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Abstract

Xenorhabdus nematophila and Photorhabdus luminescens are entomopathogenic bacteria that have mutual-
istic relationships with their respective nematode hosts, Steinernema carpocapsae Weiser (Rhabditid: 
Steinernematidae) and Heterorhabditis bacteriophora Poinar (Rhabditidae: Heterorhabditidae). These symbi-
otic bacteria are delivered into insect hemocoel by nematodes and rapidly activate the immune system of 
their target species. We show here that both these bacteria influence cellular and humoral defenses in fifth 
instar larvae of Spodoptera exigua Hübner (Lepidoptera: Noctuidae). Larvae treated with both bacterial spe-
cies possessed a higher number of hemocytes than either negative controls at initial hour post-injection (hpi) 
although both the frequency of hemocytes and granulocytes decreased. Results show that at times between 
12 and 16 hpi the densities of both fell below the level of the negative control. The hemocyte population also 
fell below that seen in the negative control in larvae containing heat-killed bacteria, while nodule formation 
was observed in cases of both live and heat-killed bacterial treatments. We also show that the abilities of live 
symbiotic bacteria to influence a decrease in nodule formation were higher than was the case for their heat-
killed counterparts and that no nodules formed during negative control treatment. Data show that both live 
and heat-killed symbiotic bacteria initially activated a range of insect defensive enzymes (including protease, 
phospholipase A2 [PLA2], and phenoloxidase [PO]) post-injection compared with the negative control but that 
their activation levels fluctuated in different ways. The results of this analysis show that attacin, cecropin, 
and spodoptericin were upregulated by the injection of live symbiotic bacteria; the expression levels of these 
proteins were higher than in both normal larvae (noninjected) and negative control treatments. We show that 
attacin and cecropin expression rates due to live P. luminescens treatments were less than was the case for live 
X. nematophila treatment while the expression of spodoptericin was reversed. Results indicate that the ability 
of P. luminescens to suppress cellular reactions, including the expression of attacin and cecropin, is higher than 
is the case for X. nematophila. The results of this study provide new insights into the roles of P. luminescens 
and X. nematophila in countering insect physiological defenses.
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Xenorhabdus nematophila and Photorhabdus luminescens 
are bacteria that maintain a mutualistic relationship with the 
entomopathogenic nematodes (EPNs), Steinernema carpocapsae 
and Heterorhabditis bacteriophora (Forst et  al. 1997, Adams and 
Nguyen 2002, Goodrich-Blair and Clarke 2007). These bacteria 
are both gram-negative and are classified within Enterobacteriaceae 
(Daborn et al. 2002). Infective nematode juvenile stages penetrate 
into host haemocel and release symbiotic bacteria; following the 
release of these symbiotic bacteria into hemolymph, the first insect 
immune system response is phagocytosis of invading bacteria. These 

bacteria can also suppress the insect immune system by destroying 
hemocytes, inhibiting eicosanoid biosynthesis, suppressing proph-
enoloxidase (proPO), and degrading antimicrobial peptides (AMPs) 
(Seo et  al. 2012, Eleftherianos et  al. 2017). Previous research has 
shown which Xenorhabdus enzymes play important roles in EPN 
virulence by suppressing insect immune responses (Pranaw et  al. 
2013); indeed, Dunphy and Webster (1984) and Ribeiro et al. (1999) 
showed that these bacteria exert a cytotoxic effect on hemocytes and 
lead to septicemic infections, while Forst et  al. (1997) determined 
that X.  nematophila inhibits PO activity via a lipopolysaccharide 

Annals of the Entomological Society of America, XX(X), 2018, 1–12
doi: 10.1093/aesa/say033

Research 

Copyedited by: OUP

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/advance-article-abstract/doi/10.1093/aesa/say033/5102367 by ESA M

em
ber Access,  javadkarim

i10@
gm

ail.com
 on 19 Septem

ber 2018

http://orcid.org/0000-0003-0199-0029
mailto:jkb@um.ac.ir?subject=


2 Annals of the Entomological Society of America, 2018, Vol. XX, No. XX

(LPS). Lipid A of the X. nematophila LPS exerts a cytotoxic effect 
on Galleria mellonella Fabricius (Lepidoptera: Pyralidae)  larvae 
hemocytes as well as those of Spodoptera exigua (Dunphy and 
Webster 1984, 1988) while the outer membrane vesicles (OMVs) 
of X. nematophila are toxic to Helicoverpa armigera Hübner lar-
vae (Khandelwal and Banerjee-Bhatnagar 2003). In other studies, 
Ribeiro et  al. (1999) and Eleftherianos et  al. (2017) showed that 
both X. nematophila and P. luminescens produce a protease which 
destroys AMPs; these bacteria also secrete a metabolite that inhibits 
phospholipase A2 (PLA2) activity (Park and Kim 2003, Park et al. 
2003, Kim et  al. 2005). A  number of toxins have been identified 
in P.  luminescens that suppress host immune defenses (Waterfield 
et  al. 2005) and destroy hemocytes (Eleftherianos et  al. 2007); 
Photorhabdus is also able to inhibit PLA2 which catalyzes the eicosa-
noid pathway, a process that interferes in node formation (Kim et al. 
2005). Marokházi et al. (2004) confirmed the presence of a serra-
lysin-type protease in Photorhabdus (PrtA) which disturbs protein 
activity related to in vitro immune responses.

The symbiotic bacteria associated with S.  carpocapsae and H. 
bacteriophora were characterized in this study and their effects on 
hemocytes, defensive enzymes, and AMPs in fifth instar S.  exigua 
larvae were surveyed. A  series of experiments were performed to 
assess total (THC) and differential hemocyte counts (DHC) as well 
as protease, PLA2, and PO levels and the expression patterns of main 
AMPs, including cecropin, attacin, and spodoptericin following 
treatment with symbiotic bacteria.

Materials and Methods

Insect Culture
Larvae of S.  exigua were collected from a sugar beet (Beta vul-
garis) field at Mashhad in Razavi Khorasan Province (36°29′N, 
59°60′E), northeast Iran. These larvae were then reared at 25 ± 1°C 
in the laboratory, subject to a photoperiod of 16:8 (L:D) h and RH 
60 ± 5%. Adults were fed with a 20% honey solution and eggs were 
collected daily. One-day-old larvae were fed with fresh sugar beet 
leaves; fifth instar larvae (0.78 ± 0.026 mg) were used for the assays 
reported in this study (Darsouei et al. 2017a).

