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Abstract 
In this study, we evaluated a new biopesticide containing different combinations of Photorhabdus luminescens (ATCC 29,999; Pl) 
and Bacillus thuringiensis subsp. aizawai (Bt) to leverage their insecticidal activity against Plutella xylostella. Mixtures containing 
proteins of various sizes were assayed to determine which combination of the two bacteria would yield the maximum insecticidal 
activity. A histopathologic slide revealed vacuole formations and rifts near the apical membrane (a symptom of Bt) and severe 
thinning of the intestinal wall (a symptom of Pl). When the two bacteria were cultured separately and then mixed, the insecticidal 
activity of the treatment reached 83.33% ± 8.82%. The insecticidal activity was elevated and significantly accelerated when Bt was 
mixed with both the Pl supernatant and the isolated protein with a molecular mass ≥ 100 kDa of Pl. These results highlight the 
potential of Pl as a potent bioinsecticide to economically and sustainably control Pl. xylostella and other lepidopteran pests.

Key points  
• Growth inhibition by Bacillus thuringiensis exerted a significant effect on insecticidal activity.
• Large Photorhabdus luminescens proteins can accelerate the synergistic insecticidal effect on Plutella xylostella.

Keywords Pesticide reduction · Plutella xylostella · Photorhabdus luminescens · Bacillus thuringiensis · Synergistic effect

Introduction

Photorhabdus luminescens (ATCC 29,999, Pl) is a gram-
negative species of bacterium belonging to the Enterobac-
teriaceae family. In addition to its toxicity to a range of 

pests, it is also an intestine symbiont of the infective juve-
nile entomopathogenic nematodes of the Heterorhabditidiae 
family (Zhu et al. 2011). Pl is pathogenic to a wide range 
of insects, and its genome comprises more toxin genes than 
does any other bacterial genome sequenced to date (Duchaud 
et al. 2003). Additionally, numerous adhesions, proteases, 
and lipases, which may be expressed during the pathogenic 
phase of its complex lifecycle, have been discovered from 
its complete genome sequence. Numerous toxin complex 
(tc) loci were observed on the chromosomes of Pl strains 
(ffrench-Constant et al. 2007), all of which code for different 
high molecular–weight insecticidal toxins. Some of the tc 
proteins may function to destroy the insect midgut, similar 
to Bacillus thuringiensis (Bt) delta-endotoxins. Pl can also 
kill insect hosts by using chromosomal insertion through 
the expression of a single gene called makes caterpillars 
floppy (mcf) (Zalucki et al. 2012). Pl is often naturally deliv-
ered into the target insect hemocoel, where Pl reproduces 
rapidly after inducing immunosuppression in its host. The 
bacteria inhibit eicosanoid synthesis and multiply, resulting 
in septicemia and death of the infected host (Park and Kim 
2000; ffrench-Constant et al. 2007). Bt exerts a potentiating 
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effect on the orally ingested entomopathogenic bacterium 
Xenorhabdus nematophila ATCC19061 (Thomas and Poinar 
1979), and Bt that infects the midgut epithelium allows X. 
nematophila to move from gut lumen to the hemocoel (Jung 
and Kim 2007).

Through microaggregation, spreading behavior, and 
phagocytosis against invasive bacteria, eicosanoids medi-
ate both cellular and humoral immune responses to bacte-
rium pathogenicity in insect hosts (Shrestha and Kim 2008; 
2009). Some metabolites—derivatives of the bacterial fam-
ily Enterobacteriaceae—can suppress cellular immune 
responses and considerably enhance the pathogenicity of Bt 
against the second instar larvae of Plutella xylostella (Lepi-
doptera: Plutellidae) (Shrestha et al. 2010).

