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Introduction

Xenorhabdus, an endosymbiont of Steinernema, has a unique

life cycle causing pathogenicity in the insect host [1, 3]. The

infective juveniles (IJ’s) of Steinernematidae release the

bacterium into the nutrient-rich hemolymph within 5 h of

invasion [4, 31]. The bacteria proliferate and produce a

wide range of toxins, antibiotics, bacteriocins, and hydrolytic

exoenzymes, resulting in a bacterial septicemia and death

of the host within 24-48 h [12, 18]. The bacteria also provide

a suitable nutrient-rich environment for nematode growth

and reproduction. The immature nematode develops in the

IJ’s that again carry away the bacteria, in search of a new

insect host to continue the cycle. A very interesting significant

feature of bacterium Xenorhabdus is that there are two

phenotypic variants, primary (Phase-I) and secondary form

(Phase-II). They differ in their antibiotic production profile,

outer membrane proteins (fimbriae and flagellae), symbiotic

capabilities with nematode partner, and exoenzyme production

potential. The complete genomic analysis of Xenorhabdus

has shown that it has many genes that encode different

toxins, proteases, and lipases [9]. The protease enzyme plays
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Proteases produced by Xenorhabdus are known to play a significant role in virulence leading to

insect mortality. The present study was undertaken to purify and characterize protease from

Xenorhabdus indica, an endosymbiont of nematode Steinernema thermophilum, and to decipher

its role in insect mortality and its efficacy to control Helicoverpa armigera. A set of 10 strains of

Xenorhabdus isolated from different regions of India were screened for protease activity on the

basis of zone of clearing on gelatin agar plates. One potent strain of Xenorhabdus indica was

selected for the production of protease, and the highest production (1,552 U/ml) was observed

at 15-18 h of incubation at 28oC in soya casein digest broth. The extracellular protease was

purified from culture supernatant using ammonium sulfate precipitation and ion-exchange

chromatography. The enzyme was further characterized by SDS-PAGE and zymography,

which confirmed the purity of the protein and its molecular mass was found to be ~52 kDa.

Further MALDI-TOF/TOF analysis and effect of metal chelating agent 1,10-phenanthrolin

study revealed the nature of the purified protease as a secreted alkaline metalloprotease. The

bioefficacy of the purified protease was also tested against cotton bollworm (Helicoverpa

armigera) and resulted in 67.9 ± 0.64% mortality within one week. This purified protease has

the potential to be developed as a natural insecticidal agent against a broad range of

agriculturally important insects.

Keywords: Entomopathogenic nematode, alkaline metalloprotease, Xenorhabdus indica, MALDI-

TOF, Helicoverpa armigera 
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an important role in the pathogenicity of the nematode-

bacteria complex. It is a well accepted phenomenon that

secreted proteolytic enzymes of Xenorhabdus play a significant

role in virulence by suppressing the immune response of the

insect host and helping in tissue penetration [23]. Unraveling

such systems of the pathogen, secreted proteases can provide

insight regarding their role in a host’s defense mechanism.

Surprisingly, despite the importance of proteases in insect

pathogenesis, only a few studies have been undertaken to

explore the nature of protease and its production under

axenic cultivation based upon their substrate specificity [11].

In this paper, we have for the first time reported the

isolation and characterization of an alkaline metalloprotease

from different isolates of Xenorhabdus species. X. indica has

been found to produce the maximum of secreted alkaline

protease. The MALDI-TOF/TOF analysis of the homogeneously

purified protease confirmed its identity as secreted alkaline

metalloprotease from Xenorhabdus. The bioefficacy of the

purified protease was evaluated against H. armigera (cotton

bollworm).

Materials and Methods

Bacterial Strain and Growth Condition

The strains of Xenorhabdus sp. were isolated from IJ’s of different

Steinernema sp. The primary form was differentiated on the basis

of characteristic blue colony on NBTA medium (Peptone 5; Beef

extract 3; NaCl 4; Bromothymol blue 0.025; Triphenyl-2,3,4-

tetrazolium chloride 0.04 in g/l), unlike the secondary form,

which had a chocolate brown color.

Screening of Xenorhabdus Isolates for Protease Enzyme

Qualitative assay. Qualitative assay of protease enzyme was

carried out on gelatin agar plates (Peptone 5; Beef extract 3; NaCl

4; Gelatin 12 in g/l, pH 7.2.) by spot inoculating 2 µl of cell

suspension and incubation at 28oC [21]. After 48 h, the plates were

flooded with 5 ml of HgCl2 solution and the zone of hydrolysis

observed. On the basis of the qualitative assay, the most promising

Xenorhabdus strain was selected for further studies.

