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Abstract

As an alternative to chemical insecticides, gut bacteria of insects could be used to control insect pests. In this study, bacteria
associated with Tuta absoluta, an invasive species that has developed resistance to chemical insecticides, were isolated, and
their potential for pest control was investigated. We isolated 13 bacteria from larvae of the pest and identified the isolates on
the basis of their morphological, physiological, biochemical, and molecular characteristics as Bacillus thuringiensis (Tal-
8), Staphylococcus petrasii (Ta9), Citrobacter freundii (Tal0), Chishuiella changwenlii (Tall), Enterococcus casseliflavus
(Tal2), and Pseudomonas tremae (Tal3). A laboratory screening test at 10° cfu/ml showed that B. thuringiensis (Bf) isolates
caused more than 90% mortality after 3 days. Among the isolates, Bt-Tal showed the highest mortality in a short time. The
LCs, and LCy, values for Br-Tal were estimated to be 1.2 X 10% and 2 x 10° cfu/ml, respectively. Detailed characterization of
Bt-Tal revealed that it is one of the serotypes effective on lepidopterans and contains the genes crylAa, cry2Aa, and vip3Aa,
which encode lepidopteran toxic proteins. Bt-Tal isolate has been shown to have the potential to be used in the integrated

management of Tuta absoluta.
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Introduction

Climatic changes increase the chances of occurrence of vari-
ous invasive insect pests. Tuta absoluta (Meyrick) (Lepi-
doptera: Gelechiidae), one of the invasive pests, is consid-
ered one of the most devastating pests to tomato crops. Tuta
absoluta is native to South America and was first reported
outside South America in Spain in 2006 (Urbaneja et al.
2008). Since then, it has been reported in almost all tomato-
growing countries. The pest attacks the foliage, stems, fruits,
and flowers of tomato plants and affects the overall growth
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and yield of the plant. Damage can reach to 80-100% in
the greenhouse and open-field conditions if not controlled
(Chidege et al. 2016).

Current control of 7. absoluta in tomato-growing areas
is mainly based on the use of chemical insecticides. How-
ever, in some tomato-growing areas, chemical insecticides
are used up to three times a week. Insecticides can generally
increase yields by suppressing pest populations. On the other
hand, the high number of insecticide applications signifi-
cantly increases production costs and leads to the emergence
of resistant populations over time. Insecticide resistance
has been reported worldwide for avermectins, pyrethroids,
diamides, benzoylureas, organophosphates, oxadiazines,
semicarbazones, and spinosyns (Siqueira et al. 2000; Lietti
et al. 2005; Guedes et al. 2019; Langa et al. 2022). In addi-
tion, their negative impacts on beneficial insects limit the
use of its predators.

Insect pathogenic bacteria are an important alternative
for integrated pest management strategies due to their spe-
cies specificity and environmental safety. Bacteria may be
permanently or temporarily associated with their insect host,
and such associations may be beneficial or detrimental to the
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insect. Insect gut bacteria play an important role in nutrition
and digestion, detoxification of secondary plant compounds,
protection against pathogens, development and reproduction,
etc. In addition to these beneficial associations, gut bacteria
can become opportunistic pathogens due to physiological
or environmental changes that lead to a deterioration of gut
microbial diversity (Moran et al. 2005; Engel and Moran
2013). Several studies have investigated the pathogenicity of
bacteria associated with the gut microbiota of lepidopterans
from different families, such as, Lymantria dispar L. (Lep.:
Lymantriidae) (Demir et al. 2012), Spodoptera littoralis
(Boisd.) (Lep.: Noctuidae) (Cakici et al. 2014), Antheraea
assamensis Helfer (Lep.: Saturniidae) (Haloi et al. 2016),
Spodoptera exigua (Hiibner) (Lep.: Noctuidae) (Eski et al.
2018), and Spodoptera litura (Fab.) (Lep.: Noctuidae) (Devi
et al. 2022).

To date, the effect of entomopathogenic bacteria isolated
from different sources on T. absoluta has been studied, but
the pathogenicity of the gut bacteria associated with 7. abso-
luta has not been investigated. In this regard, the present
study is aimed at determining the pathogenicity of cultur-
able gut bacteria associated with 7. absoluta and to pre-
sent a potential candidate for integrated pest management
strategies.