Bt, a gram-positive spore-forming bacterium that syn-
thesizes delta-endotoxins (toxic crystal [Cry] proteins), also 
exhibits entomopathogenic activity against different insect 
orders with high specificity (Bravo et al. 2011). These Cry 
proteins are packaged into crystals and activated through 
the solubilization of the crystals in the insect midgut and 
proteolytic processing of protoxins by midgut proteases. The 
activated toxins then bind to specific receptors on the midgut 
brush border membrane surface, which causes pore forma-
tion and cell lysis, thereby leading to insect death (Bravo 
et al. 2007). In addition to Cry proteins, Bt isolates can also 
synthesize other insecticidal proteins, including cytotoxic 
proteins and proteins synthesized during the vegetative 
growth phase (vegetative and secreted insecticidal proteins) 
(Estruch et al. 1996; Donovan et al. 2006).

The diamondback moth, Pl. xylostella, is a worldwide 
pest that causes destructive damage to Brassicaceae crops 
(Furlong et al. 2013). Indiscriminate use of various insec-
ticides to control Pl. xylostella has resulted in a high level 
of resistance or multiple resistance of the species to every 
insecticide used extensively against it (Mohan et al. 2009). 
Mixtures of active agents of biopesticides may be used as a 
pesticide resistance management strategy and improve pest 
control efficiency (Gao et al. 2012; Mantzoukas et al. 2013). 
Several studies have evaluated the interactions between and 
potentiating effects of Bt and the entomopathogenic bacteria 
X. nematophila and Pl as well as the distinct effects of tox-
ins, bacterial cells, and supernatant mixtures with different 
ratios, most of which enhance the effects of their respective 
combination treatments, resulting in greater pest mortality 
(Jung and Kim 2007; Sayed and Behle 2017).

Jung and Kim (2007) reported that when a mixed treat-
ment of X. nematophila and Bt was used to target late instars 
of Pl. xylostella, the moths exhibited significantly higher 
mortality than when only X. nematophila was used, and the 
X. nematophila cells and their pathogenies were recovered 
from the hemocoel. However, no cells were recovered when 
only X. nematophila was used. This observation of syner-
gism is consistent with that of BenFarhat et al. (2013) who 

explored the high affinity of Bt delta-endotoxins Cry1Ac and 
Cry2Aa for membrane receptors on larval Ephestia kurstaki, 
which leads to extensive pore formation, allowing the trans-
fer of numerous Xenorhabdus cells. A histopathological 
study of other entomopathogenic Pl reported the rapid inva-
sion of the hemocoel Agrotis segetum by Pl cells (Jallouli 
et al. 2018). Despite these generally encouraging results, 
few studies have attempted to combine and optimize these 
pathogens into integrated protocols stipulating the optimal 
ratios of mixed treatments, and few studies have provided 
histopathological data on the potentiating or antagonistic 
effects of Pl. Thus, additional research supporting the devel-
opment of combinational approaches is warranted.

Recent advancements in fermentation production and 
formulation technologies have successfully produced stor-
age-stable Pl as an alternative to solid substrate production 
of poison proteins. Lower production costs encourage the 
development of a combined product containing Bt and Pl. 
However, a limited number of Bt and Pl combinations have 
been evaluated in toxicity interaction studies (Jung and Kim 
2007; Sayed and Behle 2017). The limited data available 
regarding the toxicity of certain agents to Pl. xylostella ham-
pers the identification and development of mixtures that may 
effective against Pl. xylostella when used in combination 
with biopesticides. In the present study, we evaluated a new 
biopesticide based on different combination times and ratios 
of Pl and Bt for insecticidal activity against Pl. xylostella. 
Various mixtures were assayed to determine the optimal 
ratio of the two agents for maximum insecticidal activity. 
Isolation, characterization, and toxicity evaluations of Bt and 
Pl combinations of different molecular weights were also 
conducted. We evaluated the possible binary antagonistic 
and synergistic effects of the combinations through feeding 
bioassays. Finally, we proposed a more effective synergis-
tic combination of these two biological control agents by 
evaluating their histopathological effects and analyzing the 
time–mortality response of the treated Pl. xylostella.