Bacteria Purification and Characterization
The entomopathogenic bacteria X.  nematophila and P.  lumine-
scens were isolated from fifth instar larvae hemolymph infected 
with S. carpocapsae and H. bacteriophora (provided by Arne Peters 
[e~nema GmbH, Schwentinental, Germany]), respectively. All bac-
teria were cultured using a nutrient agar (NA) with 0.004% (w/v) 
triphenyltetrazolium chloride and 0.025% (w/v) bromothymol blue 
(NBTA) at 28°C for 48 h. The bacterial colonies used in this study 
comprised a phase I variant and the color of X. nematophila and 
P. luminescens on the NBTA medium were blue and green, respect-
ively (Akhurst 1980). Partial sequences of 16S ribosomal RNA 
(rRNA) (Fischer-Le Saux et  al. 1999) and gyrB (Yamamoto and 
Harayama 1995) genes were utilized in order to identify bacteria.

A single bacterial colony in each case was transferred into a 5 ml 
nutrient broth medium and incubated at 28 ± 1°C in a shaker incu-
bator at 120 rpm. These bacteria were then centrifuged at 4,000 × 
g for 1 min after 2 d (Eppendorf MiniSpin microcentrifuge, Fisher 
Scientific, Leicestershir city) and a pellet was resuspended in phos-
phate buffered saline. Heat-killed bacteria were then prepared by 
maintaining the bacterial suspension in 95°C for 10  min (Duvic 
et al. 2012); these heat-killed bacterial cells were then re-streaked in 
NBTA to confirm a 100% kill rate before 4 µl suspensions in sterile 

water containing 107 cells per larvae of either live or heat-killed 
X. nematophila and P.  luminescens were injected into ethanol-dis-
infected larva using an insulin syringe. A negative control treatment 
was also used which comprised 5 µl distilled water. Thus, prior to 
injection, the cuticle of each larvae was disinfected with 75% etha-
nol and washed with distilled water. Injections were performed at 
the base of the second abdominal proleg in each case (Darsouei et al. 
2017b,c).

Different aspects of the insect immunity system including nodu-
lation rate, THC, DHC as well as fluctuations in protease, PLA2, 
PO, and gene expression were surveyed 0.5, 2, 4, 8, 12, and 16 hpi. 
Treated larvae were kept at room temperature and fed with fresh 
leaves; each treatment comprised four replicates and all experiments 
were repeated twice.

THC and DHC Measurements
Haemolymph was collected by cutting the prothoracic leg of sur-
face-ethanol disinfected chilled (°C, min) larvae. For THC assay 
haemolymph (5 µl) was transferred to the Neubauer hemocytom-
eter (Marienfeld, Germany) and the number of haemocytes/ml was 
 calculated based on Jones’s formula (Jones, 1967) to determine 
DHC, 10 µl of hemolymph from each larva was placed on a micro-
scopic slide at designed times. The cell monolayer was then fixed 
with an acetic acid:methanol (1:3 v:v) mixture for 5 min (Altuntas 
et al. 2012) and stained with 10% Giemsa solution. Then 200 hemo-
cytes were counted randomly and the different types were recorded 
as a percentage of total cells. Hemocyte types were determined using 
previously published research (Ribeiro and Brehelin 2006).

Hemocyte Aggregation
In order to assay aggregation rate, 5  µl of hemolymph was col-
lected in each case and aggregated hemocytes were counted using 
a Neubauer hemocytometer. Aggregation rate was also calculated 
using the formula proposed by Jones (1967).

Protease Assay
Total protease activities in the plasma of S.  exigua larvae were 
assessed in this study using azocasein (Sigma, St. Louis, MO) as a 
substrate. Thus, 48.5 µl of 50 mM Tris (pH 9) buffer alongside 3% 
(w/v) 16.5 µl azocasein (Sigma, St. Louis, MO) and 10 µl hemolymph 
were incubated at 37°C for 2 h, enzyme activity was stopped with 
30% trichloroacetic acid (50 µl) and incubated at 4°C for 30 min. 
Precipitates were then removed by centrifugation at 10,000 × g for 
10 min (Eppendorf MiniSpin microcentrifuge, Fisher Scientific) and 
100 µl of the supernatant was mixed with 100 µl NaOH 1 M. The 
absorbance of digested azo-dye was then determined at 450 nm using 
a microplate reader (Stat Fax 3200, Awareness Technology Inc., FL, 
Palm city); protease activity was expressed as µmol dye per minute 
per mg protein (Gholamzadeh Chitgar et al. 2013) in all cases.

PLA2 Assay
Contents of PLA2 was assayed using a few modifications to the 
method described by Radvanyi et  al. (1989). In this case, pyrene-
labeled phospholipid (Sigma, St. Louis, MO) in absolute alcohol was 
used as the substrate and enzymatic activity was assayed using a 
467 µl buffer (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, and 1 mM 
ethylenediaminetetraacetic acid [EDTA]), 5  µl 10% bovine serum 
albumin (BSA), 3 µl 1 M CaCl2, 20 µl hemolymph, and 5 µl of sub-
strate. This mixture was transferred to a 1.5-ml microtube and cen-
trifuged at 6,000 × g (Eppendorf MiniSpin microcentrifuge, Fisher 
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Scientific) for 0.5  min. A  450  µl volume of supernatant was then 
transferred to the cuvette and PLA2 activity was determined via spec-
trofluorometry (Cecil CE9500). Fluorescence intensity was recorded 
in this case using excitation and emission wavelengths of 345 and 
398 nm, respectively.

PO Assay
L-dihydroxyphenylalanine (L-Dopa, Sigma, St. Louis, MO) was 
used as a substrate for assessing PO activity in this study. Thus, col-
lected hemolymph was centrifuged at 1,000 × g at 4°C for 1 min 
and used as an enzyme source. Subsequently, 10 µl of supernatant, 
100  µl of L-Dopa (60  mM), and 90  µl of phosphate buffer (pH 
8.6) were transferred into microplate wells; an increase in absorb-
ance was recorded every 30 s for 5 min at 492 nm using a Stat Fax 
3200 Microplate Reader. One unit of PO activity was defined as the 
amount of enzyme that oxidizes 1 mol of L-Dopa per minute per mg 
protein at room temperature (25 ± 2°C) (Valadez-Lira et al. 2011), 
while total protein concentration was measured using the method 
proposed by Bradford (1976) and a standard BSA curve (Rahatkhah 
et al. 2015).

