A1721 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018328
A2221 Enterococcus innesii (JAHHEN010000001) 100 OTU_1865 OR018329

3.3. Enzymatic Activities in Midgut Tissues

In the midgut tissues of the 18th generation G. mellonella larvae, the antibiotic diet
slightly (1.14 fold) but statistically significantly increased acidic protease activity compared
to that in the insects fed a typical diet (Mann–Whitney U test, p = 0.016) (Figure 4A). The
level of alkaline protease activity in midgut tissues did not differ between the groups (t-test,
p = 0.98) (Figure 4B).
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Cultivation of wax moth with antibiotic resulted in a minor but valid 1.12-fold increase
in GST activity (t-test, p = 0.03, compared with the typical diet) (Figure 5A). Peroxidase and
catalase activities did not differ significantly between the wax moth lines fed different diets
(p = 0.9 and p = 1.0, respectively) (Figure 5B,C).

3.4. pH of the Midgut Contents and Ultra-thin Sections

No changes in pH in the midgut contents of the F18 moth larvae were observed (t-test,
p = 0.34, compared with the typical diet) (Figure 6).

An analysis of ultra-thin intestinal sections of both wax mole lines showed no mor-
phological differences in the structure of midgut epithelial cells (Figure 7).

3.5. Vital Signs of the F18 Generation G. mellonella

In the F18 generation, the antibiotic diet significantly reduced (1.14 fold) the weight of
wax moth pupae (t-test, p < 0.001, compared with the typical diet) (Table 4). No intergroup
differences in the fertility rate of eggs in the oviposition were revealed.
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Figure 5. Antioxidant enzyme activity of (A) glutathione-S-transferase, (B) peroxidase, and
(C) catalase of the midgut tissues of G. mellonella larvae (F18 generation) after cultivation on a typical
diet and a diet supplemented with an antibiotic (the final amikacin concentration was 1.5 × 10−2%).
*—significant intergroup differences (t-test, p = 0.03).
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Figure 7. Ultra-thin sections of the midgut larvae of G. mellonella (F18 generation) after cultivation on
a typical diet and a diet supplemented with an antibiotic (the final amikacin concentration was 1.5 ×
10−2%). Here, 4000× magnification is presented for both variants: (A) typical diet samples; (B) diet
with antibiotic. M—microvilli; ap—apocrine bubbles; m—mitochondria; N—nucleus; V—vesicles;
IcJ—intercellular junctions; G—Golgi apparatus.
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Table 4. Vital signs of the G. mellonella (F18 generation) after cultivation on a typical diet and a
diet supplemented with an antibiotic (the final amikacin concentration was 1.5 × 10−2%): the pupa
weight (200 individuals from each group) and the number of eggs in the oviposition (40 oviposition
samples from each group) (mean ± SD).

Vital Signs
Diet of the Insect Group p-Value < 0.001

(t-Test)Typical with Antibiotic

Mass of pupae, mg 0.15 ± 0.0025 0.13 ± 0.0026 0.000
Number of eggs in the oviposition 155.33 ± 13.4 189.65 ± 23.55 0.21

3.6. Influence of Amikacin on Bt Growth

Before assaying the sensitivity of G. mellonella F18 larvae to Bt, we assessed the effect
of amikacin on the bacteria. In vitro, Bt showed resistance to all amikacin doses (Figure 8).
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Figure 8. The sensitivity of B. thuringiensis var. galleria 69-6 to amikacin (Synthesis, Russia) was
determined in vitro using diffusion disks. The effect of amikacin on bacterial growth was assessed by
plating 10 mm paper disks soaked in the following concentrations of antibiotic solution onto freshly
plated bacterial culture lawns: (A) 0.935, (B) 1.87, and (C) 3.75 mg/L. The zones of inhibition were
measured after 48-h incubation at 28 ◦C. The assays were performed in four replicates.