Materials and methods

Strains and media

A Pl strain (ATCC29999) was maintained on nutrient bro-
mothymol blue agar (NBTA) plates [2.3% nutrient agar 
(Difco, USA), 0.0025% bromothymol blue (Merck), and 
0.004% 2,3,5-triphenyltetrazolium (Sigma-Aldrich)] at 30 °C 
and subcultured weekly. The Bt strain B. thuringiensis subsp. 
aizawai ABTS-1857 (10.8% [7000 diamond back month mor-
tality units/mg, DBMU/mg]; Sumitomo Chemical, Taipei, 
Taiwan) was isolated from a commercial product, producing 
Cry1Aa, Cry1Ab, Cry1C, and Cry1D (Palma et al. 2014). 
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Two media were used in this study: nutrient agar (Difco) and 
Luria–Bertani (LB), which contains peptone (10 g/L), yeast 
extract (5 g/L), and NaCl (5 g/L) (Sambrook et al. 1989).

Insect rearing

The cultivation of the Pl. xylostella colonies was conducted 
in incubators at 25 °C ± 1 °C and 65% ± 5% relative humid-
ity under a 15 h:9 h (light:dark) photoperiod according to 
a procedure described in a previous study (Wu et al. 2020). 
The colony was purchased from the Taiwan Agricultural 
Chemicals and Toxic Substances Research Institute, Council 
of Agriculture, Executive Yuan. A total of 30 third instar Pl. 
xylostella larvae were reared separately in 9-cm sterile Petri 
dishes containing 1  cm3 of artificial diet.

Quantification of toxins

Pathogenicity tests were performed at 0, 12, 24, 48, 72, 96, 
and 120 h (h) after culturing. The Pl was cultured at 30 °C 
in LB agar plates. A single colony was selected to prepare a 
cell suspension in sterile saline solution (0.85% NaCl); the 
optical density (OD) of the culture at 600 nm was 0.2, equiva-
lent to 1 × 107 log colony-forming unit (CFU)/mL. A Colony 
Counter 270 (SUNTEX, Taiwan) was used to count the cells. 
The OD and luminescence were measured at 0, 12, 24, 48, 
72, 96, and 120 h with an ultraviolet–visible/near-infrared 
spectrophotometer (Model V-730, Jasco, Japan) and a Centro 
luminometer (Model 4900, Awareness Technology, USA).

To concentrate the collected Pl, 10 mL bacterial solu-
tions were centrifuged for 10 min at 10,000 rpm. Subse-
quently, 4 mL of the supernatant was added to a Vivaspin 
6 tube (MECO, Sartorius), and the mixture was centrifuged 
for 10 min at 8,000 rpm and 4 °C, with a molecular weight 
cutoff of 100 kDa (Kenney et al. 2019). For further bioas-
say analysis, we tested bacterial solutions with molecular 
weights of ≥ 100 kDa and < 100 kDa.

The spore–crystal mixture of Bt obtained after incubation 
and 1 mL of bacterial solution were centrifuged for 10 min 
at 9,000 × g. The supernatant was discarded and each pellet 
was washed twice with 1 M NaCl and twice with cold dis-
tilled water. Delta-endotoxins in lyophilized spore–crystal 
mixtures were further solubilized in 50 mM NaOH and incu-
bated for 2 h at room temperature with constant agitation.

Insect toxicity bioassays and sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis analysis

Bioassays were performed using third instar larvae of Pl. 
xylostella, reared in our laboratory (temperature: 25 °C, rela-
tive humidity: 60%–70%, photoperiod: 15 h:9 h light:dark). 
Thirty larvae were placed in each 9-cm sterile Petri dish con-
taining 1  cm3 of artificial diet. To test the effects of different 

