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Abstract

Soil-borne nematodes establish close associations with several bacterial species. Whether

they confer benefits to their hosts has been investigated in only a few nematode-bacteria

systems. Their ecological function, therefore, remains poorly understood. In this study, we

isolated several bacterial species from rhabditid nematodes, molecularly identified them,

evaluated their entomopathogenic potential on Galleria mellonella larvae, and measured

immune responses of G. mellonella larvae to their infection. Bacteria were isolated from

Acrobeloides sp., A. bodenheimeri, Heterorhabditis bacteriophora, Oscheius tipulae, and

Pristionchus maupasi nematodes. They were identified as Acinetobacter sp., Alcaligenes

sp., Bacillus cereus, Enterobacter sp., Kaistia sp., Lysinibacillus fusiformis, Morganella mor-

ganii subsp. morganii, Klebsiella quasipneumoniae subsp. quasipneumoniae, and Pseudo-

monas aeruginosa. All bacterial strains were found to be highly entomopathogenic as they

killed at least 53.33% G. mellonella larvae within 72h post-infection, at a dose of 106 CFU/

larvae. Among them, Lysinibacillus fusiformis, Enterobacter sp., Acinetobacter sp., and K.

quasipneumoniae subsp. quasipneumoniae were the most entomopathogenic bacteria.

Insects strongly responded to bacterial infection. However, their responses were apparently

little effective to counteract bacterial infection. Our study, therefore, shows that bacteria

associated with soil-borne nematodes have entomopathogenic capacities. From an applied

perspective, our study motivates more research to determine the potential of these bacterial

strains as biocontrol agents in environmentally friendly and sustainable agriculture.

Introduction

Over the past decades, entomopathogenic bacteria (EPBs) and their toxins have been success-

fully commercialized as microbial insecticides and used in biological control programs as eco-
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friendly and sustainable alternatives to synthetic pesticides [1,2]. Several entomopathogenic

bacteria species from different families such as Bacillaceae, Pseudomonadaceae, Enterobacteria-
ceae, Streptococcaceae, Micrococcaceae, Paenibacillaceae, Neisseriaceae, Rickettsiaceae and Cox-
iellaceae are commonly used [3–5]. In this context, Bacillus thuringiensis, Lysinibacillus
sphaericus, Paenibacillus popilliae, Yersinia entomophaga, Chromobacterium subtsugae, and

Burkholderia rinojensis have received the most attention as microbial control agents [6–9].

Furthermore, species of Xenorhabdus and Photorhabdus stand out for their entomopathogenic

potential [10,11]. They are mutualistically associated with entomopathogenic nematodes

(EPNs) of the genera Steinernema and Heterorhabditis, respectively [12–14]. Both genera bac-

teria colonize the intestines of the dauer larvae of EPNs [15–17]. Their insecticidal potential is

mostly based on the secretion of toxic compounds into the hemocoel that suppress the insect

immune responses, causing host death [18,19]. Also some species of Serratia show a highly

lethal effect on insects [20–22]. For example, Serratia sp. isolated from Caenorhabditis briggsae
(Rhabditida: Rhabditidae) is extremely pathogenic to Galleria mellonella [23]. In addition, bac-

teria of the genus Serratia is frequently found in association with other nematode species such

as Oscheius carolinensis, O. chongmingensis, and O. rugaoensis, and have been isolated from the

gut of the infective juvenile (IJ) and from the cuticle of these nematodes [24–28]. These bacte-

ria have also been shown to be entomopathogenic [26]. Oscheius nematodes associate also with

other entomopathogenic bacteria such as B. cereus, Ochrobactrum tritici, Flavobacterium sp.,

Providencia vermicola, and S. marcescens [29–32]. Clearly, nematodes may be a suitable source

of bacteria with entomopathogenic potential. The efficacy of EPBs can be assessed by studying

the immunological responses of host insects which are composed by two closely interconnec-

ted reactions: cellular and humoral defenses [33,34]. Insect hemocytes mediate cellular

immune responses, including processes such as, phagocytosis, nodulation, encapsulation, and

production of antimicrobial compounds [33,35–37]. Immunocompetent cells circulate freely

in the insect hemolymph and can also be found in the digestive tract and fat bodies [36,38,39].

Different specialized cells prohemocytes, plasmatocytes, granulocytes, spherulocytes and oeno-

tocytes are the most common types of hemocytes [40,41]. Their number in the hemolymph

can vary during bacterial infection. They can for instance increase due to migration from dif-

ferent insect organs and tissues to the hemolymph. They can also decrease due to phagocytosis,

nodulation and/or encapsulation processes [36]. Different type of hemocytes act in concert in

the process of nodulation, which eliminates a large number of pathogens by forming layers of

cells around them. This response is preceded by the activation of phenoloxidases, which in

turn, leads to the melanization of nodules [33,40]. In the encapsulation process, granular cells

recognize large foreign bodies in the hemolymph, and promote plasmatocyte binding. When

capsule formation begins, the number of hemocytes circulating in the hemolymph decreases

and increases after capsule formation [42]. Besides, pathogens could be destroyed by enzymes

released by hemocytes through degranulation, in the process of cytotoxicity [36,43]. Stimula-

tion of insect humoral responses after infection leads to the synthesis of a pool of antimicrobial

peptides (AMPs) such as moricin-like peptides, cecropins, gloverin, Gm proline-rich peptides,

Gm anionic peptides, galiomycin, gallerimycin, inducible serine protease inhibitors, defensins,

cobatoxins, and heliocin-like peptides [44–47]. Certain immune-relevant proteins and pep-

tides, including lysozyme, apolipophorins, and anionic peptides, are normally present in the

hemolymph of healthy larvae and their concentration could be altered after pathogen infection

[45,48]. Lysozyme acts on the peptidoglycan layer present in fungi and bacteria [36,49,50].