3.7. Sensitivity of G. mellonella F18 to Bt

Inoculation of G. mellonella larvae (F18) fed a diet supplemented with an antibiotic by
entomopathogenic bacteria Bt did not lead to insect death; their survival rate was 100%
(Figure 9C,D). Meanwhile, in larvae reared on a typical diet, Bt feeding resulted in the
development of bacterial infection, and larval survival was 50% (p < 0.001, compared
with control group) (Figure 9A,B). Next, we analyzed the role of the isolated symbiotic
enterococci (E. mundtii 2521 and E. innessi 1721) on the susceptibility of larvae cultivated on a
typical diet and diet with antibiotic. The separete feeding of enterococci E. mundtii 2521 and
E. innessi 1721 did not lead to the development of bacterial infection. However, inoculation
of G. mellonella larvae fed a typical diet with both enterococci in combination with Bt
significantly reduced larval mortality due to additive or antagonistic effects. Differences in
the mortality dynamics after the exposure to Bt and Bt + E. mundtii 2521 were significant.
On day 1, the effect was additive (log rank test: χ2 = 0.2, df = 1, p < 0.05). On days
2–7 post-treatment, the survival of wax moth was increased by the antagonistic effect of
both enterococci (1.6 fold for E. mundtii 2521, χ2 > 5.6, p < 0.001; ninefold for E. innessi 1721,
χ2 > 45.1, p < 0.001, compared with inoculation with Bt only; Figure 9A,B). Inoculation of
G. mellonella (F18) larvae fed the antibiotic diet with enterococci only and in combination
with Bt did not cause insect death (Figure 9C,D); in the control groups reared on both types
of diets, insect survival was 100%.
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composition, affects activity of digestive and antioxidant enzymes in it, and reduces pupa 
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protecting the epithelial layer of the midgut against various toxins, which indicates the 
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Figure 9. Survival of the F18 generation of G. mellonella after culturing on (A,B) the typical diet and
(C,D) the diet with antibiotic (final concentration of amikacin, 1.5 × 10−2%) after treatment with
entomopathogenic bacteria Bacillus thuringiensis var. galleriae (2 × 108 spores and crystals/mL) and
symbiotic bacteria (7 × 107 cells/mL). (A,C) Enterococcus mundtii 2521, (B,D) Enterococcus innessi 1721.
Before the experiment, an artificial diet with saline solution was prepared for the larvae in the control
group. Larvae were maintained without food for 2 h. The artificial diet was previously sterilized
by gamma radiation. All the variants included four replicates (one replicate = 30 larvae). Different
letters (a–c) show significant intergroup differences in the survival of wax moths as estimated using
the log rank test (χ2 > 5.6, df = 1, p < 0.001, compared to the wax moth line reared on a typical diet).
Asterisks indicate additive effects (χ2 > 3.84, p < 0.05); the hash mark indicates antagonistic effects
(χ2 > 5.6, p < 0.001).

4. Discussion

We showed that long-term cultivation of G. mellonella on an artificial diet significantly
with a broad-spectrum antibiotic (amikacin) significantly alters the midgut microbiota
composition, affects activity of digestive and antioxidant enzymes in it, and reduces pupa
weight. We hypothesize that these effects were due to the change in the microbial com-
munity and “separation” of amikacin-resistant E. mundtii, promoting active digestion and
protecting the epithelial layer of the midgut against various toxins, which indicates the
adaptation of the wax moth to the antibiotic.

We observed a substantial increase in the number of OTUs, bacterial diversity, and
richness in the midgut larvae reared on an amikacin diet; however, richness was the only
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parameter for which a significant difference was observed compared to the typical diet.
Unexpectedly, we observed a 73-fold increase in the abundance of the minor E. mundtii
after long-term cultivation on a diet with an antibiotic. Other researchers have mentioned
in their studies that rearing of Drosophila nigrosparsa on a diet with tetracycline for three
generations was not accompanied by changes in the alpha diversity of the gut microbiota,
although the abundance of Lactobacillus (Firmicutes) increased [5].