Materials and methods
Insect collection and bacteria isolation

The larvae of the tomato leaf miner were collected from
infested greenhouses in Antalya, Turkey. The infested fruits
and leaves were carefully dissected, and the larvae were
removed. The larvae were sterilized with 70% ethanol for
30 s and then washed three times with sterile distilled water.
The larvae were homogenized in 1 ml of PBS (phosphate-
buffered saline) using a sterile glass tissue grinder. The
homogenized suspension was serially diluted up to 1077 in
PBS solution, and 100 pl of each dilution was spread on TSA
(tryptic soy agar) plates. The plates were incubated at 30 +
2 °C for 4 days. Colonies were differentiated by phenotype
and a single representative isolate of each morphotype was
sub-cultured on TSA plates (The pure cultures of the bacte-
rial isolates were stored in 20% glycerol at — 80 °C).

Morphological and biochemical characteristics

Isolates were first screened based on the shape and color of
the colony by direct observation using a stereomicroscope.
Gram staining was performed according to the procedure
described by Claus (1992), and isolates were stained for
endospores (Reynolds et al. 2009). Also, using 3-day cul-
tures of endospore-forming isolates, it was observed under
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the light microscope whether they produce insecticidal crys-
tal proteins. Motility of the isolates was determined by the
hanging drop technique (Jain et al. 2020). Biochemical iden-
tification of isolates was then performed using the VITEK-2
system (BioMerieux VITEK, St. Louis, MO) according to
the manufacturer’s instructions. The findings were evaluated
according to Bergey’s Manual of Systematic Bacteriology 1
and 2 (Garrity et al. 2005; de Vos et al. 2009).

16S rDNA gene sequencing

Genomic DNA was extracted from the bacterial isolates
using Quick-DNA Fungal/Bacterial MiniPrep Kit (Zymo
Research, Irvine, CA, USA) according to the manufactur-
er’s protocols. A 1.5-kb region of the bacterial 16S rDNA
gene was amplified with primers UNI16S-F (5'-ATTCTA
GAGTTTGATCATGGCTCA-3") and UNI16S-R (5'-ATG
GTACCGTGTGACGGGCGGTGTGTA-3") (Weisburg et al.
1991). Polymerase chain reaction (PCR) was performed with
Tag DNA polymerase (New England Biolabs, Hertfordshire,
UK) using a temperature profile of initial denaturation at 95
°C for 30 s, followed by 30 cycles of denaturation at 95 °C,
annealing at 55 °C for 15 s, initial extension at 68 °C for 60
s, and final extension at 68 °C for 5 min. PCR products were
electrophoresed on a 1% agarose gel containing ethidium
bromide (0.5 mg/ml), and DNA bands were visualized in
a gel documentation system. The amplified PCR products
cleaned up from the gel using the NucleoSpin Extract Kit
(Macherey-Nagel, Germany) and ligated to the pGEM-T
Easy Vector (Promega Co, USA) and then transformed into
Escherichia coli IM101 competent cells. After transforma-
tion, the plasmid was isolated using the Wizard Plus SV
Miniprep DNA Purification System Kit (Promega, France)
and sent to MACROGEN (The Netherlands) for sequencing.

Pyhlogeny of bacterial isolates

Sequence assembly was performed using Bioedit software
(Hall 2011). Vector contamination was determined and
cleaned using VecScreen on NCBI. The edited sequences
were compared with the RefSeq database using the nBLAST
search tool from NCBI GenBank. The sequences of the
isolates were deposited in the GenBank database. The
sequences and their closely related species were used for
phylogenetic analysis. Multiple sequence alignments were
performed using ClustalW, and the phylogenetic tree was
constructed using the neighbor-joining algorithm (NJ) with
MEGA X (Kumar 2018).

Insect rearing

The larvae of T. absoluta were collected from tomato green-
houses in Ankara, Turkey. Larvae were placed in a cage (50



International Microbiology (2024) 27:631-643

633

X 50 X 30 cm) with a tomato plant. Newly emerged adults
were transferred to another cage with a tomato plant. The
tomato plant used in this study was grown in a greenhouse.
The Negris tomato variety was used for the rearing of T.
absoluta and the experiments.

Insecticidal potential of the isolates

Bacterial isolates grown overnight at 30 °C in nutrient broth
medium were centrifuged at 4500 rpm for 5 min to remove
the medium. The pellet was washed twice with sterile dis-
tilled water and re-suspended. Then, the bacterial density
was determined using a spectrophotometer at 600 nm and
adjusted to 1.00 (= 1 X 10° cfu/ml) (Ben-Dov et al. 1995).
The suspensions were used in the bioassays.