These enzymes participate in the cellular and humoral immune responses and affect host–par-

asite interactions [51,52]. During a microbial infection, prophenoloxidase cascade (proPO sys-

tem), released from various hemocytes, is activated by serine proteases [53]. In its activated

form, PO converts tyrosine to dihydroxyphenylalanine (DOPA) and oxidizes phenolic
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substances to quinones and melanin, in a process that often induces the darkening of infected

larvae [54–56]. Moreover, proPO system activation can lead to synthesis of antimicrobial pep-

tides and activation of some cellular immune responses [57,58].

In this study, we isolated several bacterial strains from different soil-borne nematode spe-

cies, tested their entomopathogenic potential, and evaluated the immune responses of insects

to their infection. Our study highlights a promising potential of several bacterial strains to be

used as bioinsecticides for the biological control of agricultural pests.

Materials and methods

Bacteria isolation

Bacterial strains were obtained from ten soil-borne nematode strains: Oscheius tipulae OC2

and TC2, Acrobeloides sp.TC9, TG13A, and HW0, Acrobeloides bodenheimeri TC7 and KG18,

Pristionchus maupasi IN18 and IN7, Heterorhabditis bacteriophora EN01, and from an uniden-

tified soil-borne nematode, IN1 (Table 1). The nematode isolation procedure is described in

Loulou et al., (2022) [59]. To isolate the bacteria from all but IN1 nematodes, approximately

200 specimens of each nematode strain were washed several times with sterile phosphate-buff-

ered saline (PBS, 1mM KH2PO4, 1mM K2HPO4, 5M NaCl, pH 7.2). Then, the nematodes were

incubated in a 1% v/v sodium hypochlorite/PBS solution for 5 min under gentle orbital agita-

tion. After this incubation period, the nematodes were recovered by decanting, washed with

sterile PBS, and incubated again in a 1% v/v sodium hypochlorite/PBS solution. After this

incubation period, the nematodes were again recovered by decanting, washed several times

with PBS, and sonicated in sterile PBS at 4˚C for 30 sec and at 100W burst using an ultrasonic

processor (Labsonic-L, B-Braun Biotech Inc, Allentown, PA, USA). The nematodes body frag-

ments were pelleted by centrifugation at 650g (10 min, 4˚C). Then, 100 μL of supernatants

were cultured in LB medium overnight at 30˚C under constant shaking (180 rpm). An aliquot

of the resulting cultures was plated on LB solid agar and incubated at 30˚C for 24–48 h. Single

colonies were sub-cultured and used for further experiments. Bacteria associated with IN1

nematodes were isolated by plating drops of hemolymph from Galleria mellonella larvae on LB

agar plates. For this, larvae were dipped first in 70% ethanol, and then punctured with a sterile

Table 1. Characteristics of the bacterial strains isolated in this study.

Code Bacterial ID Associated nematode Place of nematode Insect host

Lf_OC2 Lysinibacillus fusiformis Oscheius tipulae OC2 Ouzra C. capitata pupae

K_TC2 Kaistia sp. Oscheius tipulae TC2 Takilsa C. capitata pupae

A_TC9 Alcaligenes sp. Acrobeloides tricornis TC9 Takilsa C. capitata pupae

E_TC7 Enterobacter sp. Acrobeloides bodenheimeri TC7 Takilsa C. capitata pupae

Kqq_KG18 Klebsiella quasipneumoniaes ubsp. quasipneumoniae Acrobeloides bodenheimeri KG18 Kobba G. mellonella
larvae

Bc_IN18 Bacillus cereus Pristionchus maupasi IN18 INAT-Tunis G. mellonella
larvae

Bc_IN7 Bacillus cereus Pristionchus maupasi IN7 INAT-Tunis G. mellonella
larvae

A_IN1 Acinetobacter sp. Unidentified sp. IN1 INAT-Tunis G. mellonella
larvae

Bc_TG3A Bacillus cereus Acrobeloide ssp.TG3A Takilsa G. mellonella
larvae

Pa_HWO Pseudomonas aeruginosa Acrobeloides tricornis HWO Chott-Meriem Locust egg

Mmm_EN01 Morganella morganii subsp. morganii Heterorhabditis bactriophora EN01 E-nema Germany G. mellonella
larvae

https://doi.org/10.1371/journal.pone.0280675.t001
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needle in the ventral part. The released hemolymph was cultured in LB broth and incubated

overnight at 30˚C for 24h under constant shaking (180 rpm). An aliquot of the resulting cul-

tures was plated on LB agar and incubated at 30˚C for 24–48 h. Single colonies were sub-cul-

tured and used for further experiments. Bacterial stocks were stored at -80˚C in LB

supplemented with 20% (v /v) glycerol. The obtained bacterial strains were named using the

initial letters of their genus and species/subspecies as a prefix and then using the strain name

of their nematode host (Table 1). Hence, the strain designations are Lf_OC2, K_TC2, A_TC9,

E_TC7, Kqq_KG18, Bc_IN18, Bc_IN7, A_IN1, Bc_TG3A, Pa_HWO, and Mmm_EN01

(Table 1).

Bacteria identification

Bacterial strains were identified based on 16S rRNA gene sequences and/or whole genome

sequences using the EzBioCloud’s identification service and The Type (Strain) Genome Server

(TYGS), two free bioinformatics platforms available under https://www.ezbiocloud.net and

https://tygs.dsmz.de, respectively [60,61]. Whole genome sequences were obtained as

described [62]. Briefly, genomic DNA was extracted and purified using the GenElute Bacterial

Genomic DNA Kit (Sigma–Aldrich, Switzerland) following the manufacturer’s instructions.