Gene Expression
RNA extraction and complimentary (cDNA) synthesis
Total RNA (tRNA) was extracted from larvae hemolymph 2, 4, 8, 
and 16 hpi using an RNA extraction kit (Pars Tous Company, Tehran, 
Iran) according to the manufacturer’s instructions (Catalogue 
Number A101231). This RNA was then treated with DNase I (Sina 
Colon, Tehran, Iran) and first-standard cDNA was synthesized using 
1 µg of tRNA, oligo-dt primer, and reverse transcriptase, again fol-
lowing the manufacturer’s instructions.

Primer design and synthesis
A series of primers were designed for gene expression analysis using 
the software packages gene runner Allele ID (PREMIER Biosoft), 
and Beacon (PREMIER Biosoft) with the S. exigua genome used 
as the template in each case (Table 1). Synthesized primers were 
used for polymerase chain reactions (PCRs), amplified fragments 
were sequenced, and their degree of similarity was checked using 
GenBank. The target genes in this study were attacin, cecropin, 
and spodoptericin, with the elongation factor 2 (EF2) gene used 
for reference and normalization.

Quantitative PCR
A series of qRT–PCR reactions were performed as part of this analysis 
using Optical 8-Cap Strips (BIORAD) on a model CFX96 BIORAD 
machine (Bio-Rad Laboratories Inc., Foster City, CA) using 2× SYBR 
Green master mix (Pars Tous Company, Tehran, Iran). These reac-
tions were performed following the protocol outlined by Darsouei 

et al. (2017b); threshold cycle (CT) values were determined using the 
software CFX96 (Bio-Rad Laboratories Inc.), and target gene rela-
tive expression ratios in treated and untreated control groups were 
calculated using the 2−ΔΔCT method (Livak and Schmittgen 2001). 
Two independent replicates of all assays were performed.

Statistical Analyses
The influence of bacterial species and interval times on different 
aspects of the S. exigua immune response were analyzed using two-
way full factorial ANOVA (bacteria species * interval times). A slic-
ing test was then used to measure significance differences between 
means. All data were assessed for normality and homogeneity of 
variance (SAS Institute 1989) prior to ANOVA analyses; mean ± SE 
is presented on all figures.

Results

Bacterial Identifications
X. nematophila and P. luminescens subsp. laumondii were identified 
via 16S rRNA and gyrB gene analyses. All sequences were deposited 
in the GenBank database under accession numbers KY316165 to 
KY316168.

Total Hemocyte Count
The results of this analysis reveal that hemocyte populations exhibit 
significant interactive effects between both bacterial species and 
time intervals (F10,126 = 8.36, P < 0.05). Data show that X. nemat-
ophila hemocyte density in treated larvae was higher than seen in 
P.  luminescens between 0.5 and 16 hpi and that both treatments 
were able to decrease the levels of these cells. Subsequent to bacterial 
proliferation in host hemocoel, the density of these cells decreases 
to such an extent that between 12 and 16 hpi their number was less 
than the negative control (Fig.  1). Data show a significant differ-
ence between the effects of X. nematophila and P.  luminescens on 
hemocyte density between 0.5 and 16 hpi (0.5 h: F1,14 = 1,351.65, 
P < 0.05; 2 h: F1,14 = 221.98, P < 0.05; 4 h: F1,14 = 172.10, P < 0.05; 
8 h: F1,14 = 97.08, P < 0.05; 12 h: F1,14 = 118.82, P < 0.05; 16 h: 
F1,14 = 11.51, P < 0.05).

Differential Hemocyte Count
The granulocyte percentage increased during hpi. Data show that the 
interactions between bacteria and time intervals exerted a significant 
effect on granulocyte populations (F10,126 = 3.66, P < 0.05).

The results of this study reveal that fluctuations in granulocyte 
percentage in larvae treated with both bacterial species remained 
similar and that there were no significant differences between 0.5 
and 12 hpi following the injection of symbiotic bacteria (0.5 h: 
F1,14 = 0.83, P > 0.05; 2 h: F1,14 = 3.39, P > 0.05; 4 h: F1,14 = 0.05, P > 

Table 1. List of primer designed for this study as well as their sequences and GenBank accession numbers (Darsouei et al. 2017b)

Gene Direction Primer sequence (5′–3′) Expected bp size GenBank number

Attacin Forward AGAACAAGGTGGGAGGATCTGTTG 123 KP056511
Attacin Reverse CAGCGTTGAAGTCCAGCGATG
Spodoptericin Forward TGATACATGCCGTTGCTGGAAAG 181 KP056512
Spodoptericin Reverse GCGTCCTCGTTGGCTTCTTC
Cecropin Forward AGTTCTCCCGAGTGTTTCTGTTCG 144 KP056520
Cecropin Reverse GTCCAGCCTTGATGATACCGTCTC
EF2 Forward CACAGAGGTGGCGGTCAAATC 115 AY078407
EF2 Reverse CAGGACACTGAATCTCGCACAAG
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0.05; 8 h: F1,14 = 0.11, P > 0.05; 12 h: F1,14 = 0, P > 0.05). Data also 
reveal significant differences in the number of granulocytes 16 hpi in 
live X. nematophila and P. luminescens (16 h: F1,14 = 19.03, P < 0.05). 
We show that granulocyte frequency 16 hpi remained less than the  
negative control and that the numbers seen in live P. luminescens 
treatments were less than those in live X. nematophila treatments 
(Fig. 2).