Selection of Medium for Protease Enzyme

For optimum production of protease enzyme, five different

media were evaluated: skim milk (1%) in nutrient broth (NB),

skim milk (1%) in NB (Half strength), gelatin (1%) in NB, gelatin

(1%) in NB (half strength), soya casein digest medium. The media

were inoculated with 2% (v/v) cell suspension and incubated at

28oC, 150 rpm for 24 h. Samples were withdrawn at intervals of

3 h upto 24 h for the enzyme assay.

Enzyme Assay

The culture suspension was centrifuged at 10,000 rpm for 5 min

and culture supernatant was used as the enzyme source. Protease

activity was assayed by incubating 250 µl of azocasein (Megazyme,

2% (w/v)) with 150 µl of enzyme solution in a water bath at 30oC

for 30 min [28]. After incubation 1.2 ml of 10% trichloroacetic acid

was added to stop the reaction and the mixture was allowed to

stand for 15 min. Enzyme blanks were prepared by mixing buffer,

azocasein, trichloroacetic acid, and enzyme. The content was

centrifuged at 10,000 rpm for 5 min to remove any undigested

azocasein. The optical density of reaction supernatant was determined

by adding 1.4 ml of NaOH (1 N) in supernatant (1.2 ml). One unit

of enzyme is defined as the amount of enzyme required to

produce an absorbance change of 0.01 in a 1 cm cuvette under the

standard assay conditions.

Purification of Protease Enzyme

Extracellular protease enzyme was extracted by centrifugation of

cell suspension grown in soya casein digest medium at 10,000 rpm

after 18 h of incubation. Cell-free supernatant was saturated with

ammonium sulfate (80%), and precipitate was collected after

centrifugation at 10,000 rpm, dissolved in 0.1 M TrisHCl buffer

(pH 7.6.), and dialyzed overnight at 4oC against the same buffer.

The dialysate was ultrafiltered using a 30 kDa Amicon ultra filtration

unit (Millipore) followed by anion-exchange chromatography using

a Macro-Prep High Q (Biorad) pre-packed column equilibrated

with the same buffer. The protein was eluted with a NaCl gradient

(0.5-1.5 M) in the same buffer at a flow rate of 1 ml/min.

Fractions having protease activity were pooled and concentrated

using a 3 kDa Amicon ultra filtration unit. The purified fraction

was stored at -20oC, and its purity verified using SDS-PAGE and

zymography [19, 30]. 

Characterization of Protease Enzyme

Determination of optimum pH and temperature. The optimal

pH of partially purified protease enzyme was determined in 0.1 M

sodium phosphate buffer (pH 6.2-7.4), 0.1 M TrisHCl buffer

(pH 7.8-8.6), and 0.1 M Glycine NaOH buffer (pH 9.0-9.8). The

optimal temperature was investigated by exposure of enzyme to

temperatures in the range of 26-42oC. After exposing the enzyme

to different pH and temperature values for 30 min, the protease

activity was estimated as per the standard protocol described earlier.

Effect of metal ions and inhibitors. The effect of metal ions

were determined in the presence of different metals such as Mn2+,

Ca2+, Zn2+, Co2+, Cu2+, Fe3+, and Mg2+ at a concentration range 5-

25 mM. The effect of inhibitors was studied using EDTA, PMSF,

and 1,10-phenanthroline (10-25 mM) on the protease activity.

Enzyme kinetics. Kinetic constants such as Vmax and Km were

identified under steady-state conditions using various concentrations

of azocasein (5-30 mg/ml) as substrate [29].

Matrix-Assisted Laser Desorption/Ionization-Time of Flight

(MALDI-TOF/TOF)

Purified protein sample was digested with sequencing grade

trypsin according to the manufacturer protocol [20]. In brief,
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purified protein was denatured with 8 M urea and disulfide

bridges were cleaved using 10 mM DTT at 55oC for 30 min.

Cysteine was alkylated using 25 mM iodoacetamide (IAA) at

room temperature for 30 min in the dark. The denatured and

alkylated protein was digested with MS-grade trypsin in the ratio

of 50:1 for 3 h. Digested peptides were extracted using 5% ACN

and 0.1% TFA in water. Peptides were desalted and concentrated

by speed vac before analysis. Digested peptides (1 µg) were

injected onto the chromolith Caprod RP-18e (150-0.1 mm) column

[20, 34]. The extracted peptides were spotted with α-cyano-4-

hydroxycinnamic acid matrix in the ratio of 1:1 and spot analyzed

on an Absciex 4800 Plus TOF/TOF analyzer in reflector positive-

ion mode for PMF spectra MS/MS. Data were converted from the

4000 series explorer file in the form of a peak list using the Mascot

peak converter. The data were searched using the online Mascot

server in the NCBI database for identification. Samples were

similarly processed in ESI LC-MS for protein ID and its peaks

were also searched using the same data server in the NCBI

database for protein ID.