The resulting DNA was used for library preparation using the TruSeq DNA PCR–Free LT

Library Prep (FC–121–3003) kit. Indexed libraries were then pooled at equimolar concentra-

tions and sequenced (2 × 150 bp) on an Illumina HiSeq 3000 instrument. Genomes were

assembled using the Bactopia pipeline [63]. To this end, the raw Illumina reads were quality

trimmed using Trimmomatic 0.39 [64]. The resulting reads were assembled with SPAdes

3.14.1 (k–mer sizes of 31, 51, 71, 91, and 111 bp) [65]. Scaffolds with a mean read–depth

smaller than 20% of the median read–depth of the longer scaffolds (� 5,000 bp) as well as scaf-

folds that were shorter than 200 bp were removed. The final assemblies were polished using

Pilon 1.22 [66].

To obtain 16S rRNA gene sequences, the 16S rRNA gene was amplified by polymerase

chain reaction (PCR) using the following universal primers: 27F (5’-AGAGTTT-
GATCMTGGCTCAG-3’) and 1525R (5’-AAGGAGGTGWTCCARCC-3’) and the following cycling

conditions: 1 cycle at 94˚C for 10 min followed by 40 cycles at 94˚C for 60 s, 55˚C for 60 s,

72˚C for 60 s and a final extension at 72˚C for 5 min. PCR products were separated by electro-

phoresis in a1% TAE-agarose gel stained with GelRed nucleic acid gelstain (Biotium), gel-puri-

fied (QIAquick gel purification kit Qiagen) and sequenced by Sanger sequencing

(Microsynth). Obtained16S rRNA raw sequences were manually curated using Bioedit 7.2.5

[67].

Bacterial pathogenicity against G. mellonella larvae

To evaluate the entomopathogenic potential of the isolated bacteria, G. mellonella larvae were

injected with the different bacterial strains at different bacterial concentrations. To this end,

overnight cultures were centrifuged at 1500g for 20 min. Bacterial pellets were then washed

several times with sterile PBS. For larvae infection, three bacterial concentrations, 102, 104, and

106 CFU/larva, obtained by serial dilutions, were used. Five μl of bacterial solution were

injected in the abdominal spiracle of the larvae using a sterile gas-tight syringe with a 30 gauge

hypodermic needle (Hamilton Co, Reno, NE, USA). Ten surface-sterilized last instar larvae

per bacterial strain and concentration were injected. Controls consisted of larvae injected with

PBS buffer. The larvae were placed in sterile plastic boxes and kept in the dark at 25˚C. Insect

mortality was determined at 12, 24, 48 and 72h post-injection. All assays were carried out in

triplicate.
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Immune response of G. mellonella larvae to bacterial infection

Hemolymph collection. To collect hemolymph for hemocyte number determination, and

to measure phenoloxidase and lysozyme activity, last-instar G. mellonella larvae were injected

with the different bacterial strains at a concentration of 102 CFU/larva as described above.

Then, the larvae were incubated in sterile plastic boxes and kept in the dark at 25˚C. Larvae

were collected 4, 24, and 48h after injections, anesthetized on ice, surface-sterilized with 70%

ethanol, and punctured with a sterile needle in the ventral region. Released hemolymph was

collected in siliconized Eppendorf microcentrifuge tubes, and centrifuged at 250g for 5 min at

4˚C to separate humoral fraction from hemocytes. In all samples few crystals of phenylthiourea

(PTU) were added to prevent melanization, except those samples used for phenoloxidase activ-

ity assays. Samples of cell-free hemolymph and hemocytes were used for phenoloxidase and

lysozyme activity, and total hemocyte counts. All assays were carried out at 4, 24, and 48h

post-infection with three replicates. Controls included hemolymph from non-injected and

PBS-injected larvae [68].

Total hemocyte counts (THC). To determine the total number of hemocytes present in

hemolymph samples, 10 μL of hemolymph were disposed on a Neubauer hemocytometer,

counting the hemocytes a Corning Cell counter (Corning Inc., NY, USA) at a magnification of

5X. The data obtained were processed by CytoSmart1 [68].

Phenoloxidase activity. Relative phenoloxidase activity was determined by measuring the

absorbance spectrophotometrically (Jasco V-560 spectrophotometer, Easton, MD, USA) at

490 nm, every 5 min, for 30 min, using L-Dopa (L-3,4-Dihydroxyphenylalanine) as substrate.

Phenoloxidase activity was recorded as the formation of dopachrome from L-Dopa substrate

and expressed in absorbance units per μl of hemolymph (ΔAbs490/30min/10μl). All the assays

were carried out with 5μl of hemolymph in 995μl of L-Dopa buffer (8 mM L-Dopa in 10 mM

Tris-HCL pH 7.2) [69].

Lysozyme activity. Hemolymph lysozyme activity was evaluated by their lytic action on

Micrococcus luteus [70]. Assays were carried out by turbidimetry changes in samples measur-

ing the decrease of absorbance induced by lysozyme cell lysis. Absorbance was recorded by a

Bio Rad iMark™ Microplate Absorbance reader, at 450 nm, for 10 min, in hemolymph col-

lected from larvae at 4, 24 and 48h after bacterial injections. One unit of lysozyme activity is

defined as the change of 0.001 units/min of a suspension of M. luteus. For each sample, three

replicates were carried out, and M. luteus suspension, hemolymph from PBS-injected and

non-injected larvae were used as control [69].

Chemicals and instruments

All reagents were supplied by Sigma Chemicals (St. Louis, MO, USA), Merck Millipore Ltd.

(Tullagreen, Cork, Ireland). Instruments were provided by Bio-Rad Laboratories (Detroit, MI,

USA) and Euroclone S.p.A. (Milan, Italy, EU). Centrifugations were carried out with a SIGMA

1–14 (SciQuip Ltd., Newtown, Wem, Shropshire, UK) microcentrifuge and Eppendorf 5804

(Eppendorf, AG, Hamburg, Germany) centrifuge. Spectrophotometric analysis was performed

with a Jasco V-560 spectrophotometer (Easton, MD, USA). All materials, buffers, and solu-

tions were autoclaved or filtered with 0.22 μm Minisart filters (Sartorius, Goettingen,

Germany).