Bioassays were assessed using the leaf disc method rec-
ommended by the Insecticide Resistance Action Committee
(IRAC 2012). Tomato leaf disks (3 cm) were dipped in the
bacterial suspension and allowed to dry on a wire net. When
the leaf surface was completely dry, these discs were placed
in Petri dishes (3.5 cm) containing moistened cotton. Then,
a second instar 7. absoluta larva was placed in each Petri
dish. Sterile distilled water was used in the control group.
At least thirty-two larvae were used for the bioassays. Sterile
distilled water was used in the control group. The screening
tests were repeated three times. Bioassay was carried out at
25 + 2 °C, 60-70% relative humidity, and under photoperiod
of about 14 h light/10 h dark for 3 days. The mortality rate
was recorded daily for three days.

Bacillus thuringiensis strain Tal (Bt-Tal) determined as
the most effective isolate in the screening test was used in
concentration response experiments. Different concentra-
tions of Bt-Tal (from 10'° to 10° cfu/ml) were prepared by
serial dilution from stock suspension, and bioassays were
conducted as described above.

Statistical analysis

Mortality percentages were calculated and corrected using
Abbott’s formula (Abbott 1925). The corrected mortal-
ity data were subjected to analysis of variance (one-way
ANOVA) followed by comparison of means with the LSD
test at @ = 0.05 using SPSS 20.0 software. Data normality
and homogeneity of variance were checked using the Shap-
iro-Wilk test and Bartlett’s test, respectively. Concentration-
response data were analyzed using probit regression analy-
sis to estimate LCs, and LCy, values. In addition, survival
analysis was performed using the Kaplan-Meier method, and
survival characteristics were evaluated using log-rank tests
with the Holm-Sidak method for multiple comparisons to
compare different survival curves.

Detailed characteristics of Bacillus thuringiensis Ta1
aroE and gyrB gene sequencing

The gyrB gene (a housekeeping gene encoding the DNA
gyrase subunit B protein, topoisomerase type I) and the
aroE gene (a housekeeping gene encoding shikimate dehy-
drogenase) were partially amplified using the primer pairs
gyrB-F1/gyrB-R1 and aroE-F1/aroE-R1 (Soufiane and Coté
2009). PCR was performed with an initial denaturation at 95
°C for 30 s, followed by 30 cycles consisting of 95 °C for
30 s, 47 °C for 30 s, and 68 °C for 1 min, and a final exten-
sion for 5 min at 68 °C. After confirmation of the amplified
products by 1% agarose gel electrophoresis, cloning of the
amplified products, selection of transformants, and determi-
nation of nucleotide sequences were performed as previously
described.

Insecticidal gene profile

PCR was performed to screen cry and vip type genes using
oligonucleotide primer pairs described by Jain et al. (2012)
and Hernandez-Rodrigues et al. (2009) (Table 1). The ampli-
fied products were electrophorezed through a 1% agarose
gel and visualized by ethidium bromide staining. The PCR
products of each gene were purified using a PCR clean-up
kit (Macherey-Nagel, Diiren, Germany) and sequenced at
Macrogen Inc. (The Netherlands).

Microscopy of spore-crystal mixture

A loopful of Bt-Tal was inoculated into 100 ml T3 medium
(Martin and Travers 1989) to promote sporulation and incu-
bated at 30 °C until complete lysis of the cells (approxi-
mately 72 h). The spore-crystal mixture was collected by
centrifugation at 4 °C. The pellet was washed at least three
times with ice-cold 0.5 M NaCl to remove extracellular com-
ponents. Finally, the spore crystal pellet was suspended in
sterile distilled water and examined using a phase contrast
microscope (Nikon Eclipse Ni, Japan) according to the spore
crystal staining method described by Smirnoff (1962). In
addition, the spore-crystal mixture was examined with a
scanning electron microscope (Zeiss Evo LS10, Germany)
for the morphology of the insecticidal crystal proteins.

Results

Thirteen different bacteria (Tal to Tal3) associated with
T. absoluta larvae were obtained. They were first distin-
guished by macroscopic and microscopic observation.
Eight spore-forming Gram-positive bacilli, three non-
spore-forming bacilli, and two Gram-positive cocci were
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Ta!ale 1 Oligonuclcotid.e Primers  Sequence (5' — 3') Product size (bp) T, (°C)
primers used for screening of
partial cry and vip type genes Unl CATGATTCATGCGGCAGATAAAC (d) 277 55
TTGTGACACTTCTGCTTCCCATT (r)
Un2 GTTATTCTTAATGCAGATGAATGGG (d) CGGATAAAATAA 701 52
TCTGGGAAATAGT (r)
Un3 CGTTATCGCAGAGAGATGACATTAAC (d) 604 54
CATCTGTTGTTTCTGGAGGCAAT (r)
Un4 GCATATGATGTAGCGAAACAAGCC (d) 439 59
GCGTGACATACCCATTTCCAGGTCC (r)
Un5 TTACGTAAATTGGTCAATCAAGCAAA (d) 474 52
AAGACCAAATTCAATACCAGGGTT (r)
Un7-8 AAGCAGTGAATGCCTTGTTTAC (d) 420 49