Microbiological analysis of the midguts of wax moth larvae revealed that CFUs of
Firmicutes were slightly decreased in the group of insects reared on a diet supplemented
with amikacin. Moreover, identification of individual isolates showed that these data were
consistent with the results of metabarcoding analysis and that bacteria belonged to different
Enterococcus species. It is noteworthy that a significant proportion of the identified bacteria
were E. innessi, which can potentially be explained by the presence of bacterial colonies
of different morphotypes in the midgut of the wax moth. The phenomenon of increased
counts of enterococci is fairly common during the development of various toxicoses in
insects [8,9,12]. E. faecalis are tolerant to aminoglycosides [58]. In our experiments, we also
did not observe amikacin causing significant growth inhibition at a biologically relevant
level (see Supplementary Figures S1A–C and S3). Although it is known that the results
of in vitro and in vivo tests may differ, and it is possible that the potential resistance of
E. mundtii to the antibiotic reduced the competitiveness of E. faecalis. In general, the
importance of enterococci for the host can be quite broad and may include both their
probiotic role [2,59–61] and their ability to produce antimicrobial peptides necessary to
suppress the development of various infections [33]. However, it should be noted that
studies addressing the effect of antibiotics on the insect microbiota were performed using
insects up to the 6th generation (depending on a certain study) (Drosophila nigrosparsa) [5,9].

It is most likely that enterococci (E. mundtii in this study) may be crucial for adap-
tation to antibiotics not only for the microbiota, but also for the wax moth per se. The
antimicrobial substances synthesized by the microbiota cause microflora depletion and the
emergence of microorganisms resistant to these substances, as well as alter the physiological
processes in the host [22,62]. E. mundtii frequently isolated from the guts of various insects
acts as a probiotic in the gut of mill moth Ephestia kuehniella [59]; it affects the resistance
to organophosphate insecticides in the silkworm Bombyx mori [2,60] or antagonizes the
action of entomopathogenic bacteria in the beetle Tribolium castaneum [59]. Meanwhile,
the xenobiotic properties and toxic effects of antibiotics could alter both the immune
reactions and enzymatic activities in various organs and tissues. The effect of aminogly-
cosides, including amikacin, on tissues or organs of the hosts has been reported mostly
for vertebrates. In particular, neuro- and nephrotoxic effects have been demonstrated for
amikacin. Reduced activity of antioxidants, such as superoxide dismutase (SOD), catalase,
glutathione-S-transferase (GSH), and glutathione peroxidase (GPx), along with activation
of necrosis-like and apoptotic death of the cochlear tissue cells, was observed in guinea
pigs treated with amikacin [63]. Similar effects have also been detected in tissue cultures
treated with gentamicin (an aminoglycoside antibiotic) [64]. Studies performed on insects
were predominately based on the data obtained from one, or six at most, generations reared
on an antibiotic diet. Thus, reduced activity of antioxidant enzymes and transaminases
was demonstrated for the midgut of the G. mellonella larvae fed streptomycin (first genera-
tion) [65]. Similar results were obtained on Drosophila melanogaster, indicating that exposure
to streptomycin reduces activity of antioxidant enzymes [66]. In our experiments, GST
activity was increased, while no differences in the activities of other antioxidants (catalase
and peroxidase) in the wax moth midgut (F18) reared on different diets were detected.
GST often acts not only as an antioxidant, but it can also help detoxify toxic products that
accumulate in tissues during destructive processes [67]. In our experiments, we selected
an antibiotic dose that had no harmful effect on the insects’ gut cells. This was confirmed
by the absence of noticeable differences between the electron microscopic sections of the
midgut tissues of the larvae fed the amikacin diet versus the control diet. The absence of
significant differences in the activities of antioxidant enzymes of wax moth larvae are likely
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indicative of the formation of adaptive mechanisms in insects after long-term exposure to
an antibiotic.