Statistical analysis

Differences in the bacterial pathogenicity against G. mellonella larvae and in insect immuno-

logical responses to the different bacterial strains were assessed by one-way ANOVA. Normal-

ity and equality of variance were verified using Shapiro–Wilk and Levene’s tests at P = 0.05. In
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some cases, square transformation was performed. Duncan post-hoc test was used for multiple

comparisons. Dunnett tests were carried out to compare treatment data to control data with a

probability of 0.05. Kruskall and Wallis tests were carried out to compare data across all treat-

ments with P = 0.05. All statistical analyses were conducted using SPSS software 16.01 [71,72].

Results

Bacteria identification

Based on the analysis of 16S rRNA gene sequences and/or whole genome sequences the bacte-

ria isolated from the different nematode isolates were identified as Lysinibacillus fusiformis,
Kaistia sp., Alcaligenes sp., Enterobacter sp., Klebsiella quasipneumoniae subsp. quasipneumo-
niae, Bacillus cereus (three different strains), Acinetobacter sp., Pseudomonas aeruginosa, and

Morganella morganii subsp. morganii (Table 1, S1 Fig). The bacterial strains identified as Kais-
tia sp., Alcaligenes sp., Enterobacter sp., and Acinetobacter sp., represent new species, which

will be formally described elsewhere (Table 1).

Entomopathogenic potential

When injected into the hemocoel of G. mellonella larvae, all bacteria effectively killed these

insects in a bacterial strains, time, and concentration dependent manner (Table 2). When the

bacteria were injected at a concentration of 106 CFU/insect, most of them killed more than

80% of the insects within 48h. Some bacteria were more pathogenic and killed more than 80%

of the insects even within 24h post injection. This was the case of: B. cereus Bc_IN18, B. cereus
Bc_TG3A, Enterobacter sp. E_TC7, K. quasipneumoniae Kqq_KG18, L. fusiformis Lf_OC2,

and M. morganii Mmm_EN01 (Fig 1, Table 2). Some other bacteria, such as B. cereus Bc_IN7

and Kaistia sp. K_TC2, were much less pathogenic and killed no more than 50–80% of the

insects within 72h at the same bacterial concentration. When the bacteria were injected at con-

centrations of 104 CFU/larva, lower mortalities were caused by most of the bacterial strains

(Fig 1). Notably, L. fusiformis Lf_OC2 still killed 90% of the insects within 24h, while Acineto-
bacter sp. A_IN1, Enterobacter sp. E_TC7, B. cereus Bc_TG3, and K. quasipneumoniae
Kqq_KG18 killed between 50-70% of the insects within 72h (Fig 1, Table 2). When bacteria

were injected at a concentration of 102 CFU/larva, only L. fusiformis Lf_OC2 killed up to 90%

of the insects within 72h. At the same concentration, Acinetobacter sp. A_IN1 killed about

50% of the insects, while the other bacterial strains were ineffective and killed less than 30% of

the insect within 72h post-treatment (Fig 1, Table 2).

The immune response of larvae to infection

Total hemocytes counts (THC). The number of hemocytes in the hemolymph of bacte-

ria-injected larvae increased 4h post-infection (Fig 2). In some cases, however, the number of

hemocytes was only slightly higher in bacteria-injected larvae compared to controls, i.e. with

insects injected with B. cereus Bc_IN18 and Enterobacter sp. E_TC7. The highest number of

hemocytes was found in the hemolymph of insects injected with Acinetobacter sp. A_IN1. The

number of hemocytes decreased sharply 24h post-infection, and only minor differences in the

number of hemocytes were observed. 48h post-infection, the number of hemocytes increased

again and was slightly higher in insects injected with most of the bacterial strains, apart from

those injected with L. fusiformis Lf_OC2 and M. morganii subsp. morganii Mmm_EN01.

Lysozyme activity. Lysozyme activity in the hemolymph of bacteria-injected larvae

increased 4h post-infection (Fig 3). There were no major differences in enzymatic activity in

the hemolymph of insects injected with the different bacteria 4h post-infection. The highest
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enzymatic activity was observed in the hemolymph of insects injected with L. fusiformis
Lf_OC2, the lowest activity was observed in the hemolymph of insects injected with P. aerugi-
nosa Pa_HWO. 24h post-infection, lysozyme activity decreased in most cases, but remained at

similar levels as those observed 4h post-infection in the hemolymph of insects injected with

Enterobacter sp. E_TC7, Acinetobacter sp. A_IN1, and P. aeruginosa Pa_HWO. The highest

enzymatic activity was observed in the hemolymph of insects injected with Acinetobacter sp.

Table 2. Virulence of bacteria isolates against Galleria mellonella larvae at 72h post-treatment and time (h) required to obtain 50% (TL50) and 90% (TL90).

Dose CFU/larva

102 104 106

Lysinibacillus fusiformis
%M 96.66 a� 100 a� 100 a�

TL50 33.2 17.5 5.8

TL90 44.5 22 10

Kaistia sp.

%M 26.66 c� 30.00 de 53.33 c�

TL50 - - 45

TL90 - - -

Alcaligenes sp.

%M 3.33 e 43.33 cd� 100 a�

TL50 - - 24

TL90 - - 42,5

Enterobacter sp.

%M 16.66 cde 56.66bc� 100 a�

TL50 - 45 6

TL90 - - 15

Klebsiella quasipneumoniae subsp. quasipneumoniae
%M 10.00 de 56.66 bc� 100 a�

TL50 - 44 12

TL90 - - 20

Bacillus cereus Bc_IN18

%M 10.00 de 36.66 cd� 96.66 a�

TL50 - - 16,2

TL90 - - 27

Bacillus cereus Bc_TG13 A

%M 10.00 de 56.66 bc� 100 a�

TL50 - 46.8 17.2

TL90 - - 17

Acinetobacter sp.