culturing techniques and mixture ratios on the toxicity of the 
different fractions of the Pl culture, A) 50 mL each of Pl and 
Bt bacterial solution were mixed and cocultured (Bt whole 
broth and Pl whole broth, Bt + Pl), and B) Bt and Pl bacte-
rial solutions were cultured for 12 and 120 h, respectively, 
and then mixed for 20 min (Bt and Pl). Pl bacterial solutions 
measuring 70–100 kDa provided a mortality rate of up to 
88% (Kenney et al. 2019; Wu et al. 2020). To elucidate the 
effects of different molecular weights on the Pl bacterial 
solutions, the cells and supernatants were further separated 
using a Vivaspin 6 centrifugal concentrator with a molecular 
weight cutoff of 100 kDa (Denolf et al. 1993; Kenney et al. 
2019). Thirty larvae were added to each dish and incubated 
at 25 °C. Each bioassay was performed in triplicate. The 
extracellular protein secreted by Pl cultivated in LB broth 
at different incubation times (6, 12, 18, 24, 30, 36, 42, 48, 
54, 60, 66, and 72 h) and dilution ratios was analyzed using 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) with 6%–20% Tris–glycine polyacrylamide 
gels (Bio-Rad, Taiwan). Native PAGE was conducted for 
the electrophoretic mobility shift assays by using precast 
NuPAGE Novex 3%–8% Tris–acetate gels (Invitrogen) and 
applying 150 V for 3 h.

Preparation and sectioning of P. xylostella midgut 
tissues

The third instar larvae of Pl. xylostella were exposed to the 
Pl and Bt whole broth with a cell concentration of  107 cells/
mL or the supernatant for a specific length of time. The sam-
ples were fixed in 10% neutral buffered formalin solution for 
24 h, incubated in a 30% sucrose–phosphate-buffered saline 
(PBS) solution for 24 h, and saturated in FSC 22 embedding 
medium (Leica Surgipath, 3801480S), a mixture of polyvinyl 
alcohol and polyethylene glycol that surrounds but does not 
infiltrate tissue. Thereafter, the samples were mounted on a 
cryostat base at –20 °C. Sections (10 μm) were prepared using 
a cryostat microtome (Leica CM1520). For immune labeling, 
the sections were warmed at room temperature for 10 min, 
resaturated, and permeabilized in blocking solution (1:19, gla-
cial acetic acid: methanol) for 10 secs. The sections were then 
washed and stained with hematoxylin and eosin (Okech et al. 
2008) for the histopathological localization of toxin effects.

Statistical analysis

The Pl cell toxicity levels are presented as the average of the 
measurements from the three repetitions of each experiment. 
All statistical analyses were performed using R software (R 
Core Team 2021). The mortality data were arcsine-trans-
formed, and a one-way analysis of variance was conducted, 
with the significance level set at p < 0.05. A Tukey’s hon-
estly significant difference test (HSD) was conducted to 
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compare within-group means; all values are presented as 
mean ± standard error of the mean. The time–mortality data 
were employed for survival analysis (using Kaplan–Meier 
estimators and a log-rank test) with the Survival and Sur-
vminer R packages (R Core Team 2021). The interac-
tions between Bt and Pl were evaluated using the method 
described by Tabashnik (1992). The expected  LT50 of a 
mixture was calculated using the following mathematical 
equation (modified from Tabashnik 1992):

where  LT50(m) represents the expected  LT50(m) of the mixture 
of toxins A and B;  LT50(A) is the observed  LT50 for toxin A 
alone;  LT50(B) is the observed  LT50 for toxin B alone; and 
 RA and  RB represent the proportions of toxin A and toxin B 
in the mixture, respectively. To assist in evaluating both the 
type and magnitude of each interaction, we determined the 
synergism factor (SF) for each mixture, which is calculated 
by dividing the expected  LT50(m) by the observed  LT50(m). 
Additive interactions with SF values of more than 1.5 were 
classified as synergistic (Li and Bouwer 2014).

Results

Quantification of toxins

Regarding the bacterial growth of the Pl colonies in this study, 
the first 2 h of cultivation represented the lag phase, 2–12 h 
represented the exponential phase, and 12–24 h represented 

LT
50(m) =

[

RA

LT
50(A)

+
RB

LT
50(B)

]−1

the stable phase (stationary phase). The period after 72 h was 
the death phase (decline phase). The highest colony number 
of the Pl culture in the LB medium was 9.84 ± 0.35 log CFU/
mL and was observed at 72 h; two bioluminescence expres-
sion peaks were observed at 12 and 72 h. The protease activ-
ity, however, exhibited expression peaks at 120 h, indicating 
that protease could be secreted extracellularly; this results was 
in contrast to the bioluminescence expression peaks and the 
number of bacterial colonies intracellularly (Fig. 1).