CTTCTAAACCTTGACTACTT (r)

Un9 CGGTGTTACTATTAGCGAGGGCGG (d) 359 60
GTTTGAGCCGCTTCACAGCAATCC (r)

Unll

TTCCAACCCAACTTTCAAGC (d) 305 51

AGCTATGGCCTAAGGGGAAA (r)

vipl-sc

TTATTAGATAAACAACAACAAGAATATCAATCTATT 585 47
MGNTGGATHGG (d)

GATCTATATCTCTAGCTGCTTTTTCATAATCTSARTANG-

GRTC (1)
vip2-sc

GATAAAGAAAAAGCAAAAGAATGGGRNAARRA (d) 845 47

CCACACCATCTATATACAGTAATATTTTCTGGDATNGG (1)

vip3-sc

TGCCACTGGTATCAARGA (d) 1621 47

TCCTCCTGTATGATCTACATATGCATTYTTRTTRTT (r)

d, forward primer; r, reverse primer

determined. The biochemical characteristics determined
with the VITEK-2 compact system are listed in Table 2
for the spore-forming bacilli and in Table 3 for Gram-
negative and Gram-positive non-spore-forming bacilli. In
addition, the predicted species for the isolates based on the
VITEK-2 identification system and their probability and
confidence are presented in Table 4.

Comparison of the partial sequence of the 16S rDNA
genes with the RefSeq database using nBLAST showed
that the first eight isolates (Tal to Ta8) had 99.87%
sequence similarity with Bacillus cereus group. The obser-
vation of insecticidal crystal proteins in light microscopy
in these isolates indicated that they were B. thuringiensis.
On the other hand, the partial 16S rDNA sequence of Ta9
isolate showed 99.72% identity to the strain of Staphy-
lococcus petrasii NCTC13830. The partial 16S rDNA
sequence of TalO isolate showed 99.53% identity to the
strain of Citrobacter freundii FDAARGOS. The partial
16S rDNA sequence of Tall isolate showed 99.84%
identity to the strain of Chishuiella changwenlii BY4.
The partial 16S rDNA sequence of Tal2 isolate showed
99.86% identity to the strain of Enterococcus cassalifla-
vus EC20. The partial 16S rDNA sequence of Tal3 iso-
late showed 98.93% identity to the strain of Pseudomonas
tremae PA-1-12B. Phylogenetic analysis based on the 16S
rDNA sequence also confirmed the molecular characteri-
zation (Fig. 1). The sequence data were deposited in the
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GenBank database under accession numbers MK517625
to MK517637.

The results of the bioassays with a concentration of 1 X
10° cfu/ml are shown in Fig. 2. Mortality was significantly
higher when B. thuringiensis isolates were used (p < 0.05).
All Bt isolates caused more than 90% mortality in larvae of
T. absoluta after 72 h of application. Isolates Tal, Ta2, Ta4,
Ta6, Ta7, and Ta8 also caused complete mortality. However,
isolates other than B. thuringiensis showed low virulence
resulting in less than 15% mortality (F = 1420, df = 12,
p < 0.05) (Fig. 2). In the concentration-response experi-
ment with isolate Tal, complete mortality was observed at
a concentration of 10'° cfu/ml, while mortality was 53% at
a concentration of 10° cfu/ml. The survival analysis also
showed that there was a significant difference between con-
centrations and control group (Fig. 3). The LCy, and LCy,
values for Bt-Tal were estimated to be 1.2 x 10% and 2 x 10°
cfu/ml, respectively.