%M 53.33 b� 70.00 b� 93.33 a�

TL50 52,4 44,8 18,2

TL90 - - 48

Bacillus cereus Bc_IN7

%M 6.66 de 13.33 ef� 76.66 b�

TL50- - 15

TL90 - - -

Pseudomonas aeruginosa
%M 13.33 cde 43.33 cd� 100 a�

TL50 - - 7.2

TL90 - - 30

Morganella morganii subsp. morganii
%M 20.00 cd 33.33 de� 100 a�

TL50 - - 17

TL90 - - 21

Control

%M 8.18de 8.18 f 8.18 d

TL50 - - -

TL90 - - -

The means by bacteria followed by the same letters (a, b) are not significantly different according to the test of Duncan and Kruskall and Wallis with P < 0.05.The

means by bacteria followed by (�) are not significantly different according to the test of Dunnett(P = 0.050).

https://doi.org/10.1371/journal.pone.0280675.t002
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A_IN1 and P. aeruginosa Pa_HWO, the lowest was observed in the hemolymph of insects

injected with L. fusiformis Lf_OC2. 48h post-infection, the enzymatic activity remained at sim-

ilar levels as those observed 24h post-infection, although it decreased in the hemolymph of

Fig 1. Entomopathogenic potential of different bacterial strains against G. mellonella larvae. Insects were injected

with three bacterial concentrations 102, 104, or 106 CFU/larva of the following bacterial strains. A) Acinetobacter sp.

A_IN1. B) Alcaligenes sp. A_TC9. C) Bacillus. cereus Bc_IN18. D) Bacillus cereus Bc_TG3A. E) Bacillus cereus Bc_IN7.

F) Enterobacter sp. E_TC7. G) Klebsiella quasipneumoniae subsp. quasipneumoniae Kqq_KG18. H) Kaistia sp. K_TC2.

I) Lysinibacillus fusiformis Lf_OC2. J) Morganella morganii subsp. morganii. Mmm_EN01. K) Pseudomonas
aeruginosa Pa_HWO. Bars correspond to confidence intervals (P = 0.05).

https://doi.org/10.1371/journal.pone.0280675.g001
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insects injected with L. fusiformis Lf_OC2 and M. morganii subsp. morganii Mmm_EN01, and

increased in the hemolymph of insects injected with K. quasipneumoniae subsp. quasipneumo-
niae Kqq_KG18. The highest enzymatic activity was observed in the hemolymph of insects

injected with K. quasipneumoniae subsp. quasipneumoniae Kqq_KG18, the lowest was

observed in the hemolymph of insects injected with L. fusiformis Lf_OC2 and M. morganii
subsp. morganii Mmm_EN01 (Fig 3).

Phenoloxidase activity. Phenoloxidase activity in the hemolymph of bacteria-injected lar-

vae increased 4h post-infection and remained higher in the hemolymph of bacteria-injected

larvae than in the hemolymph of control, non-injected insects for 48h post-infection (Fig 4).

There were no major differences in enzymatic activity in the hemolymph of insects injected

with the different bacteria between 4-48h post-infection. The highest enzymatic activity was

observed in the hemolymph of insects injected with L. fusiformis Lf_OC2 (Fig 4).

Relationships between insect immune responses and bacteria pathogenesis

No statistically significant correlations were observed between bacteria pathogenesis, mea-

sured as the insect mortality caused by bacterial infection 72h post-infection, and insect

immune responses, measured as the number of hemocytes, lysozyme activity or phenoloxidase

activity in the hemolymph of G. mellonella larvae injected with different bacteria 4h post-infec-

tion or 24h post-infection (Fig 5).

Discussion

In this study, we isolated several bacterial strains from soil-borne nematodes and tested their

pathogenesis against G. mellonella larvae and the immune responses of these insects to

Fig 2. Total Hemocyte Counts (THC) in bacteria-infected insects. Mean hemocyte number per ml of hemolymph of

G. mellonella larvae injected with different bacteria or with buffer as controls at 4h, 24h and 48h post-treatment. Bars

correspond to confidence intervals (P =<0.05). Different letters indicate significant differences between the number of

hemocytes across all treatments within each time point (Duncan test, Kruskall, and Wallis test, P<0.05). Asterisks

indicate significant differences in the number of hemocytes of control larvae and bacteria-injected larvae within each

time point (Dunnet test, P<0.05). Arrows indicate that the insects died.

https://doi.org/10.1371/journal.pone.0280675.g002
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bacterial infection. The bacterial strains isolated were identified as L. fusiformis, Kaistia sp.,

Alcaligenes sp., Enterobacter sp., K. quasipneumoniae subsp. quasipneumoniae, B. cereus, Aci-
netobacter sp., P. aeruginosa, and M. morganii subsp. morganii.

Several of the bacterial species isolated in this study have been previously observed in asso-

ciation with soil-borne nematodes [73]. For instance, Alcaligenes sp., Klebsiella sp., Acinetobac-
ter sp., Pseudochrobactrum sp., Comamonas sp., and Leucobacter sp. were isolated from

specimens of Rhabditis regina [74]. Furthermore, numerous species of Oscheius are vectors of

bacteria [75–77]. For instance, several species of Acinetobacter, Bacillus, Klebsiella, Enterobac-
ter, Pseudomonas, Lysinibacillus and Alcaligenes have been isolated from different Oscheius
species [30,78]. Recently, nematodes from two O. tipulae strains, TC2 and OC2, were found to

efficiently kill G. mellonella larvae and C. capitata at different developmental stages [59]. The

nematode-killing abilities could potentially be achieved by the pathogenic effects of the bacte-

ria they carry.