To prepare the single cultures and the coculture, the Pl 
and Bt were inoculated into LB liquid media. The numbers 
of luminescent colonies in the darkroom were counted, 
and the colony numbers of Pl and Bt + Pl peaked at 72 h 
(9.84 ± 0.35 and 9.53 ± 0.03 log CFU/mL, respectively). 
The colony numbers of Bt peaked at 120 h (10.85 ± 0.01 
log CFU/mL,  F2,6 = 99.32, p < 0.001, Fig. 2a). The protease 
activity of the Pl and Bt + Pl treatments peaked at 120 h, with 
1.95 ± 0.02 U and 0.83 ± 0.13 U, respectively  (F2,6 = 501.3, 
p < 0.001, Fig. 2b).

The samples containing the Pl, Bt, and Bt + Pl treatments 
were diluted 50 × and 100 × . The arcsine-transformed mor-
tality of the Bt + Pl culture treatments were 1.42 ± 0.13 and 
0.82 ± 0.07 at 50 × and 100 × dilution, respectively, which 
were significantly higher than those of the Pl treatments 
(0.54 ± 0.04 and 0.40 ± 0.03 under 50 × and 100 × dilu-
tion, respectively;  F2,6 = 143.3 and 602.3, respectively; 
both p < 0.001; Fig. 2c and 2d), indicating that the addi-
tion of Bt might synergistically enhanced the insecticidal 
activity. However, at both levels of dilution, the Bt treat-
ments resulted in the highest mortality rates, indicating that 
coculturing exerts an antagonistic effect on the insecticidal 
activity of Pl.

Fig. 1  Growth curve of Pho-
torhabdus luminescens (ATCC 
29,999) obtained from experi-
ments performed in triplicate. 
P. luminescens was cultured 
at 30 °C at 200 rpm. Insect 
toxicity bioassays of the cocul-
tured B. thuringiensis subsp. 
Aizawai and P. luminescens 
(ATCC29999)
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Insect toxicity bioassays of two bacteria cultured 
separately then mixed and SDS‑PAGE analysis

The Bt was mixed with the Pl, supernatant, and iso-
lated protein separately. In the whole-broth treatment, 
the combination of the Bt and the Pl supernatant (+ Pls) 
exhibited the highest insecticidal activity (1.45 ± 0.11), 
although this value was not significantly different from 
the insecticidal activity of the Pl whole broth (+ Pl, 
1.45 ± 0) or the Pl proteins with molecular masses ≥ 
100  kDa (+ Plo, 1.32 ± 0.22,  F5,12 = 52.7, p < 0.001, 
Fig. 3). These three combination treatments may effec-
tively enhance the insecticidal effect of Pl. By contrast, 
the isolated protein with a molecular mass < 100 kDa 
(+ Plb, 0.26 ± 0.07) decreased the insecticidal activity 
of both bacteria. Therefore, the main insecticidal fac-
tor of the combination treatment is the protein with a 
molecular mass ≥ 100 kDa; the isolated proteins with a 
molecular mass < 100 kDa (mostly proteases) reduced the 
insecticidal effect of Bt (Fig. 3).

In the SDS-PAGE analysis, as indicated in Fig. 3c (Bt), the 
crystal protoxins of Bt were mostly concentrated in the range 

of 130–140 kDa. When the fermentation broth of Pl was mixed 
with Bt, the 140-kDa protoxin protein band lightened and dis-
appeared (Fig. 3c, + Pl, + Plo, + Plb), indicating the decompos-
ing effect of the Pl protease on Bt.