For detailed characterization of Bt-Tal isolate, which
showed the high virulence, the gyrB and aroE genes were
amplified. It yielded a single amplicon of 2 kbp (later deter-
mined at 1923 bp) and 0.7 kbp (755 bp) in length for gyrB
and aroE, respectively. The sequences generated for the gyrB
and aroE genes are available in the GenBank under acces-
sion numbers MN010643 and MNO010642, respectively.
The concatenated partial sequences of 16S rDNA, gyrB,
and aroE had a length of 4108 nucleotides. A bootstrapped
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Table 2 The biochemical
characteristics of Gram-positive
Bacillus isolates based on
VITEK-2 bacterial identification
system

Tests on BCL card

Isolates

Tal

Ta2

Ta3

Ta4

Ta5s

Ta6

Ta7 Ta8

Beta-xylosidase

L-Lysine arylamidase
L-Aspartate arylamidase
Leucine arylamidase
Phenylalanine arylamidase
L-Proline arylamidase
Beta-galactosidase
L-Pyrrolydonyl arylamidase
Alpha-galactosidase
Alanine arylamidase
Tyrosine arylamidase
Beta-N-acetyl-glucosaminidase
Ala-Phe-Pro arylamidase
Cyclodextrin

D-Galactose

Glycogen

Myo-inositol

Methyl-A-D-glucopyranoside acid.

Ellman
Methyl-D-xyloside
Alpha-mannosidase
Maltotriose

Glycine arylamidase
D-Mannitol
D-Mannose
D-Melezitose
N-acetyl-D-glucosamine
Palatinose
L-Rhamnose
Beta-glucosidase
Beta-mannosidase
Phosphoryl choline
Pyruvate
Alpha-glucosidase
D-Tagatose
D-Trehalose

Inulin

D-Glucose

D-Ribose

Putrescine assimilation
Growth in 6.5% NaCl
Kanamycin resistance
Oleandomycine resistance
Esculine hydrolysis
Tetrazolium red
Polymixin B resistance

=)
()

)
)

+

+ o+

)
)

+

+ o+

I+ + 1+ +
| I

+
+
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Table 3 The biochemical
characteristics of Gram-negative
(left side) and Gram-positive
non-spore forming (right side)
isolates based on VITEK-2
bacterial identification system

@ Springer

Tests on GN card Isolates Tests on GP card Isolates
Tal0 Tall Tal3 Ta9 Tal2

Ala-Phe-Pro-arylamidase - + - D-Amygdalin -+
Adonitol - - - Phosphatidylinositol phospholipase C —  —
L-Pyrrolydonyl-arylamidase + + - D-Xylose - -
L-Arabitol - - - Arginine dihydrolase 1 +  +
D-Cellobiose - - - Beta galactosidase -+
Beta-galactosidase + - - Alpha glucosidase + -
H2S production + - - Ala-Phe-Pro arylamidase - -
Beta-N-acetyl-glucosaminidase =~ — - - Cyclodextrin - -
Glutamyl arylamidase pNA - + - L-Aspartate arylamidase -+
D-Glucose + - + Beta galactopyranosidase - -
Gamma-glutamyl-transferase + + - Alpha mannosidase - -
Fermentation/glucose + - - Phosphatase - =
Beta-glucosidase - - - Leucine arylamidase -+
D-Maltose + - - L-Proline arylamidase - -
D-Mannitol + - - Beta glucuronidase - -
D-Mannose + - + Alpha-galactosidase -+
Beta-xylosidase - - - L-Pyrrolidonyl arylamidase + +
Beta-alanine arylamidase pNA - - - Beta-glucuronidase - -
L-Proline arylamidase - + + Alanine arylamidase -+
Lipase - + - Tyrosine arylamidase -+
Palatinose - - - D-Sorbitol - -
Tyrosine arylamidase + + + Urease - -
Urease - - - Polymixin B resistance - -
D-Sorbitol + - - D-Galactose -+
Saccharose/sucrose + - + D-Ribose + +
D-Tagatose - - - L-Lactate alkalinisation + -
D-Trehalose + - - Lactose -+
Citrate (sodium) + + + N-acetyl-D-glucosamine +  +
Malonate - - + D-Maltose + +
5-Keto-D-gluconate + - - Bacitracin resistance -+
L-Lactate alkalinisation - + - Novobiocin resistance -+
Alpha-glucosidase - + - Growth in %6.5 NaCl +  +
Succinate alkalinization + + + D-Mannitol +  +
Beta-N-acetyl-galactosaminidase — - - D-Mannose -+
Alpha-galactosidase + - - Metyl-B-D-glucopyranoside -+
Phosphatase - +) - Pullulan - -
Glicine arylamidase + + - D-Raffinose -+
Ornithine decarboxylase - - - 0/129 resistance + o+
Lysine decarboxylase - - - Salicin -+
L-Histidin assimilation — - - Saccharose/sucrose + o+
Coumarate + - - D-Trehalose + o+
Beta-glucoronidase - - - Arginine dihydrolase 2 + +
0/129 resistance + - - Optochin resistance +  +
Glu-Gly-Arg-arylamidase - + -