In support of the above hypothesis, we observed that all the bacterial strains tested in this

study, including some that were isolated from O. tipulae TC2 and OC2, were pathogenic and

rapidly killed G. mellonella larvae. Among them, L. fusiformis Lf_OC2 isolated from O. tipulae
(OC2) showed the highest effectiveness. Lysinibacillus species are ubiquitous [79]. In addition,

L. fusiformis acts as a biocontrol agent against a wide range of plant diseases, due to its capacity

to produce different antimicrobial compounds such as salicylic acid, chitinase, protease, and

β-endoglucanase [80–83]. In contrast to our observations, other L. fusiformis strains have a

low entomopathogenic effect against Spodoptera exigua Hübner (Lepidoptera: Noctuidae)

Fig 3. Lysozyme activity in the hemolymph of bacteria-infected insects. Mean lysozyme activity in the hemolymph

of G. mellonella larvae injected with different bacteria or with buffer as controls at 4h, 24h and 48h post-treatment.

Bars show confidence intervals (P = 0.05). Different letters indicate significant differences in lysozyme activity across

all treatments within each time point (Duncan test, Kruskall and Wallis test, P<0.05). Asterisks indicate significant

differences in lysozyme activity between control larvae and bacteria-injected larvae within each time point (Dunnet

test, P<0.05). Arrows indicate that the insects died.

https://doi.org/10.1371/journal.pone.0280675.g003
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[84]. However, other strains of this species are highly lethal to Drosophila melanogaster and

show miticidal effect against Varroa destructor [85,86]. These previous literature reports

together with our results indicate a great entomopathogenic potential of L. fusiformis against

certain arthropods.

The entomopathogenic abilities of several other species isolated in this study have been doc-

umented in previous studies. This is the case of P. aeruginosa and B. cereus. Pseudomonas aeru-
ginosa occupies diverse ecological niches [87]. It is an opportunistic pathogen of vertebrates,

humans, insects and nematodes [88–93]. This bacterium is associated with nematodes such as

H. bacteriophora and has been shown to kill other insects such as Trichoplusia ni [94]. On the

other hand, B. cereus is widely distributed in many environments, and is used as a biocontrol

agent against different plant diseases and insect pests [95–101].

The pathogenicity of several other bacteria isolated in this study has not been previously

reported. This is the case of K. quasipneumoniae subsp. quasipneumoniae Kqq_KG18 isolated

from A. bodenheimeri nematodes. This bacterial species is an ubiquitous opportunistic patho-

gen of humans and animals that is often found in soil, groundwater, animals, and plants [102].

However, closely related species such as K. pneumoniae and K. oxytoca kill Trichoplusia ni and

Culex pipiens, respectively [94,103].

An important aspect of our study is regarding the type of association established between

the bacterial strains isolated in this study and the nematodes. Soil-borne nematodes are

frequently vectors of bacteria. Oscheius nematodes for instance carry different Gammaproteo-
bacteria (Enterobacter, Proteus, Providencia, Pseudomonas, Stenotrophomonas), Betaproteobac-
teria (Alcaligenes), and Bacilli (Bacillus, Enterococcus, Lysinibacillus) [75,78]. Our experimental

Fig 4. Relative phenoloxidase activity in the hemolymph of bacteria-infected insects. Mean relative phenoloxidase

activity per ml of hemolymph of G. mellonella larvae injected with different bacteria or with buffer controls at 4h, 24h,

and 48h post-treatment. Absorbance measurements were taken 30 min after hemolymph incubation. Bars correspond

to the confidence intervals at P = 0.05. Different letters indicate significant differences in phenoloxidase activity across

all treatments within each time point (Duncan test, Kruskall and Wallis test, P<0.05). Asterisks indicate significant

differences in phenoloxidase activity between control larvae and bacteria-injected larvae within each time point

(Dunnet test, P<0.05). Arrows indicate that the insects died.

https://doi.org/10.1371/journal.pone.0280675.g004
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approach does not allow to determine whether the bacteria and the nematodes establish an

obligate mutualistic symbiosis similar to that established by Photorhabdus and Heterorhabditis
or by Xenorhabdus and Steinernema [10,11,104]. As several of the nematodes we studied here

are soil-borne, bacteriophagus organisms, it is likely that they passible acquire the different

bacteria while foraging and that the bacteria are carried on their cuticles or in their digestive

tracts. Interestingly, we observed that some nematodes were associated with bacterial strains

known to produce highly toxic metabolites, such as M. morganii subsp. morganii [105–109].

This observation opens up the question on whether these bacteria can also be detrimental to

the nematodes. Our interpretation is that it is likely so, but it depends on bacterial densities.

Under low bacterial densities, certain toxin-producing bacteria can associate with and be car-

ried by the nematodes on their cuticle, and aid them killing soil-borne insects, while under

high bacterial densities, nematodes might be killed by these bacteria. It is, therefore, possible

that the nematodes have evolved mechanisms to avoid soil areas where toxic bacteria occur at

high densities to avoid their toxic effects.

Fig 5. Relationship between insect immune responses to bacterial infection and bacteria pathogenesis. Correlation between insect

mortality caused by bacterial infection 72h post-infection and: A) Mean hemocyte number per ml of hemolymph of G. mellonella larvae

injected with different bacteria 4h post-infection; B) Mean lysozyme activity in the hemolymph of G. mellonella larvae injected with

different bacteria 4h post-infection; C) Mean relative phenoloxidase activity per ml of hemolymph of G. mellonella larvae injected with

different bacteria 4h post-treatment; D) Mean hemocyte number per ml of hemolymph of G. mellonella larvae injected with different

bacteria 24h post-infection; E) Mean lysozyme activity in the hemolymph of G. mellonella larvae injected with different bacteria 24h

post-infection; and F) Mean relative phenoloxidase activity per ml of hemolymph of G. mellonella larvae injected with different bacteria

24h post-treatment. Correlations were statistically assessed by person test and by independent phylogenetic contrast (PIC). n.s.:

Statistically not significant.

https://doi.org/10.1371/journal.pone.0280675.g005
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Insects strongly responded to the infection of all the bacteria tested in this study by increas-

ing the number of hemocytes in the hemolymph, and also by activating key immune enzymes

such as phenoloxidases and lysozymes. Interestingly, and contrary to our expectations, we

observed no correlation between bacteria pathogenesis, measured as the insect mortality

caused by bacterial infection, and insect immune responses, measured as the number of hemo-

cytes, lysozyme activity, and phenoloxidase activity in the hemolymph of G. mellonella larvae

injected with different bacterial strains. A potential explanation of these results is that insect

immune responses might not be effective at suppressing the infection of certain bacterial spe-

cies [110–113]. Additional experiments are required however to test this hypothesis and to

understand the relative contribution of the different immune responses to limit bacterial

infection.