Histopathological midgut tissue sectioning of Pl. 
xylostella

In the nontreatment group (CK, 120 h), the midgut tis-
sue cells, the apical membranes (Ams), and the intestines 
(lumens) of the healthy Pl. xylostella (Fig. 4a) exhibited 
high integrity with few vesicles. In the pathological tissue 
section of the Pl. xylostella treated with the Pl fermentation 
broth (Fig. 4b), the lumen and Am were severely damaged 
because the Pl in the insect intestine destroyed the columnar 
cells and thinned the intestinal wall. In the pathological tis-
sue section of Pl. xylostella orally treated with Bt (Fig. 4c), 
the tissues were destroyed by diffusion, and many vesicles 
and cracks appeared from the Am to the basal membrane 
(Bm). This phenomenon was caused by perforation due to 
the interaction of the Bt toxin and specific receptors on the 
intestinal surface.

Fig. 2  Quantification of toxins for cocultured Bacillus thuringiensis 
subsp. aizawai (Bt) and Photorhabdus luminescens ATCC 29,999 
(Pl). a Bacteria population; (b) protease of Pl; arcsine-transformed 
mortality at (c) 50 × dilution and (d) 100 × dilution among single 

bacterium treatments (Pl and Bt) and Bt and Pl coculture after 120-h 
incubation (Bt + Pl). Different letters (a, b, c) indicate significant dif-
ferences (p < 0.05), as measured by honestly significant difference 
(Tukey’s HSD) test
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In the pathological tissue section of the cocultured Bt and 
Pl, many vesicles and rifts were visible near the Am, and the 
columnar cells of the intestinal wall were severely thinned 
(Fig. 4d). Compared with the pathological tissue treated 
with the whole-broth Bt and Pl (in which the two types of 
bacteria were cultured separately then mixed, Fig. 4e), the 
Am treated with the coculture maintained higher integrity; 
however, the junction of the Am and Bm decomposed and 
peeled off (Fig. 4e). The Pl caused degradation and irregular 
peeling that did not appear in the cocultured tissue sections 
(Fig. 4d). Both sections exhibited many cracks on the Am, 
which were caused by the perforation of the Bt toxins. In the 
pathological tissue section of the oral Bt fermentation broth 
mixed with Pl cells only (Fig. 4f), the intestinal wall was not 
markedly thinned, but many vesicle gaps were visible near 
the intestinal Am.

Figure  4g and 4h displays pathological tissue slices 
treated with the Bt fermentation broth mixed with the super-
natant of Pl and the isolated protein of Pl with a molec-
ular mass ≥ 100 kDa, respectively. The Am was severely 
damaged, and the cracks on the lumen were clearly vis-
ible, which indicates that the mixed treatment was effec-
tive in destroying the intestines. By contrast, as presented 
in Fig. 4i, the pathological tissue section treated with a Bt 

fermentation broth and Pl isolate protein (with a molecular 
weight < 100 kDa) exhibited higher Am integrity than did 
sections of tissues that received other treatments. Some vesi-
cle gaps were visible near the lumen because of the effect 
of the Bt. The results indicated that photobacterial proteins 
with molecular masses ≥ 100 kDa exert a dominant effect 
on intestinal tissue damage.

Time–mortality analysis

Regarding time–mortality analysis, the fermentation broth 
of Bt mixed with that of Pl (+ Pl, Fig. 5a), the supernatant 
(+ Pls), and the isolated protein with a molecular mass ≥ 
100 kDa (+ Plo, Fig. 5b), caused high mortality of the Pl. 
xylostella at 18–24 h, which is much earlier than when Bt, 
Pl, and isolated protein with a molecular weight < 100 kDa 
(+ Plb) were applied. The insecticidal mortality peaked at 
30 h. Thus, the presence of the large Pl proteins can enhance 
insecticidal activity and accelerate the insecticidal effect on 
Pl. xylostella. A slight synergistic interaction between Bt 
and Pl was observed in the 1:1 mixture; by contrast, weak 
antagonistic interactions were observed in the 4:1 and 1:4 
mixtures (Table 1).