L-Malate assimilation - - -

Ellman + - -

L-Lactate assimilation
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Table 4 Biochemical identification of the isolates by VITEK-2 iden-
tification system

Isolates Selected microorganism Probability Confidence

Tal Bacillus cereus/thuringiensis/ 92% Good
mycoides

Ta2 Bacillus cereus/thuringiensis/ 92% Good
mycoides

Ta3 Bacillus cereus/thuringiensis/ 91% Good
mycoides

Ta4 Bacillus cereus/thuringiensis/ 92% Good
mycoides

Ta5 Bacillus cereus/thuringiensis/ 93% Very good
mycoides

Tab Bacillus cereus/thuringiensis/ 97% Excellent
mycoides

Ta7 Bacillus cereus/thuringiensis/ 97% Excellent
mycoides

Ta8 Bacillus cereus/thuringiensis/ 96% Excellent
mycoides

Ta9 Staphylococcus haemolyticus 99% Excellent

TalO Citrobacter freundii 99% Excellent

Tall Chryseobacterium indologenes 90% Good

Tal2 Enterococcus casseliflavus 96% Excellent

Tal3 ND* ND* Low

*Not determined

maximum likelihood phylogenetic tree was inferred from the
alignment of the concatenated nucleotide sequences. Bt-Tal
was clustered with Bt kurstaki, Bt higo, Bt thompsoni, Bt
kenyae, and Bt indiana (Fig. 4). Furthermore, Bt-Tal isolate
was found to contain cryl, cry2, and vip3 genes, which are
toxic to lepidopterans. The partial sequence of the cryl and
cry2 genes showed 99% sequence similarity with the crylAa
and cry2Aa genes, respectively, deposited in the NCBI/Gen-
Bank database. The phylogenetic tree generated by MEGA
X showed that cryl and cry2 (our isolate) belong to the same
branch as crylAa and cry2Aa (Fig. 5). Similarly, the partial
sequence of the vip3 gene showed 99% similarity with the
vip3Aa gene, and this was also confirmed by phylogenetic
analysis (Fig. 6). The sequence data were deposited in the
GenBank database under accession numbers OM022279,
OL956537, and OL956538, respectively. Microscopic exam-
ination also revealed that the isolate produces bipyramidal
and cubic insecticidal crystal proteins (Fig. 7).

Discussion

Microorganisms that colonize the insect gut include pro-
tists, fungi, archaea, and bacteria, which play an important
role in insect growth, development, and reproduction (Engel
and Moran 2013). In addition to their functional role, indig-
enous gut microbes have also been described as pathogenic

in insects (Chandel et al. 2013; Devi et al. 2022; Eski
et al. 2018; Secil et al. 2012). In the present study, based on
morphological, biochemical, and molecular characteristics,
thirteen culturable bacteria associated with the gut micro-
biota of T. absoluta were identified, and their efficacy on T.
absoluta was evaluated. Our results showed that a variety
of bacterial phyla belonging to Firmicutes, Bacteroidetes,
and Proteobacteria were present in the gut of 7. absoluta.
However, the dominant phylum was Firmicutes, which is
consistent with the results of a previous study (Wang et al.
2022). On the other hand, studies of the gut bacteria of 30
species of Lepidoptera revealed that most gut bacterial fam-
ilies belong to Proteobacteria (Voirol et al. 2018). Mean-
while, the gut microbiota of Lepidoptera varies considerably
depending on developmental stage, diet, and environment.
Based on the morphological, biochemical, and molecular
characteristics of the spore-forming Bacillus isolates, it was
determined that they are bacteria from the Bacillus cereus
group. The microorganisms of the Bacillus cereus group
consist of at least eight closely related species: B. anthracis,
B. cereus, B. thuringiensis, B. mycoides, B. pseudomycoides,
B. weihenstephanensis, B. cytotoxicus, and B. toyonensis.
The bacterium Bacillus thuringiensis can be easily distin-
guished from other members of the group by the insecti-
cidal crystal proteins it produces during sporulation. The
detection of insecticidal crystal proteins in our isolates under
the light microscope showed that the isolates are B. thur-
ingiensis. It is an important entomopathogenic bacterium
that is toxic to many insects and has been used for decades
to control agricultural pests. It is an important alternative
for the control of pests that have developed resistance to
conventional insecticides such as Tuta absoluta. Aynalem
et al. (2021) tested 34 B. thuringiensis strains isolated from
different habitats and reported that although most isolates
were pathogenic against second larval stage, B. thuringiensis
strain AAUF6 had the highest virulence with a mortality of
75% after 7 days of inoculation with 10% cfu/ml bacterial
suspension. Hafsi et al. (2012) reported that the commer-
cially formulated B. thuringiensis strain achieved a mortality
rate of 72.5% against the second larval stage of T. absoluta
in Tunisia. Similarly, Hasan and Yusuf showed that among
the 12 Bt isolates obtained from dead larvae of T. absoluta,
the B1 isolate had the highest insecticidal activity with a
mortality rate of 60% against second larval stage of the pest
at a concentration of 8.9 x 10° spores/ml. In our study, all
Bt isolates showed a mortality rate of more than 90% against
second instar larvae after 72 h of treatment at a concentration
of 10° cfu/ml. As can be seen from the studies, the differ-
ences in mortality rates are largely related to the virulence of
the bacterial isolates. Insecticidal crystal proteins expressed
during sporulation are important virulence factors for B.
thuringiensis, and virulence depends on the type of crystal
toxins and their expression level. In their study in Ethiopia,
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Fig. 1 Bootstrapped neighbor-