Changes in the levels of plasmatocytes, spherulocytes, and 
oenocytoides were then calculated; data show that larvae treated 
with live P. luminescens were characterized by a plasmatocyte per-
centage that increased between 0.5 and 2 hpi before then decreas-
ing again, and that density values between 12 and 16 hpi was 
less than those in the negative control. Maximum percentages of 
oenocytoids were observed at 12 hpi, 3.5%, while the frequency 
seen at 16 hpi remained less than the negative control. The pres-
ence of live P.  luminescens in S.  exigua hemolymph led to an 
increase in plasmatocyte and oenocytoid percentages compared to 
the negative control at the initial time post-injection. The addition 
of live P.  luminescens decreased plasmatocyte levels by between 
12 and 16 hpi as well as oenocytoids at 16 hpi. Data show that 
larvae treated with live X. nematophila were characterized by a 
plasmatocyte percentage that increased between 0.5 and 16 hpi 
as well as between 12 and 6 hpi, more than the negative control. 
The oenocytoid percentage between 2 and 16 hpi in X.  nemat-
ophila treatments remained less than the negative control (data 

shown in the Supplemental Materials [online only]). Fluctuations 
in spherulocyte density remained irregular throughout this experi-
ment (data not shown).

Hemocyte Aggregation
The data presented in this paper show that fifth instar S. exigua 
larvae were able to form nodules in response to bacterial infec-
tion during the initial hpi. The number of aggregated hemo-
cytes in larvae treated with live P. luminescens remained higher 
than those treated with X.  nematophila between 2 and 8 hpi 
when compared with water treatment; aggregated hemocytes 
in live P. luminescens treatments remained less than those seen 
in X. nematophila between 12 and 16 hpi. No nodulation was 
observed in the negative control (Fig.  3), while interactions 
between bacterial species and interval times exerted a signifi-
cant difference on the aggregation of hemocytes (F10,126 = 2.18, 
P < 0.05) (Fig. 3).

General Protease Activity
The presence of bacteria in host hemolymph increased protease 
activity compared to the negative control during the time as hpi. 
Data also reveal the presence of a significant interactive effect on 
protease activity between bacterial species and time (F10,54 = 2.58, 
P  <  0.05). In larvae treated with live X.  nematophila, protease 
activity gradually increased from 0.5 hpi and reached a maximum 
level by 4 hpi (4 h: F1,6 = 5.89, P < 0.05). In contrast, there was a 
significant difference in protease activity compared with the nega-
tive control in larvae treated with X. nematophila between 2 and 
8 hpi (2 h: F1,6 = 15.01, P < 0.05; 4 h: F1,6 = 5.89, P < 0.05; 8 h: 
F1,6 = 14.1, P < 0.05).

The highest level of protease activity was observed 0.5 hpi in 
larvae treated with P.  luminescens (0.5 h: F1,6  = 18.23, P  < 0.05). 
This activity level then decreased and reached a minimum level by 
16 hpi in larvae treated with P. luminescens (16 h: F1,6 = 4.49, P > 
0.05). This means that there was a significant difference between 
protease activity in larvae treated with P. luminescens and the nega-
tive control between 0.5 and 4 hpi (0.5 h: F1,6 = 18.23, P < 0.05; 2 h: 
F1,6 = 64.44, P < 0.05; 4 h: F1,6 = 17.01, P < 0.05). Data show that the 
effect on protease activity of both bacteria was significantly different 
at 0.5, 2, and 16 hpi (0.5 h: F1,6 = 7.18, P < 0.05; 2 h: F1,6 = 6.12, 
P < 0.05; 16 h: F1,6 = 15.49, P < 0.05) (Fig. 4).

Fig.  3. Changes in aggregated hemocytes in fifth instar S.  exigua larvae 
after treatment with live P. luminescens and X. nematophila. Different letters 
highlight statistical differences (P < 0.05).

Fig.  1. Changes in hemocyte density in fifth instar S.  exigua larvae after 
treatment with live P.  luminescens and X.  nematophila. Different letters 
highlight statistical differences (P < 0.05).

Fig. 2. Percentage changes in granulocyte number in fifth instar S. exigua 
larvae after treatment with live P. luminescens and X. nematophila. Different 
letters highlight statistical differences (P < 0.05).
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PLA2 Assay
Data show that PLA2 activity significantly increased compared with 
the negative control when each symbiotic bacterium was injected 
into a fifth instar larva. Fluctuations were different, however, when 
larvae were injected with both X. nematophila and P. luminescens; 
in the latter case, PLA2 activity between 0.5 and 2 hpi increased 
and then decreased. The PLA2 level increased up to 12 hpi and then 
decreased given X. nematophila treatments (Fig. 5).

Results reveal a significant difference between PLA2 activity in 
response to infection with each species of bacteria at 0.5, 2, and 
16 hpi (0.5 h: F1,2 = 54.76, P < 0.05; 2 h: F1,2 = 1,696.2, P < 0.05; 
4 h: F1,2 = 0.2, P > 0.05; 8 h: F1,2 = 0.03, P > 0.05; 12 h: F1,2 = 9.98,  
P > 0.05; 16 h: F1,2 = 61.68, P < 0.05). We also show that interactions 
between bacterial species and interval times on PLA2 activity were 
significant throughout this study (F10,18 = 125.92, P < 0.05).

PO Assay
The data collated in this study reveal that the presence of sym-
biotic bacteria in S.  exigua hemolymph influences PO activity 

and that its volume increases at initial times. At the same time, 
however, fluctuations in PO activity in larvae treated with live 
X. nematophila and P.  luminescens were different; PO activity 
between 0.5 and 2 hpi in the latter case initially increased and 
then remained stable, while the highest level compared to the 
negative control was observed by 0.5 hpi given the former treat-
ment (0.5 h: F1,14 = 193.77, P < 0.05). We show that PO activity 
then decreased and reached a minimum level at 16 hpi (16 h: 
F1,14 = 39.49, P < 0.05) (Fig. 6), while the proportion in larvae 
treated with live X. nematophila remained less than is the case in 
those treated with live P. luminescens. Data also show a signifi-
cant difference between the effects of live X. nematophila and 
P. luminescens on PO activation after 0.5 hpi (0.5 h: F1,14 = 0.42, 
P > 0.05; 2 h: F1,14 = 29.4, P < 0.05; 4 h: F1,14 = 25.04, P < 0.05; 
8 h: F1,14 = 232.6, P < 0.05; 12 h: F1,14 = 34.44, P < 0.05; 16 h: 
F1,14 = 15.57, P < 0.05).