Fig. 3  Arcsine-transformed 
mortality among (a) single bac-
terium treatments, Photorhab-
dus luminescens (ATCC 29,999; 
120-h incubation, Pl) and Bacil-
lus thuringiensis subsp. aizawai 
(120-h incubation, Bt); (b) Bt 
mixed with the Pl whole broth, 
(120-h incubation, + Pl); the 
Pl supernatant (120-h incuba-
tion, + Pls); the Pl protein with 
molecular weight ≥ 100 kDa 
(120-h incubation, + Plo); and 
the Pl protein with molecu-
lar weight < 100 kDa (120-h 
incubation, + Plb). (c) The 
extracellular proteins secreted 
by Pl cultivated in LB broth in 
different treatment combina-
tions were separated by SDS-
PAGE; the markers and lanes 
1–6 indicate the results for Pl, 
Bt, + Pl, + Pls, + Plo, and + Plb, 
respectively. Different letters 
indicate significant differences 
as measured by HSD test with 
p < 0.05
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Discussion

To understand the interactions between Bt and Pl and their 
effects on the mortality of Pl. xylostella, cocultivation and 
separate cultivation with subsequent mixing were adopted. 
In the cocultivation mode, the Pl and Bt interfered with 
each other, and the Pl exerted a strong antagonistic effect 
on the Bt population. The Bt + Pl treatment exhibited sig-
nificantly higher mortality than did Pl alone. At 72 h, the 
Pl. xylostella pathological tissue sections exhibited many 
vesicles and rifts near the Am (a typical symptom of Bt) 

and severe thinning of the columnar cells in the intesti-
nal wall (a symptom of Pl). Both pathological symptoms 
appeared simultaneously, which may suggest a comple-
mentary effect (BenFarhat et al. 2013; Jallouli et al. 2018). 
However, because Pl inhibited the growth of Bt (Fig. 2a), 
the insecticidal effect of the Bt + Pl treatment was not as 
strong as that of Bt alone, indicating possible resource or 
growth competition. Therefore, the coculture treatments 
were not ideal.

When Bt and Pl were cultivated separately, the mixed 
fermentation broth exhibited insecticidal activity that was 

Fig. 4  Histopathological effects of (a) nontreatment on midgut tis-
sue of the third instar of Plutella xylostella larvae; (b) Photorhabdus 
luminescens (ATCC 29,999; Pl) whole broth (after 120-h incubation), 
(c) Bacillus thuringiensis subsp. aizawai (Bt, after 120-h incuba-
tion); (d) Bt and Pl cocultured (after 120-h incubation); (e) Bt and 
Pl (after 120-h separate incubation and mixing); (f) Bt and Pl cells 
(after 120-h separate incubation and mixing); (g) Bt and Pl super-

natant (after 120-h separate incubation and mixing); (h) Bt and Pl 
protein with a molecular weight ≥ 100  kDa, (after 120-h separate 
incubation and mixing); and (i) Bt and Pl protein with a molecular 
weight < 100 kDa (after 120-h separate incubation and mixing). Am, 
apical membrane; Bm, basal membrane; Lu, lumen; V, vacuole for-
mation
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higher than that of either monoculture treatment, with high 
mortality of Pl. xylostella at 24–30 h. The average lethal 
time of the mixed broth was earlier than that of either mon-
oculture treatment (Fig. 5), which is consistent with the 
results of BenFarhat et al. (2013) and Bishop (2014). In the 
pathological tissue sections of the mixed broth, the junc-
tion of the Am and Bm decomposed and peeled off reflect-
ing the destructive synergetic effects of the treatment on 
the intestines (ffrench-Constant et al. 2007; Jung and Kim 
2007; Bishop 2014; Palma et al. 2014; Kenney et al. 2019; 
Wu et al. 2020).

Analysis of the pathological tissue sections of the samples 
treated with the Bt + Pl cocultured treatment (Fig. 4d), the 

Bt fermentation broth mixed with the Pl cells only (Fig. 4f), 
and the Bt fermentation broth mixed with the Pl isolate pro-
tein with a molecular weight < 100 kDa (Fig. 4i), as well 
as SF analysis, demonstrated the antagonistic effects of the 
Pl and Pl protease on the Bt cells. The compromised Am 
integrity of Pl. xylostella, which is a symptom of exposure 
to Bt, was rarely observed in the treatments containing Pl, 
indicating that the insecticidal activity of Bt was inhibited 
by Pl (Estruch et al. 1996; Shrestha et al. 2010).