joining tree of bacteria obtained

from Tuta absoluta generated
from the alignment of 16S
rDNA partial gene sequences
using MEGA X. Bootstrap
values over 50% (1000 replica-

tions) were shown at each node.

Bar: 0.05 nt substitution rate
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Aynalem et al. (2021) showed that strain AAUF6, which pro-
duces Cry2 and Cry9, and strain AAUMF9, which produces
Cry1 toxin, were more effective against 7. absoluta than Bt
isolates expressing other toxins. When several Bt collections
were screened for a range of cry genes, 40-50% of the strains
showed activity against one or more Lepidoptera species,
and the Lepidoptera-specific active proteins belonged to the
Cryl, Cry2, and Cry9 groups (Schnepf et al. 2005). It was
obvious that our results were in agreement with those of
previous studies, and the important role of cry! and cry2 as
determinants of pathogenicity against Lepidoptera pests was
confirmed by the current results. Another virulence factor of
Bt is the Vip proteins produced during the vegetative stage.
The Vip proteins, which do not show sequence homology
with the Cry proteins, are classified into four groups (Vipl1,
Vip2, Vip3, and Vip4) according to their sequence homol-
ogy. The Vip3 proteins have already been described as toxic
to lepidopterans such as T. absoluta (Sellami et al. 2015),

S. frugiperda (Caccia et al. 2014), H. armigera (Seifinejad
et al. 2007), and Lobesia botrana (Palma et al. 2013). In our
study, the isolate B#-Tal, which contains the vip3 gene, was
found to have a toxic effect on T. absoluta.

Isolate Ta9, Gram-positive, non-spore-forming and
motile, was defined as Staphylococcus haemolyticus
according to the VITEK-2 identification system. How-
ever, after comparing the 16s partial gene sequence with
the NCBI RefSeq database, the isolate showed 99.72%
sequence similarity with S. petrasii strain NCTC13830.
This was also confirmed by phylogenetic analysis. In
addition, biochemical properties of Ta9 were found to be
compatible with the type strain Staphylococcus petrasii
SEQI110. Since S. petrasii is not found in the VITEK-2
database, it is assumed that it can be identified as one
of the closest species, S. haemolyticus. Staphylococcus
petrasii has been isolated from various human clinical
specimens. It is an opportunistic pathogen that causes
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Fig.4 Maximum- likelihood
phylogenetic tree based on the
concatenated partial sequences
of genes included in the MLST
scheme of Soufiane and Coté
(2009). The phylogenetic posi-
tion of Br-Tal (indicated by a
black diamond) is shown among
type strains of B. cereus group.
Bootstrap values above 50% are
indicated at each branch point.
Bars, 0.02 substitutions per site
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mild to fatal infections, especially in immunocompro-
mised patients. In this study, S. petrasii was isolated from
an insect for the first time and its virulence on an insect
against Tuta asoluta was assessed for the first time. It
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turned out that its virulence was quite low (18.75%) and
it was not promising as a biocontrol agent.