Attacin Gene Expression
The effect of live P.  luminescens and X. nematophila on fluc-
tuations in attacin expression in S.  exigua larvae over time 
remained significant (F6,12  =  1121.37, P  <  0.05). Changes in 
gene expression remained positive in larvae treated with 
both bacterial species and the attacin gene was upregulated. 
Increases induced by live P.  luminescens treatments remained 
much lower than X. nematophila treatments compared with the 
negative control; thus, gene expression in the control treatment 
remained between 0.39 and 0.5 times higher than in the normal 
sample. We also demonstrate a significant attacin expression 
difference between the effects of live X. nematophila and live 
P. luminescens (2 h: F1,2 = 290.24, P < 0.05; 4 h: F1,2 = 748.19, 
P  <  0.05; 8 h: F1,2  =  2,447.6, P  <  0.05; 16 h: F1,2  =  2,273.2, 
P < 0.05) (Fig. 7).

The data collated in this study show that values for attacin 
expression gradually increased from 2 hpi in larvae treated with 
P. luminescens to a maximum level of 4 hpi, 13.12 ± 0.1 times 
higher than normal samples (4 h: F1,2  =  3,107.32, P  <  0.05), 
before decreasing again (8 h: F1,2  =  4.86, P > 0.05; 16 h: 
F1,2 = 767.04, P < 0.05). In contrast, the highest level of attacin 
expression was 193 ± 4 times higher than the normal sample in 
larvae injected with X. nematophila,

Fig.  4. Specific protease activity in fifth instar S.  exigua larvae following 
treatment with live P.  luminescens and X.  nematophila. Different letters 
highlight statistical differences (P < 0.05).

Fig. 5. PLA2 activity in fifth instar S. exigua larvae after challenges with live 
P.  luminescens and X.  nematophila. Different letters highlight significant 
differences between the various time intervals of each treatment (P < 0.05).

Fig. 6. Changes in PO activity patterns in fifth instar S. exigua larvae when 
treated with live P.  luminescens and X.  nematophila. Different letters 
highlight significant differences between the various time intervals of each 
treatment (P < 0.05).
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Cecropin Gene Expression
The fold change of gene expression was positive in larvae treated 
with both bacterial species and so the cecropin gene was upregu-
lated. Data show that gene expression in X. nematophila treatments 
was much higher than was the case for P. luminescens treatments 
compared to the negative control. This means that the ability of 
P. luminescens to suppress cecropin expression was enhanced com-
pared to X. nematophila; gene expression in larvae injected with the 
negative control was also between 0.31 and 0.05 times higher than 
the normal sample.

The highest level of cecropin expression was observed at 2 hpi 
in larvae treated with P. luminescens, 2 ± 0.06 time greater than 
the normal sample (2 h: F1,2 = 736.25, P < 0.05). Indeed, follow-
ing X. nematophila injection, cecropin expression increased and 
reached its maximum level at 4 hpi, an increase of 121 ± 4 times 
the baseline (4 h: F1,2  =  899.78, P  <  0.05) before subsequently 

decreasing (8 h: F1,2  =  73.48, P  <  0.05; 16 h: F1,2  =  467.31, 
P < 0.05) (Fig. 8).

Data reveal a significant difference between X. nematophila and 
P.  luminescens in terms of cecropin expression (2 h: F1,2 =50.56, 
P < 0.05; 4 h: F1,2 = 878.11, P < 0.05; 8 h: F1,2 = 69.84, P < 0.05; 16 
h: F1,2 = 465.06, P < 0.05) (Fig. 8), while our ANOVA result indicates 
the presence of a significant interactive effect between bacteria and 
time (F6,12 = 242.74, P < 0.05).

Spodoptericin Gene Expression
Data reveal the presence of a significant interactive effect between 
bacteria and time (F6,12 = 3,003.69, P < 0.05). In larvae treated with 
P.  luminescens, spodoptericin expression reached its maximum 
level at 2 hpi, 5.6 ± 0.02 times higher than the normal sample (2 h: 
F1,2 = 3,486.6, P < 0.05), before subsequently decreasing. The expres-
sion level of spodoptericin gradually increased following X. nemat-
ophila treatment, reaching a level 0.39 ± 0.01 times higher than the 
untreated sample (16 h: F1,2 = 644.43, P < 0.05). Fold changes in 
spodoptericin gene expression were much higher than X. nematoph-
ila compared with the negative control following treatments with 
P. luminescens (Fig. 9).

Heat-Killed Bacteria
Cellular defense
The results of this analysis show that heat-killed symbiotic bac-
teria activate the cellular immunity of S. exigua larvae. Thus, sub-
sequent to the injection of both heat-killed bacteria, the population 
of hemocytes increased; the density of these cells in larvae treated 
with heat-killed symbiotic bacteria was higher than the negative 
control at all times. Data also reveal a significant interactive effect 
between heat-killed bacterial species and time with respect to 
hemocyte frequency (F10,126 = 6.32, P < 0.05); in treatments with 
heat-killed X.  nematophila, the highest hemocyte density was 
more than those seen in the case of heat-killed P. luminescens. The 
fluctuating trend in hemocytes seen during interval times was sig-
nificant (F5,126 = 10.32, P < 0.05) (Fig. 10A), while the density of 
granulocytes remained stable throughout initial times when subject 

Fig. 8. The effects of live P. luminescens and X. nematophila treatments on 
cecropin expression trends in fifth instar S. exigua larvae. Different letters 
highlight significant differences between the various time intervals of each 
treatment (P < 0.05).

Fig. 7. The effects of live P. luminescens and X. nematophila treatments on 
attacin expression trends in fifth instar S. exigua larvae. Different letters 
highlight significant differences between the various time intervals of each 
treatment (P < 0.05).

Fig. 9. The effect of live P.  luminescens and X. nematophila treatments on 
spodoptericin expression trends of spodoptericin in fifth instar S. exigua 
larvae. Different letters highlight significant differences between the various 
time intervals of each treatment (P < 0.05).
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to heat-killed X.  nematophila treatments. In the case of larvae 
injected with heat-killed P.  luminescens, data show that granulo-
cytes decreased by 8 hpi compared to the negative control (2 h: 
F1,14 = 8.47, P < 0.05) (Fig. 10B).

 Subsequent to the injection of heat-killed bacteria, the number 
of aggregated hemocytes increased between 2 and 16 hpi, while no 
aggregation of these cells occurred in negative control larvae. The 
effect of heat-killed P. luminescens and X. nematophila on S. exigua 
larvae nodule formation was significant (F10,126 = 4, P < 0.05).