Bioassay of Purified Protease

Larvae of H. armigera were reared on a chickpea-based semi-

synthetic diet in the laboratory as described by Nagarkatti and

Prakash [24], modified by Kalia et al. [17], at 27 ± 2oC temperature

and 60 ± 5% RH. The adult moths were given 10% honey solution

fortified with multivitamins throughout their egg-laying period.

Five pairs of adults were kept in each jar covered with rough

cotton cloth for egg laying. Neonates were used in bioassays to

evaluate the toxicity of protease. 

The efficacy of the purified protease was assessed on the

neonates of H. armigera by the diet incorporation method as per

Gujar et al. [13]. The diet was incorporated with 0.1 ml of solution

containing 1, 5, 10, 25, and 100 µg of the purified protease/gm of

diet, in three replicates, while equal quantity of 0.1 M TrisHCl

buffer (pH 8.2) was used in the control. Total cell protein extract

was prepared as per Dulmage et al. [10] and was evaluated per os

at 100 µg/g concentration (on the basis of total protein content) by

the diet incorporation method against neonates of H. armigera. Ten

neonates were released per replicate on the purified protease

incorporated diet in a plastic container of 2.5 cm diameter.

Mortality was observed up to day 7 at 24 h intervals. The median

lethal concentration (LC50) value was calculated using the maximum

likelihood programme MLP 3.01 [27].

Results

Screening of Xenorhabdus Isolates for Protease Enzyme

Ten isolates of Xenorhabdus were screened for extracellular

protease activity on gelatin agar plates. In the qualitative

plate assay, all Xenorhabdus strains had shown zone of

hydrolysis ranges from 16 to 26 mm (Table 1). The maximum

zone of clearance was observed in X. indica strain KB-3

(Supplementary information 1).

Production of Protease Enzyme

X. indica strain KB-3 was selected for further analysis on

the basis of qualitative plate assay. The culture was grown

Table 1. Qualitative assay of protease in different Xenorhabdus isolates on the basis of zone of clearing on gelatin agar plates.

Strain name Nematode host NCBI Accession No Zone of hydrolysis (mm) Place

X. indica Steinernema thermophilum GQ373384 20 Delhi

X. indica strain KB-3 S. thermophilum GQ923884 26 Kerala

X. meghalayensis S. meghalayensis JN177510 15 Meghalaya

Xenorhabdus sp. SGgj Steinernema sp. HM749976 17 Gujarat

Xenorhabdus sp. SGor Steinernema sp. HM749977 19 Bhubaneswar

Xenorhabdus sp. SGchamp Steinernema sp. GU731206 19 Champawat

Xenorhabdus sp. SGkr Steinernema sp. GU980747 18 Kerala

Xenorhabdus sp. SGjk Steinernema sp. GU731205 18 J&K

Xenorhabdus sp. XB Steinernema sp. JN547413 17 Haryana

X. stockiae strain XOK S. siamkayai JX221724 19 Tamilnadu

Fig. 1. Proteolytic activity during the growth of X. indica strain

KB-3 in different growth media.
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aerobically in all five different sets of media at 28oC, 150 rpm.

Among the different growth media, proteolytic activity was

maximum (1,552 U/ml) at 18 h in soya protein rich medium

(soya casein digest broth). Similarly, milk protein (skim

milk supplemented nutrient broth) was able to induce only

832 U/ml of protease activity within 18 h (Fig. 1).

Purification of Protease Enzyme

The protease enzyme was purified by ammonium sulfate

precipitation at 80% saturation. After dialysis, the dialysate

was subjected to anion-exchange chromatography using a

Macro-Pep High Q column (BioRad). A single peak with

protease activity was obtained with a gradient (0.5-1.5 M)

of NaCl (Supplementary information 2). The total recovery

of protease after purification was 22.3% with ~8-fold

purification by this step (Table 2). The purified fraction was

used for zymography and SDS-PAGE. A single band of

~52 kDa was detected in the zymograph possessing protease

activity (Fig. 2).