Certain environmental conditions are required for enzymes, and proteases in particular,
to function successfully. For example, serine proteases are active under alkaline conditions,
while cysteine proteases are active under acidic conditions. Changes in the microbiota can
alter pH of the gut lumen. Thus, the microbiota of the western corn rootworm Diabrotica
virgifera virgifera contributes to the survival of the host when its food plant is changed
(switching to soybeans), and this change is accompanied by an increase in cysteine protease
activity in the host [68]. We hypothesize that the increase in E. mundtii density in the wax
moth midgut increases lactic acid production, thus changing the pH of the gut contents. It
is known that lactic acid produced by enterococci can contribute to food digestibility [61]
and microbiota regulation [69] and positively affects the viability and reproduction of
individuals. However, our measurements of the pH values in the midguts revealed no
difference between the diets.

An increased activity level of proteolytic enzymes often results from starvation and/or
ongoing destructive processes in tissues during toxicosis. For phytophages, physiological
adaptation to xenobiotics is usually accompanied by increased activity of digestive en-
zymes, which helps reduce the toxic effects of xenobiotics on tissues [70–73]. Any changes
in protease activity or their composition can affect the sensitivity of insects to insecticides
and/or entomopathogens [73,74]. Insects are able to use a variety of strategies to minimize
the effects of a non-preferred diet. These include the overproduction of existing digestive
proteases, expression of inhibitory insensitive digestive proteases [75], and “switching”
between several gene copies (proteases, serine, cysteine, and aminopeptidase in particu-
lar) [76]. In our case, increased activity of acidic proteases in the midgut tissue at constant
pH, as well as in our previous study for the F10 generation of wax moth, mostly attests
to the toxic effect of the amikacin and adaptation due to elevated activity of digestive
enzymes [77].

Invertebrates can actively use antimicrobial peptides synthesized by symbiotic mi-
croorganisms to suppress the development of gut infections [4,33]. We observed no deaths
of the wax moth larvae (F18) reared on a diet supplemented with an amikacin after expo-
sure to the entomopathogenic bacteria B. thuringiensis. In addition, in vitro tests revealed no
antagonistic interactions between the microbiota predominant in the wax moth (enterococci
(E. faecalis N121 and N1021, E. mundtii A2521, E. innesii A1721)) and the entomopathogenic
bacteria B. thuringiensis (see Supplementary Figure S4). We also found no growth inhi-
bition of B. thuringiensis in in vitro tests with amikacin discs (0.935, 1.87, and 3.75 mg/L)
(Figure 8). However, inoculation with enterococci isolated from midgut of wax moth in
combination with Bt significantly suppressed the development of infection. This effect
may be due to inhibition of Bt spores and crystals in vivo by the antibiotic remaining in
larval tissues. We performed an additional experiment in which wax moths up to the 17th
generation maintained on a diet with antibiotic were transplanted in the 18th generation to
a gamma-sterilized diet without the addition of amikacin, starting with newborn larvae, to
exclude possible inhibition of Bt by amikacin. Oral infection of these IV instar larvae with
Bt (2 × 108 spores and crystals/mL) did not result in the development of bacterial infection,
and insect survival was 100% (see Supplementary Figure S5). On the one hand, increased
activity of proteolytic enzymes as the host uses the microbiota proteases is expected to
increase the virulence of the gut pathogens. Thus, trypsin proteases belonging to the serine
(or alkaline) group of proteolytic enzymes are required for solubilization and activation of
B. thuringiensis Cry-toxins under alkaline midgut conditions in Lepidoptera [78,79]. At least
two secreted proteases produced by E. faecalis, which is dominant in the midgut of wax
moth, were observed: metalloproteinase gelatinase (GelE) and serine protease (SprE) [80].
It is possible that they are involved in limited proteolysis of the B. thuringiensis Cry toxin
protein. On the other hand, although no virulence factors inherent in other enterococci
were identified for E. mundtii [81], it contains the collagen adhesin genes of E. faecium
(scm) [82] and the mundticin munST4SA gene (a bacteriocin active against various bacteria:
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E. faecalis, Streptococcus pneumoniae, Staphylococcus aureus, and Listeria monocytogenes) [83].
Furthermore, in Spodoptera littoralis, increased bacterial density and expression of the
genes controlling adherence of E. mundtii to the midgut epithelium leads to the formation
of biofilms promoting pathogen suppression and protecting gut cells against oxidative
stress [84]. Grau et al. [59] investigated the probiotic effect of E. mundtii for the red flour
beetle Tribolium castaneum infected with B. thuringiensis. They found that the survival of
larvae pre-fed with the supernatant of E. mundtii bacteria was significantly increased, but
the lifespan and fertility of the insects were simultaneously reduced. These findings are
in good agreement with our results. Although we have not monitored the lifespan of
the wax moth in our experiments, pupa weight was significantly decreased. For some E.
innesii strains isolated from G. mellonella, the absence of non-virulence genes or antibiotic
resistance genes and their importance in inhibiting metamorphic transformation of the
wax moth are known [32,85]. Moreover, Kong et al. showed that repeated inoculation
of E. innessi onto G. mellonella larvae induced expression of antimicrobial peptide genes
encoding gallerimycin, cecropin, and IMPI (insect metalloprotease inhibitor), and increased
expression of these genes persisted even 48 h after inoculation [85].