The number of aggregated hemocytes reached a maximum 
of 100,000 nodules per ml by 16 hpi following treatments with 

heat-killed X. nematophila (Fig. 10C). Data also reveal a significant 
difference between aggregated hemocytes in heat-killed X. nemat-
ophila samples and the negative control (0.5 h: F1,14  =  2.33, P 
> 0.05; 2 h: F1,14 = 12.24, P < 0.05; 4 h: F1,14 = 21.61, P < 0.05; 
8 h: F1,14  = 22.76, P  < 0.05; 12 h: F1,14  = 92.13, P  < 0.05; 16 h: 
F1,14 = 37.48, P < 0.05).

In larvae treated with heat-killed P.  luminescens, fluctuations 
in aggregated hemocytes remained similar to those of heat-killed 
X.  nematophila; the highest level of these cells, 60,000 nodules 
per ml, was observed at 16 hpi. Data also show that the ability of 
heat-killed P.  luminescens to stimulate nodule formation remained 

Fig. 10. Changes in patterns in cellular and humoral defense elements in fifth instar S. exigua larvae after injection with heat-killed X. nematophila and heat-
killed P. luminescens: (A) THC; (B) granulocyte percentage; (C) hemocyte aggregation; (D) protease activity; (E) PLA2 activity; and (F) PO activity. Different letters 
highlight significant differences between the various time intervals of each treatment (P < 0.05).
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less than seen for heat-killed X. nematophila; results reveal a sig-
nificant difference between aggregated hemocytes followed heat-
killed P. luminescens treatment and negative control (0.5 h: F1,14 = 0,  
P > 0.05; 2 h: F1,14 = 10.47, P < 0.05; 4 h: F1,14 = 40.61, P < 0.05; 
8 h: F1,14  =  22.62, P  <  0.05; 12 h: F1,14  =  33.35, P  <  0.05; 16 h: 
F1,14 = 72.26, P < 0.05). We also show that the ability of heat-killed 
P.  luminescens to decrease hemocytes remained higher throughout 
than heat-killed X. nematophila.

Humoral defense
After injection of the heat-killed symbiotic bacteria, the prote-
ase, PLA2, and PO enzymes activated. The change trend of pro-
tease activity in treated larvae with heat-killed X.  nematophila 
and P.  luminescens was different. In larvae treated with dead 
X. nematophila, protease activity increased and reached a max-
imum level at 4 hpi immediately after injection. In contrast, the 
highest level of protease was observed at 12 hpi in larvae treated 
with heat-killed P. luminescens. Protease activity in larvae treated 
with heat-killed bacteria remained higher than those subject 
to negative control treatments at this time (Fig.  10D). There is 
therefore no evidence of a significant interactive effect between 
heat-killed bacteria and time in the case of protease activity 
(F10,54 = 1.46, P > 0.05).

Fluctuations in PLA2 activity in heat-killed X. nematophila and 
heat-killed P. luminescens remained similar to one another, albeit with 
significant differences. Data also show that PLA2 activity in larvae 
treated with heat-killed bacteria remained higher than those subject 
to the negative control between 0.5 and 16 hpi even though a signifi-
cant interactive effect between heat-killed bacteria and time was also 
seen in terms of PLA2 activity (F10,18 = 41.47, P > 0.05). The highest 
PLA2 activity was recorded by 4 hpi (4 h: F1,14 = 197.88, P < 0.05) in 
larvae treated with heat-killed X. nematophila (Fig. 10E), while this 
level increased between 0.5 and 4 hpi (4 h: F1,14 = 659.55, P < 0.05) 
in the case of heat-killed P.  luminescens (Fig. 10E). The effects of 
both heat-killed bacteria on PLA2 activity over time were also dif-
ferent compared with the negative control (0.5 h: F1,14 = 1,394.72, 
P < 0.05; 2 h: F1,14 = 22.50, P < 0.05; 4 h: F1,14 = 13.25, P < 0.05; 
8 h: F1,14 = 13.44, P < 0.05; 12 h: F1,14 = 101.87, P < 0.05; 16 h: 
F1,14 = 141.40, P < 0.05).

Data show that PO activity in larvae treated with heat-killed 
bacteria was higher than in the case of the negative control, while 
fluctuation trends in the two species were different. The level of PO 
activity in larvae treated with heat-killed X. nematophila remained 
stable over time, with highest PO activity reaching 0.86 ± 0.12 at 16 
hpi (16 h: F1,14 = 16.68, P < 0.05). The level of PO activity in heat-
killed P. luminescens treatments remained higher than those due to 
heat-killed X. nematophila, increased between 0.5 and 16 hpi. The 
extent of induced PO larvae treated with heat-killed P. luminescens 
remained higher than those treated with heat-killed X. nematophila. 
Data also show the presence of a significant difference on PO activ-
ity between heat-killed X. nematophila and P.  luminescens during 
the time of this study compared with the negative control (0.5 h: 
F1,14 = 19.12, P < 0.05; 2 h: F1,14 = 41.44, P < 0.05; 4 h: F1,14 = 33.37, 
P < 0.05; 8 h: F1,14 = 46.35, P < 0.05; 12 h: F1,14 = 168.54, P < 0.05; 
16 h: F1,14 = 89.65, P < 0.05) (Fig. 10F).

Discussion

The recognition of foreign agents in insect hemocoel activates a 
range of defensive responses including the induction of AMPs, acti-
vation of PLA2 and PO, as well as changes in hemocyte density. 
The cellular and humoral aspects of the immune system in S. exigua 

larvae versus the symbiotic bacteria X. nematophila, and P.  lumi-
nescens were surveyed in this analysis. The results of this study 
identified numerous differences in cellular and humoral immune 
responses to P.  luminescens and X. nematophila. These different 
bacterial responses representing different types, or amounts, of 
modulating components.