Characterization of Protease Enzyme

The optimal pH of the purified enzyme was 8.2 as determined

by hydrolysis of azocasein (Fig. 3A). The optimal temperature

for the protease activity was observed to be 34oC at pH 8.2.

(Fig. 3B). At 50oC, purified protease lost 90% of its proteolytic

activity. The purified enzyme was found to be stable for

several days at -20oC. Kinetic analysis of the hydrolysis of

azocasein was carried out and Vmax and Km were found to be

109.89 U/ml/min and 2.626 mM, respectively (Supplementary

information 3). The reaction rate was constant beyond a

substrate concentration of 20 mg/ml of azocasein. 

Effect of metal ions and inhibitors on protease activity.

It was found that among metal ions, Mg+2 significantly

increased the activity, whereas higher concentrations 25

mM of Zn+2, Co+2, Cu+2, and Fe+2 resulted in reduction of

protease activity (Fig. 3C). EDTA and 1,10-phenanthroline

were found to inhibit the protease activity. The complete

inhibition of protease was observed at 20 mM concentration

by 1,10-phenanthroline. The same concentration of PMSF

did not inhibit the protease activity.

Mass Spectrometry Analysis

The MALDI-TOF/TOF analysis of digested protein

revealed its similarity with secreted alkaline metalloproteinase

from X. nematophila (Accession No. gi/300724813) in the

NCBI database. This protein is not documented in the

Swiss Prot database. The reported molecular mass of this

protein is 52.5 kDa, and it matched well with our observation

from SDS-PAGE data (Fig. 2). We could not detect any

other protein in the MALDI-TOF/TOF analysis with significant

score (Fig. 4). This further authenticated our anion-exchange

purification analysis (Supplementary information 2) about

the purity of protein, which was subsequently used for

downstream experiments. The protein sequence alignment

using ClustalW revealed alkaline metalloprotease from

X. indica had 99%, 79%, 65%, 65%, and 51% identical amino

acid residues with X. nematophila (YP_003714138), X. bovienii

(YP_003466436), Photorhabdus temperata (AAX99100), P. lumnescens

(AA039316), and Pseudomonas aeruginosa (WP_003150973)

respectively (Fig. 5).

Bioefficacy of Purified Protease

The LC50 of protease was 16.56 µg/gm of diet against

neonates of H. armigera after 7 days. A positive correlation

Table 2. Purification of protease from Xenorhabdus indica strain KB-3.

Volume 

(ml)

Total protein

(mg)
Total activity

Specific activity 

(U/mg of protein)
Recovery Fold purification

Crude 100 14,385 116,400 8.09 100 0

Ammonium sulfate 20 1,966.24 69,680 35.43 59.86 4.38

Macro-Pep High Q 5 408.725 26,040 63.71 22.37 7.87

One unit of enzyme is defined as the amount of enzyme required to produce an absorbance change of 0.01 in a 1 cm cuvette under the conditions of the assay.

Fig. 2. SDS-PAGE and zymogram profile of protease enzyme.

Lane 1: Marker; lane 2: crude enzyme; lane 3: ammonium sulfate

precipitates after ultrafiltration (30kDa); lane 4: purified enzyme; lane

5: zymogram of purified protease.
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(r = 0.920) was observed between the concentration of

protease and insect mortality. The perusal of results

showed that purified protease gave higher mortality

(67.9 ± 0.64%) as compared with total protein of X. indica

(33.33 ± 1.04%) at 100 µg/gm of diet concentration.

Discussion

Xenorhabdus sp., a member of family Enterobacteriacea, is

mutually associated with the nematode Steinernema. The

IJ’s nematode serves as a vector to carry bacteria into insect

larvae. The nematode releases bacterial symbiont Xenorhabdus

sp. inside the insect and rapidly kills the insect larvae. The

tripartite relationship of bacteria-nematode and insect has

been studied extensively, and the role of Xenorhabdus sp. in

killing of insects has been documented [5]. Xenorhabdus sp. is

highly virulent against a wide range of insect larvae and

possesses the capacity to produce many toxins and

antibiotics [6, 15], which makes it a very potent insect killer

when associated with nematodes. Besides toxins and

antibiotics, it also produces many enzymes, including

lipase, lecithinase, esterase, and protease, which are also

implicated in killing insect larvae [26]. However, data on

the bio-efficacy of purified enzymes on insect are lacking and

hence this study was undertaken to assess and establish the

insecticidal capacity of purified protease from X. indica.

The initial screening of Xenorhabdus sp. isolated from

different locations of India was performed on the basis of

gelatin liquefaction and zone of hydrolysis due to protease

production, a method previously used by Marokházi et al.