Conclusions

Bacteria associated with soil-borne nematodes have entomopathogenic capacities. From an

applied perspective, our study motivates more research to determine their potential as biocon-

trol agents in environmentally friendly and sustainable agriculture.
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symbionts of nematodes improves their biocontrol potential to counter the western corn rootworm.

Nature Biotechnology. 2020; 38: 600–608. https://doi.org/10.1038/s41587-020-0419-1 PMID:

32066956

12. Bhat AH, Chaubey AK, Shokoohi E, Machado RAR. Molecular and phenotypic characterization of Het-

erorhabditis indica (Nematoda: Rhabditida) nematodes isolated during a survey of agricultural soils in

Western Uttar Pradesh, India. Acta Parasitologica. 2021; 66: 236–252.

PLOS ONE Toxicity of bacteria associated to soil-born nematodes on insects

PLOS ONE | https://doi.org/10.1371/journal.pone.0280675 January 23, 2023 14 / 19

https://doi.org/10.1016/C2020-0-00269-0
https://doi.org/10.1038/s41587-020-0419-1
http://www.ncbi.nlm.nih.gov/pubmed/32066956
https://doi.org/10.1371/journal.pone.0280675


13. Hill V, Kuhnert P, Erb M, Machado RAR. Identification of Photorhabdus symbionts by MALDI-TOF

MS. Microbiology. 2020; 166: 522–530.

14. Machado RAR, Muller A, Ghazal SM, Thanwisai A, Pagès S, Bode HB, et al. Photorhabdus hetero-

rhabditis subsp. aluminescens subsp. nov., Photorhabdus heterorhabditis subsp. heterorhabditis

subsp. nov., Photorhabdus australis subsp. thailandensis subsp. nov., Photorhabdus australis subsp.

australis subsp. nov., and Photorhabdus aegyptia sp. nov. isolated from Heterorhabditis entomopatho-

genic nematodes. International Journal of Systematic and Evolutionary Microbiology. 2021; 71:

004610.

15. Wang JX, Bedding RA. Population development of Heterorhabditis bacteriophora and Steinernema

carpocapsae in the larvae of Galleria mellonella. Fund Appl Nematol. 1996; 19: 363–367.

16. Goodrich-Blair H, Clarke DJ. Mutualism and pathogenesis in Xenorhabdus and Photorhabdus: two

roads to the same destination. Molecular microbiology. 2007; 64(2): 260–268.

17. Hinchliffe SJ, Hares MC, Dowling AJ. Insecticidal toxins from the Photorhabdus and Xenorhabdus

bacteria. The Open Toxinology Journal. 2010; 3(1): 83–100.

18. Shrestha S, Kim Y. An entomopathogenic bacterium, Xenorhabdus nematophila, inhibits hemocyte

phagocytosis of Spodoptera exigua by inhibiting phospholipase A2. J Invertebr Pathol. 2007; 96: 64–

70.

19. Ahmed S, Kim Y. Differential immunosuppression by inhibiting PLA2 affects virulence of Xenorhabdus

hominickii and Photorhabdus temperate temperata. J Invertebr Pathol. 2018; 157: 136–46.

20. Lysyk TJ, Kalischuk-Tymensen LD, Selinger LB. Comparsion of selected growth media for culturing

Serratia marcescens, Aeromona ssp., and Pseudomonas aeruginosa as pathogens of adult Stomoxys

calcitrans (Diptera: Muscidae). J Med Entomol. 2002; 39: 89–98.

21. Nunez-Valdez ME, Calderon MA, Aranda E, Hernandez L, Ramirez-Gama RM, Lina L, et al. Identifica-

tion of a putative mexican strain of Serratia entomophila pathogenic against root-damaging larvae of

Scarabaeidae (Coleoptera). Appl. Environ. Microbiol. 2008; 74: 802–810.

22. Patil CD, Patil SV, Salunke BK, Salunkhe RB. Prodigiosin produced by Serratia marcescens NMCC46

as a mosquito larvicidal agent against Aedes aegypti and Anopheles stephensi. Parasitol Res. 2011;

109: 1179–1187.

23. Abebe E, Akele FA, Morrison J, Cooper V, Thomas WK. An insect pathogenic symbiosis between a

Caenorhabditis and Serratia. Virulence. 2011; 2: 158–161.

24. Liu Q, Mracek Z, Zhang L, Puza V, Dong L. Re-description of Oscheius-chongmingensis (Zhang et al.,

2008) (Nematoda: Rhabditidae) and its entomopathogenicity. Nematology. 2012; 14: 139–149.

25. Ye W, Torres-Barragan A, Cardoza Y. Oscheius carolinensis n.sp. (Nematoda: Rhabditidae), a poten-

tial entomopathogenic nematode from vermicompost. Nematology. 2010; 12: 121–135.

26. Torres-Barragan A, Suazo A, Buhler WG, Cardoza YJ. Studies on the entomophathogenicity and bac-

terial associates of the nematode Oscheius carolinensis. Biol Contr. 2011; 59: 123–129.