The injection of live and heat-killed bacteria into the hemolymph 
of S. exigua larvae activated a range of cellular immune defenses. In 
addition to THC, the percentage of granulocytes increased follow-
ing challenges with live bacteria; thus, the presence of a pathogen in 
insect hemocoel activated the defense system by increasing hemo-
cytes, especially granulocytes and plasmatocytes, a result in agree-
ment with those reported by Shaurub et al. (2014). Indeed, according 
to Ribeiro and Brehelin (2006), plasmatocytes and granulocytes 
comprise the main defensive cells that attach to a foreign agent; 
this result was also corroborated here as both hemocyte density 
and granulocyte frequency declined by 12 hpi while nodule forma-
tion decreased in larvae treated with live bacteria. We showed that 
both live bacterial species were able to destroy hemocytes following 
an initial increase. This agrees with earlier results reported by Park 
and Kim (2000) in the case of S. exigua following X. nematophila 
injection; these workers observed a 94% reduction in live THC after 
24 h. This result means that X. nematophilus caused infected larvae 
to enter immunodepression; Kim and Cho (2004) had also previ-
ously reported this situation in Bombyx mori Linnaeus (Lepidoptera: 
Bombycidae)  following infections with both X.  nematophila and 
P.  temperata subsp. temperata leading to an increase in apoptosis 
percentage over time. Nodule formation in S. exigua also decreased 
following the injection of live X.  nematophila and P.  temperata 
subsp. temperata compared with heat-killed bacteria (Park and Kim 
2000, Kim et al. 2005).

It has also been shown that Photorhabdus virulence cassettes 
(Zhang et  al. 2014) and Mcfs toxins destroy insect hemocytes in 
P. luminescens (Ullah et al. 2014). Previous work has also shown that 
the PirA1B1 toxin in G. mellonella declined in hemocyte number 
(Wu and Yi 2016); according to Brivio et al. (2005), X. nematophila 
adhere and destroy the hemocyte surface in G. melonella. Several 
toxins of X. nematophila have also been identified which affect the 
density of hemocytes; the X. nematophila pilin protein agglutinates 
hemocytes in G.  mellonella (Moureaux et  al. 1995), Helicoverpa 
armigera Hübner (Lepidoptera: Noctuidae) (Khandelwal et  al. 
2004), and S.  exigua (Darsouei et  al. 2017a). At the same time, 
Xenorhabdus-xenorhabdolysin (XaxAB), α-xenorhabdolysin (α-X) 
(Ribeiro et al. 2003, Vigneux et al. 2007), and the X. nematophila 
MrXA protein all destroy hemocyte cell membranes (Banerjee et al. 
2006).

The results of this study show that the injection of heat-killed 
bacteria into the hemolymph of S.  exigua decreased the overall 
number of hemocyte cells following an initial increase. It is well 
known that hemocyte damage is related to endotoxins released 
from bacteria into haemocel (Dunphy and Bourchier 1992, Wang 
et al. 1994); thus, in accordance with the previous work of Dunphy 
and Halwani (1997), heat-killed X. nematophila induces apoptotic 
symptoms in hemocytes because of the release of LPS from bacterial 
OMV. In previous work, da Silva et al. (2000) indicated that heat-
killed X. nematophila caused a decline in total Acheta domesticus 
Linnaeus (Orthoptera: Gryllidae)  hemocyte counts 1  h post-infec-
tion, followed by a subsequent increase in hemocyte destruction.

Results show that the number of nodules formed in larvae 
treated with heat-killed bacteria was higher than in cases involving 
live examples, findings in accordance with those of Park et al. (2003) 
and Kim et al. (2005). These previous researchers had indicated that 

Copyedited by: OUP

D
ow

nloaded from
 https://academ

ic.oup.com
/aesa/advance-article-abstract/doi/10.1093/aesa/say033/5102367 by ESA M

em
ber Access,  javadkarim

i10@
gm

ail.com
 on 19 Septem

ber 2018



9Annals of the Entomological Society of America, 2018, Vol. XX, No. XX

larvae treated with heat-killed bacteria formed a high number of 
nodules while the number of live bacteria decreased nodule forma-
tion. Benzylideneacetone (BZA) is a metabolite of X. nematophila 
that inhibits nodule formation (Park and Kim 2000, Park et  al. 
2003); in similar results, Shrestha and Kim (2009) confirmed that 
BZA inhibits the biosynthesis of eicosanoids by inhibiting PLA2 and 
also blocks PO activity (Song et al. 2011). The results of this study 
shows that the proliferation of symbiotic bacteria activated humoral 
elements, including Aprotease, PLA2, and PO in the hemolymph of 
S. exigua. It is the case that P. luminescens encodes a type III secre-
tion system (TTSS) that suppresses phagocytosis and reduces hemo-
cyte nodulation (Goodrich-Blair and Clarke 2007).

Live and heat-killed symbiotic bacteria activated the PLA2 enzyme 
at initial times post-injection, while the level of PLA2 activity decreased 
over this period. The inhibition of PLA2 activity by X. nematophila 
had previously been reported in S. exigua (Park and Kim 2000) and 
Manduca sexta Linnaeus (Lepidoptera: Sphingidae) (Park et al. 2004). 
It is assumed that PLA2 activity can be inhibited by bacteria during the 
suppression of the eicosanoid biosynthesis pathway (Stanley 2006). In 
larvae treated with bacteria, eicosanoids mediate hemocyte spreading, 
phagocytosis, nodule formation, and AMP synthesis (Shrestha and 
Kim 2009); in their previous work, Seo et al. (2012) indicated that 
X. nematophila and P. temperata subsp. temperata release PLA2 inhibi-
tor into culture media. Ethyl acetate extracted from culture media also 
suppresses PLA2 activity in S. exigua, while Seo et al. (2012) confirmed 
that PLA2 inhibitors in X. nematophila and P. temperata subsp. tem-
perata culture inhibit PO activity and hemocyte nodulation in this 
species in response to bacterial challenge. This leads to infected insect 
immunodepression.

It is also the case that both Xenorhabdus and Photorhabdus 
suppress nodule formation via PLA2 inhibition (Kim et  al. 
2005). In previous work, Eleftherianos et al. (2010) showed that 
Photorhabdus was able to inhibit PLA2, which catalyzes the first 
step of eicosanoid biosynthesis. These compounds also play an 
important role in hemocyte aggregation. The results of this study 
show that PLA2 activity declined by 4 hpi in P. luminescens treat-
ments. We also show that nodule formation decreased by 12 hpi 
following decreases in levels of this enzyme, while in X. nemat-
ophila treatments, aggregated hemocytes remained higher than 
those in P. luminescens between 12 and 16 hpi. At the same time, 
PLA2 activity in X. nematophila treatments remained higher than 
those seen in P. luminescens between 12 and 16 hpi. Although our 
data also reveal a relationship between PLA2 activity and nod-
ule formation, further work is needed in this area; in spite of 
declines in PLA2 activity after the injection of heat-killed bacteria 
no decrease in nodule formation was seen.