5. Conclusions

We suggest that the increase in E. mundtii or E. innessi density in the midgut of
G. mellonella larvae could be an adaptation mechanism of the moth to the altered envi-
ronmental conditions aimed at protecting the host cells and organs against the effects of
toxic substances and pathogens. We found that long-term cultivation (F18) of wax moth
reared on a diet with antibiotic (i) significantly (73 fold) increased the density of minor
E. mundtii; (ii) increased GST activity in the midgut tissues; (iii) increased the activity of
acidic proteases in the midgut tissues, while pH in the midgut remained unchanged; and
(iv) increased counts of bacteria E. mundtii or E. innessi in the midgut of G. mellonella larvae
significantly suppressed the development of bacterial infection caused by B. thuringiensis.
The present work opens up new prospects for further research into antibiotic-resistant sym-
biotic microorganisms and their benefits for persistence in the dynamic environment of the
insect’s gut, as well as conditions for changing their strategy and manifestation of virulent
properties. We believe that one of the tools mediating the adaptation of microorganisms
in various communities is the production of secondary metabolites, including those with
characteristic antibiotic activity. Due to the synthesis of antimicrobial substances, microor-
ganisms in the microbiota can exist for a long time and maintain a certain localization.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/insects14110889/s1. Figure S1. The sensitivity of En-
terococcus faecalis GC1 [12] to amikacin (Synthesis, Russia) was determined in vitro using diffusion
disks. The effect of amikacin on bacterial growth was assessed by plating 10 mm paper disks soaked
in an antibiotic solution (A—0.935, B—1.87 and C—3.75 mg/L) on to freshly plated bacterial culture
lawns. The inhibition zones were measured after 48 h incubation at 28 ◦C. The assays were performed
in four replicates; Figure S2. Rarefaction analysis of the investigated samples: typical diet (A) and
diet with antibiotic (B); Figure S3. Growth of enterococci isolated of G. mellonella midgut bacteria
(generation F18) after cultivation on typical artificial diet (Enterococcus faecalis N121 and Enterococcus
faecalis N1021) and diet with antibiotic (Enterococcus innesii A1721 and Enterococcus mundtii A2521).
An overnight bacterial culture was incubated in nutrient broth in the presence of an antibiotic (37.5,
75, and 150 mg/L). Sodium chloride solution (SS) was used as a control. The optical density (D600) of
the broth was evaluated after 24 h of cultivation at 28 ◦C. Three replications were included for each
variant of experiment. *—significant differences compared to SS (t-test, p = 0.03); Figure S4. Interac-
tion of enterococci isolated from the midgut G. mellonella (generation F18) and entomopathogenic
bacteria Bacillus thuringiensis var. galleria 69-6 as assessed by the agar plug diffusion method on
nutrient agar (pH 8.4). Petri dishes were incubated at 28 ◦C. No bacterial growth inhibition was
detected after 48 h of incubation at 28◦ C. Assays were performed in four replicates. File S1 The final
dataset contained 115 OTUs and 236,085 reads (29,492 ± 1175 reads per sample).
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