[21]. The zone of hydrolysis varied from strain to strain and

provided a very clear idea about the most promising strain

for protease production. X. indica was explored for protease

production with different substrates; namely, gelatin, skim

milk, and casein hydrolysate medium (soya casein digest

medium). In our study, the highest protease activity was

observed in casein hydrolysate medium. 

The enzyme production in Xenorhabdus differs qualitatively

and quantitatively and depends on the strains, species of

bacteria, and their culture conditions. Many environmental

factors, including temperature and aeration, affect enzyme

production in Xenorhabdus sp. [2, 7]. In the earlier studies of

enzyme secretion by Xenorhabdus strains, protease activity

was assayed by nonspecific and relatively insensitive

Fig. 3. Proteolytic activity of protease at different (A) pH, (B) temperatures, (C) metal ions, and (D) inhibitors.
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methods, which were based on the release of amino acids

from substrate proteins like gelatin. Now, with the

availability of nonselective chromogenic protein substrates

like azocoll, azocasein, hide powder azure, etc., the

sensitivity of protease assays has increased several folds.

Gelatin zymography, which can detect even small amounts

of protease, was employed for detection of protease in SDS-

PAGE. The crude protease was purified by different

techniques like ammonium sulfate precipitation, Amicon

ultra filtration, and ion-exchange chromatography techniques.

The single band on SDS-PAGE and zymography revealed

that the preparation contains a single protease of approximately

52 kDa. The nature of the protease was further confirmed

using MALDI-TOF/TOF data, which also strengthened our

claim for the purified protease. The molecular mass of this

kind of protease ranges from 51-60 kDa in different

species and strains of Xenorhabdus sp. [5, 23].

The optimal pH and temperature of the purified protease

were found to be 8.2 and 34oC, respectively, unlike other

proteases from Xenorhabdus sp. [22, 30]. In our study, the

metal ions Mn+2, Ca+2 increased the protease activity slightly

Fig. 4. MALDI TOF-TOF MS/MS spectra of peptides (A) y ion assignment of fragment on the peptide of molecular mass

1,573.74 Da, (B) y ion assignment of fragment of peptide of molecular mass 1,460.78 Da, and (C) y ion assignment of fragment of

peptide of molecular mass of 1,533.8 Da.

Fig. 5. Identified peptide sequence (bold red) mapped on

alkaline metalloproteases of Xenorhabdus nematophila (Accession

No. YP_003714138 in NCBI database).
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whereas the activity was considerably increased by more

than 2-fold with Mg+2. Metal ions act as a salt or ion bridge

to maintain the structure conformation of the enzyme or to

stabilize the binding of the substrate and enzyme complex

in metallic proteases [32]. Protease showed maximum

inhibition by 1,10-phenanthroline at 20 mM, which is in

agreement with a previous report by Schmidt et al. [30].

However, at the same concentration, PMSF did not show

significant inhibition, which clearly indicated that protease

enzyme produced by Xenorhabdus is a metalloprotease. The

calculated Vmax (109.89 U/ml/min) and Km (2.63 mM) for

the homogeneously purified protease was comparable to

the earlier report of this kind of alkaline metalloprotease

[25].

The role of different extracellular metabolites produced

by Xenorhabdus sp. like toxins and antibiotics in insect

nematode interaction has been well documented [8, 33].

Many proteases have also been purified and characterized

from these endosymbiotic bacteria, but to the best of our

knowledge no report is available on the bioefficacy of these

purified proteases against the H. armigera. The bioefficacy

of purified protease (100 ppm) was tested using neonates

of H. armigera, which showed 70% mortality after 7 days.

The blackened dead larvae probably resulted as a result of

an activation of enzyme cascade leading to melanization in

H. armigera [35]. Proteases are known to damage the

peritrophic matrix, which leads to growth retardation of

insects and even mortality due to increased permeability of

the midgut. In several species of Lepidoptera and Diptera,

proteases inhibit inducible antibacterial peptides Cercopin

A that specifically inhibit gram-negative bacteria [14]. The

inhibition of antibacterial peptides leads to immunosuppression

in insects that favor the bacteria to establish itself in the

hemolymph, causing septicemia and leading to death of

the insect [16]. This is the first report of the identification

and characterization of a secreted alkaline metalloprotease

from the native species of X. indica and its application as a

natural biocide against H. armigera. MALDI-TOF/TOF

analysis confirmed the findings of the biochemical and

bioefficacy data about the nature of the protein and revealed

that the purified protein is a secreted alkaline metalloprotease

of Xenorhabdus. 
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