It is also the case that proPO is localized in oenocytoids in the 
S. exigua hemolymph (Shrestha and Kim 2009). The results of this 
experiment show that oenocytoid frequency in larvae injected with 
live P. luminescens was higher than in cases with live X. nematoph-
ila, while the PO level following P. luminescens treatment was higher 
than the case with X. nematophila.

Declines in PO activity can be related to bacterial virulence factors; 
this concurs with the earlier work of Song et al. (2011) who confirmed 
that BZA blocks PO activity in X. nematophila. This decrease might 
be related to the proliferation of symbiotic bacteria (Yokoo et al. 1992, 
Rahatkhah et al. 2015), while X. nematophila also produces a number 
of components such as rhabduscin (Crawford et al. 2012) and LPS 
(Brillard et al. 2001) which also suppress PO activity. Eleftherianos 
et  al. (2007) noted that Photorhabdus infection is associated with 
the presence of a PO inhibitor molecule, while further evidence pro-
vided by Ffrench-Constant et  al. (2003) showed that Lepidoptera 

hemolymph does not melanize after infection with Xenorhabdus and 
Photorhabdus as these bacteria produce a PO inhibitor.

Expression levels of attacin, cecropin, and spodoptericin increased 
and indicate a significant difference with those of the negative con-
trol following the injection of foreign agents, and all AMP genes 
were upregulated. Our study is therefore the first to our knowledge 
to highlight the role of attacin/cecropin in defense, although Volkoff 
et  al. (2003) suggested that spodoptericin is a novel defensin-like 
gene in Spodoptera frugiperda Smith (Lepidoptera: Noctuidae) that 
appears to be weakly upregulated following the injection of bacteria 
and fungi.

Attacin and cecropin belong to the Imd pathway and are mainly 
activated by diaminopimelic acid-type peptidoglycan in gram-neg-
ative bacteria. The activity of spodoptericin, in contrast, is related 
to gram-positive bacteria and is induced by Lys-type peptidoglycan 
(Hwang et al. 2013).

Results show that transcribed levels of AMPs in larvae treated 
with live X. nematophila were more than is the case in live P. lumine-
scens. These bacteria were able to suppress AMPs including attacin 
and cecropin even though the abilities of P.  luminescens remained 
higher. The lower expression levels seen in larvae injected with 
P.  luminescens may reflect the ability of Photorhabdus to degrade 
host AMPs as well as pre-AMP induction events, much like those 
described by Castillo et al. (2015) to describe Drosophila responses 
to P. luminescens.

Dickinson et al. (1988) noted that X. nematophila inhibits cecro-
pin expression while Caldas et  al. (2002) showed that protease II 
in X. nematophila decreased the expression of cecropin A. Building 
on these studies, Cabral et al. (2004) purified and characterized two 
metalloproteases (PrtA and PrtS) both produced by Photorhabdus 
sp. and secreted into growth media; of these, PrtA inhibited AMP 
activity in a similar way to Lepidoptera cecropins A and B, while 
P.  luminescens produced a specific extracellular protease that is 
secreted into insect hemocoel and also inhibits cecropin (Jarosz 
1998).

Darsouei et al. (2017b) previously surveyed changes in the fluc-
tuation levels of attacin and cecropin expression in S. exigua larvae 
in their response to EPNs. These findings highlight the fact that H. 
bacteriophora possesses a higher ability to suppress AMPs compared 
to S. carpocapsae. The results of this study also reveal the effects of 
axenic S. carpocapsae and live X. nematophila on AMP expression. 
We show that the symbiotic bacteria are able to activate attacin and 
cecropin to a greater extent that an axenic nematode. The decline in 
AMPs seen in this study is a consequence of the proliferation and 
activity of X.  nematophila between 4 and 8 hpi (Darsouei et  al. 
2017b,c). Indeed, attacin expression was gradually inhibited from 2 
hpi onwards (Darsouei et al. 2017b) in larvae treated with H. bacte-
riophora; this taxon releases symbiotic bacteria into host hemocoel 
30  min after penetration (Rahatkhah et  al. 2015). P.  luminescens 
reproduced in the hemocoel and suppressed the production of AMPs 
at the initial post-injection stage.

It remains unclear which bacterial mechanisms are involved in 
the inhibition of AMPs. One hypothesis in this area is that the sup-
pression of AMPs is due to the inhibition of the eicosanoid pathway 
(Hwang et al. 2013); one BZA in X. nematophila inhibits the expres-
sion of all AMPs in response to heat-killed X. nematophila (Ji and 
Kim 2004). This BZA disturbs eicosanoid biosynthesis by inhibit-
ing PLA2 (Shrestha and Kim 2009); this means that both the eicosa-
noid pathway and AMP expression are related to one another, while 
AMPs can also be synthesized in specific tissues such as fat bodies 
and hemocytes (Bang et al. 2012). This means that the destruction 
of hemocytes influences the induction of AMPs, while hemolysin, 
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one class of pore-forming toxins, is known to disrupt eukaryotic cell 
membranes (Chen et al. 2018).

The results of this study show that the ability of live P. lumines-
cens in suppressing AMPs was enhanced compared to live X. nemat-
ophila. At the same time, reductions in hemocyte density, geranulocyte 
percentage, the aggregation of hemocytes, and PLA2 activity in lar-
vae treated with P.  luminescens were higher than X.  nematophila 
between 12 and 16 hpi. It is also generally the case that humoral 
and cellular immune defenses are cross-linked; Hwang et al. (2013) 
indicated that inhibition of eicosanoid in B. mori decreased AMP 
expression against bacterial infection, while this expression was 
related to PLA2 activity in Drosophila (Yajima et al. 2003).

The results of this study provide novel insights into a number of 
new aspects of S. exigua larvae immune defenses against symbiotic 
bacteria and highlight their endosymbiont effects on suppressing cel-
lular and humoral defenses.

Supplementary Data

Supplementary data are available at Annals of the Entomological 
Society of America online.
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