The protoxin of the Bt cultivated for 120 h was mostly con-
centrated in the 140 kDa position (Fig. 3c). When the Pl and 
the Bt were cultured separately and then mixed in equal vol-
ume, the protein band at 140 kDa lightened and disappeared, 
the protein bands at 60–70 kDa became considerably more 
prominent, and the insecticidal activity against Pl. xylostella 
significantly increased (Fig. 3b and 3c). Pl protease may there-
fore play a role in the decomposition of Bt protoxins (Sayed 
and Behle 2017; Jallouli et al. 2018). The SF of the mixture 
with the 1:1 Bt:Pl ratio was the highest, whereas those of the 
mixtures with 4:1 and 1:4 ratios revealed antagonistic effects. 
Thus, the synergistic interaction of the two bacteria may be 
related to Pl infection of the hemocoel, which is potentiated by 
the activity of Bt against the midgut epithelia of Pl. xylostella 
(Jung and Kim 2006; da Silva et al. 2020). Previously, second-
ary metabolites, namely oxindole and benzylideneacetone, pro-
duced by P. temperata have also been reported as potentiators 
of Bt toxicity, which suppress the immune responses of their 
insect hosts (Seo et al. 2012). Wu et al. (2020) reported that 
a bacterial solution of Pl (50 × dilution) exhibited the highest 
insecticidal activity among the 5 × , 10 × , 50 × and 100 × dilu-
tion treatments; in the current study, combination treatments 

Fig. 5  Kaplan–Meier estima-
tors and log-rank tests among 
(a) Photorhabdus lumines-
cens (ATCC 29,999; 120-h 
incubation, Pl), and Bacillus 
thuringiensis subsp. aizawai, 
(120-h incubation, Bt), and Bt 
mixed with the Pl whole broth 
(120-h incubation, + Pl); (b) the 
Pl supernatant (120-h incuba-
tion, + Pls); the Pl protein with 
a molecular weight ≥ 100 kDa 
(120-h incubation, + Plo); and 
the Pl protein with a molecular 
weight < 100 kDa (120-h incu-
bation, + Plb). The shaded area 
indicates the confidence interval 
estimated using the Survival 
and Survminer R packages (R 
Core Team 2021)

Table 1  Time–mortality response of Pl. xylostella larvae to binary 
mixtures of Bt and Pl, as determined by feeding bioassays

Bt: Bacillus thuringiensis, Pl: Photorhabdus luminescens. Expected 
 LT50(m) values calculated according to the modified method of 
Tabashnik (1992); synergism factor (SF) values are the expected 
 LT50(m) values divided by the corresponding observed  LT50(m) values. 
SF = 1 represents an addictive interaction, SF > 1 represents a syner-
gistic interaction, and SF < 1 represents an antagonistic interaction

Observed Expected Syner-
gism 
Factor

Treatments LT50 (hrs)
Bt 66.0 - -
Pl 120.0 - -
Bt-Pl (1:1) 30.0 42.6 1.42
Bt-Pl (4:1) 18.0 14.5 0.81
Bt-Pl (1:4) 24.0 20.6 0.86
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containing much lower concentrations of bacterial solutions 
exhibited effects consistent with those of treatments containing 
Pl (50 ×) or Bt (1000 ×) alone.

To sum up, an appropriate ratio of Bt to Pl or Pl superna-
tant serves as an optimal candidate for use as an insecticidal 
agent with a rapid lethal effect by drawing on the synergistic 
effect of its components. In the future, combination treat-
ments can be employed to substantially increase efficiency 
and reduce production costs while preventing the ubiquitous 
resistance of economically important pests to Bt pesticides 
(Sayed and Behle 2017). If the optimal combination formula 
is determined, and precise lifecycle assessments are con-
ducted, the use of such treatments will assist in the transition 
to sustainable agriculture in a low-carbon society.
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