Isolate Tal0, a motile Gram-negative bacterium,
was defined as Citrobacter freundii by the VITEK-2
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Fig.5 Neighbor-joining tree of
Bt-Tal generated from the align-
ment of the partial sequence of
crylAa and cry2Aa genes with
MEGA X. Bt-Tal crylAa and
cry2Aa are marked with a black
diamond. Bootstrap values
above 50% (1000 replicates)
were shown at each node. Bar:
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Fig.6 Neighbor-joining tree of
Bt-Tal generated from the align-
ment of the partial sequence of
vip3Aa gene. Bt-Tal is marked
with a black dot. Bootstrap val-
ues above 50% (1000 replicates)
were shown at each node. Bar: M
0.05 nt substitution rate
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identification system. The partial sequence of 16S rDNA
gene and its phylogenetic analysis also confirmed that the
isolate was C. freundii. This bacterium, which can cause
respiratory and urinary tract infections in humans, has
already been isolated from various insects, and its patho-
genicity has been reported. Eski et al. (2018) found that
C. freundii strain Sn4 associated with the gut microbiota
of Sesamia nonagrioides L. (Noctuidae: Lepidoptera)
was pathogenic to the host and had a virulence of 60%

To0 |1 Bt QBL-27 vip3Aa (KF938679)
95| Bt Se13 vip3Aa (MH121041)

73| Bt HD1 vip3A (KY780302)

in 3rd instar larvae. However, in this study, C. freundi
strain Tal0 had the lowest virulence (9.37%) among the
isolated bacteria. Polenogova et al. (2022) also reported
that C. freundii did not cause significant mortality in L.
decemlineata, which was only 4% on the sixth day after
exposure. However, feeding L. decemlineata larvae with
C. freundii may lead to histological changes in gut tis-
sues and modulation of immune responses, increasing the
pathogenicity of B. thuringiensis.
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Fig. 7 Scanning electron microscopy of spore crystal mixture of Br-
Tal isolate. s, spore; b, bipyramidal crystal; c, cubic crystal

Isolate Tall, a non-motile Gram-negative, rod-shaped
bacterium, was defined as Chryseobacterium indologenes
by the VITEK-2 identification system. However, the partial
sequence of the 16S rDNA gene showed high sequence simi-
larity with Chishuiella changwenlii strain BY4. The phylo-
genetic tree confirmed that Tall isolate was a strongly sup-
ported clade with a bootstrap value of 100%. Furthermore,
the biochemical properties of the Tal 1 isolate were compat-
ible with the reference strain Chishuiella changwenlii BY4.
Since C. changwenlii is not found in the VITEK-2 database,
it is possible that the VITEK-2 identification system made a
wrong identification. Although it is not well documented, C.
changwenlii has previously been isolated from the foregut of
Bactrocera dorsalis (Diptera: Tephritidae) (Yao et al. 2022).
The pathogenicity of the bacterium in insects was demon-
strated for the first time in this study, and its virulence was
found to be quite low (15.62%).

Tal2 isolate, Gram-positive, non-spore-forming cocci,
was identified as Enterococcus casseliflavus by both the
VITEK-2 identification system and 16S rDNA gene sequenc-
ing. The bacterium is rarely isolated in clinical specimens
but can cause a variety of invasive infections in immunocom-
promised or chronically ill patients. It has previously been
isolated from stored product pests (Channaiah et al. 2010),
lepidopterans, Hyles euphorbiae and Brithys crini (Vilanova
et al. 2016), and Manduca sexta (Lepidoptera, Sphingidae).
Thakur et al. (2015) also reported its pathogenicity. They
showed that E. casseliflavus strain SL10 isolated from the
gut of Spodoptera litura (Lepidoptera: Noctuidae) caused
13% larval mortality in S. litura. Similarly, E. casseliflavus
strain Tal2 caused 12.5% mortality against the larvae of T.
absoluta in our study.

Gram-negative, non-spore-forming, motile bacterium Tal3
was not identified using the VITEK-2 identification system.

@ Springer

However, the isolate was identified as Pseudomonas tremae
by 16S rDNA gene sequencing and its phylogenetic analysis.
Although other pseudomonads have already been isolated from
various insects, P. tremae, which is known as a plant pathogen,
was detected in insects for the first time, and its pathogenicity was
determined in this study. It is obvious that it is not promising as a
biological control agent, as it caused only 15.6% larval mortality.

Conclusion

Thirteen bacteria associated with the gut microbiota of 7. abso-
luta larvae were identified, and their pathogenicity in the pest
was studied under laboratory conditions. Among them, Bt-Tal
may prove to be a suitable microbial control agent that could be
used as part of integrated pest management strategy of 7. abso-
luta. In further studies, the Bt-Tal isolate should be formulated
to overcome the adverse effects of environment such as UV
radiation and temperature, and its virulence should be tested
under greenhouse or field conditions to validate the results.
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