27. Zhang KY, Liu XH, Tan J, Wang Y, Qiao L, Yedid G, et al. Heterorhabditidoides rugaoensis n.sp.

(Rhabditida: Rhabditidae), a novel Highly Pathogenic entomopathogenic Nematode Member of Rhab-

ditidae. J Nematol. 2012; 44: 348–360.

28. Lephoto TE, Featherston J, Gray VM. Draft whole-genome sequence of Serratia sp. strain TEL, asso-

ciated with Oscheius sp. TEL-2014 (Nematoda: Rhabditidae) isolated from a grassland in South

Africa. Genome Announcements. 2015; 3(4): e00747–15.

29. Mohandas C, Sheeba M, Firoza AJ, Rajamma P. Bacteria associated with Rhabditis (Oscheius) spp.

(Rhabditidae: Nematoda) for the biocontrol of insect pests. Proceeding of the National Seminar on

Achievements and Opportunities in Post harvest Management and Value Addition in Root and Tuber-

Crops (NSRTC–2) (Trivandrum). 2007; 195–198.

30. Deepa I, Mohandas C, Siji JV. Molecular characterization of novel symbiotic bacteria from entomo-

pathogenic nematodes. Nature Seminar on Climate Change and Food Security: challenges and

opportunities. Tuber Crops. 2011; 24: 399–404.

31. Tambong JT. Phylogeny of bacteria isolated from Rhabditis sp. (Nematoda) and identification of novel

entomopathogenic Serratia marcescens strains. Current Microbiology. 2013; 66: 138–144.

32. Fu JR, Liu QZ. Evaluation and entomopathogenicity of gut bacteria associated with dauer juveniles of

Oscheius chongmingensis (Nematoda: Rhabditidae). Microbiologyopen. 2019; 8 (9): e00823.

33. Browne N, Heelan M, Kavanagh K. An analysis of the structural and functional similarities of insect

hemocytes and mammalian phagocytes. Virulence. 2013; 4: 597–603. https://doi.org/10.4161/viru.

25906 PMID: 23921374

34. Satyavathi VV, Minz A, Nagaraju J. Nodulation: An unexplored cellular defense mechanism in insects.

Cell Signal. 2014; 26: 1753–1763. https://doi.org/10.1016/j.cellsig.2014.02.024 PMID: 24704121

PLOS ONE Toxicity of bacteria associated to soil-born nematodes on insects

PLOS ONE | https://doi.org/10.1371/journal.pone.0280675 January 23, 2023 15 / 19

https://doi.org/10.4161/viru.25906
https://doi.org/10.4161/viru.25906
http://www.ncbi.nlm.nih.gov/pubmed/23921374
https://doi.org/10.1016/j.cellsig.2014.02.024
http://www.ncbi.nlm.nih.gov/pubmed/24704121
https://doi.org/10.1371/journal.pone.0280675


35. Jiang M, Chen Y, Wang Y, Loor JJ, Ye Y, Wen Y, et al. Yak (Bos grunniens) stomach lysozyme:

Molecular cloning, expression and its antibacterial activities. Anim. Biotechnol. 2010; 21: 25–35.

https://doi.org/10.1080/10495390903339899 PMID: 20024784

36. Kavanagh K, Reeves EP. Exploiting the potential of insects for in vivo pathogenicity testing of microbial

pathogens. FEMS Microbiol Rev. 2004; 28: 101–112.

37. Strand MR. The insect cellular immune response. Insect Sci. 2008; 15: 1–14.

38. Sheehan G, Kavanagh K. Analysis of the early cellular and humoral responses of Galleria mellonella

larvae to infection by Candida albicans. Virulence. 2018; 9: 163–172. https://doi.org/10.1080/

21505594.2017.1370174

39. Holz A, Bossinger B, Strasser T, Janning W, Klapper R. The two origins of hemocytes in Drosophila.

Development. 2003; 130: 4955–4962.

40. Lavine MD, Strand MR. Insect hemocytes and their role in immunity. Insect Biochem Mol Biol. 2002;

32: 1295–1309. https://doi.org/10.1016/s0965-1748(02)00092-9 PMID: 12225920

41. Boman HG, Hultmark D. Cell-free immunity in insects. Annu Rev Microbiol. 1987; 41: 103–126.

https://doi.org/10.1146/annurev.mi.41.100187.000535 PMID: 3318666

42. Grizanova EV, Semenova AD, Komarov DA, Chertkova EA, Slepneva IA, Dubovskiy IM. Maintenance

of redox balance by antioxidants in hemolymph of the greater wax moth Galleria mellonella larvae dur-

ing encapsulation response. Arch Insect Biochem Physiol. 2018; 98, e21460.

43. Baggiolini M, Wymann MP. Turning on the respiratory burst. Trends Biochem Sci. 1990; 15: 69–72.

https://doi.org/10.1016/0968-0004(90)90179-f PMID: 2186518

44. Tsai CJ, Loh JM, Proft T. Galleria mellonella infection models for the study of bacterial diseases and

for antimicrobial drug testing. Virulence. 2016; 7: 214–229.

45. Brown SE, Howard A, Kasprzak AB, Gordon KH, East PD. A peptidomics study reveals the impressive

antimicrobial peptide arsenal of the wax moth Galleria mellonella. Insect Biochem Mol Biol. 2009; 39:

792–800.

46. Vilcinskas A. Anti-infective therapeutics from the Lepidopter an model host Galleria mellonella. Curr

Pharm Des. 2011; 17: 1240–1245.

47. Taszłow P, Vertyporokh L, Wojda I. Humoral immune response of Galleria mellonella after repeated

infection with Bacillus thuringiensis. J Invertebr Pathol. 2017; 149: 87–96.

48. Mak P, Zdybicka-Barabas A, Cytry´ nska M. A different repertoire of Galleria mellonella antimicrobial

peptides in larvae challenged with bacteria and fungi. Dev Comp Immunol. 2010; 34: 1129–1136.
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