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The larvae of scarab beetles, known as “white grubs” and belonging to the genera Phyllophaga and Anomala
(Coleoptera: Scarabaeidae), are regarded as soil-dwelling pests in Mexico. During a survey conducted to find
pathogenic bacteria with the potential to control scarab larvae, a native Serratia sp. (strain Mor4.1) was
isolated from a dead third-instar Phyllophaga blanchardi larva collected from a cornfield in Tres Marı́as,
Morelos, Mexico. Oral bioassays using healthy P. blanchardi larvae fed with the Mor4.1 isolate showed that this
strain was able to cause an antifeeding effect and a significant loss of weight. Mortality was observed for P.
blanchardi, P. trichodes, and P. obsoleta in a multidose experiment. The Mor4.1 isolate also caused 100%
mortality 24 h after intracoelomic inoculation of the larvae of P. blanchardi, P. ravida, Anomala donovani and
the lepidopteran insect Manduca sexta. Oral and injection bioassays were performed with concentrated culture
broths of the Mor4.1 isolate to search for disease symptoms and mortality caused by extracellular proteins. The
results have shown that Mor4.1 broths produce significant antifeeding effects and mortality. Mor4.1 broths
treated with proteinase K lost the ability to cause disease symptoms and mortality, in both the oral and the
injection bioassays, suggesting the involvement of toxic proteins in the disease. The Mor4.1 isolate was
identified as a putative Serratia entomophila Mor4.1 strain based on numerical taxonomy and phylogenetic
analyses done with the 16S rRNA gene sequence. The potential of S. entomophila Mor4.1 and its toxins to be
used in an integrated pest management program is discussed.

Larvae of the scarab beetles (Coleoptera: Scarabaeidae)
known as “white grubs” are important soil-dwelling insect pests
that feed on the roots of plants; this habitat is pernicious to
several important crops worldwide. In some regions of Mexico,
losses due to these insects may reach 50% of the corn produc-
tion (35). “White grubs” belonging to the genera Phyllophaga
and Anomala are responsible for major crop damage in Mexico
(25, 29). Chemical control is the usual way to cope with these
insects, which has negative effects on the environment and
induces the development of insect resistance. There are about
68 different species of “white grubs” reported as potential pests
in Mexico (25), and to date, no effective biological control
agent for scarab larvae has been developed in this country.
Only three commercial bacterial products are available world-
wide to control “white grubs.” One of them, named Doom, is
based on Paenibacillus popilliae, formerly known as Bacillus
popilliae, the causal agent of milky disease. This bacterium has
been used for more than a decade for the suppression of the
Japanese beetle (Popillia japonica Newman) populations in the

United States (22). However, because the sporulation of this
bacterium is difficult to obtain in vitro (21), it has been man-
ufactured by the production of spores in vivo, using scarab
larvae, and therefore its production is limited. The second
product, based on the Buibui strain of Bacillus thuringiensis
(known as Buihunter) is available in Japan. The B. thuringiensis
Buibui strain is active against A. donovani, P. japonica Newman
(14, 31), and Exomala orientalis Waterhouse (1). However, the
“white grubs” of Cyclocephala hirta LeConte and Cyclocephala
pasadenae Casey are not completely susceptible to the Buibui
strain. The third product has been developed as a commercial
bioinsecticide in New Zealand, and it is based on the bacterium
Serratia entomophila (strain A1MO2) (family Enterobacteria-
ceae), which causes “amber disease” in Costelytra zealandica
(11). S. entomophila A1MO2 colonizes the larval gut of the
scarab beetle, which causes a reduction in food consumption
(the antifeeding effect [AFE]), a clearing of the gut, and the
development of an amber coloration (20). At the end of the
disease, 1 to 3 months after inoculation, the bacterium invades
the hemocoel and causes the death of the insect (20). The
molecular mechanism of pathogenicity is unclear. However,
the pathogenic determinants seem to be coded in a 155-kb
plasmid (16). Sequencing data and genetic evidence have
shown that the antifeeding component is part of a large gene
cluster that forms a defective prophage (17) containing three
DNA regions, (i) the amb2 locus, (ii) the intact lysis cassette,
and (iii) the antifeeding prophage cluster. Several genes lo-
cated in these regions (17, 28) and upstream of the prophage
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cluster (18) have been implicated in the AFE. It has been
proposed that the afp18 gene might encode an active protein
responsible for antifeeding activity in the grass grub larvae
(17). Also, the sepA, sepB, and sepC genes have been shown to
be associated with the disease (18) and to be responsible for a
“less stable antifeeding effect” (17). Products of the sepABC
genes are considered homologues of the insecticidal toxin com-
plex (Tc) (18) produced by the nematode-associated bacterium
Photorhabdus luminescens (4). It is thought that the defective
prophage might form a virus-like structure able to cause the
AFE and mortality in C. zealandica larvae (15).

On the other hand, it has been suggested that extracellular
toxin proteins are involved in the disease, since the AFE and
amber coloration are mimicked by concentrated culture broth
(CCB) from pathogenic S. entomophila strains (27). However,
to date, no protein has been reported in the culture broths of
pathogenic S. entomophila.

Amber disease, caused by S. entomophila A1MO2, seems to
be specific to C. zealandica (18), and therefore the bacteria
and/or the proteins involved in the disease are unable to cause
disease in other scarab larvae. Therefore, the discovery and
development of entomopathogenic bacteria to reduce larval
populations and crop damage caused by a wide spectrum of
scarab larvae are very important goals in Mexico and other
countries. However, multiple factors have contributed to the
delay in the development of microbial agents for the control of
scarab larvae in Mexico. One factor is the high diversity of
scarab species coexisting in the same soil area, mainly in trop-
ical and subtropical regions. The insects are not reared effi-
ciently under laboratory conditions, and research is almost
fully supported for field-collected larvae. Coping with 68 dif-
ferent potential pest species, several of which coexist in the
same area at the same time, is an extremely hard task.

In this paper, we report the isolation of a Mexican strain
(Mor4.1) putatively identified as a Serratia entomophila strain
that is pathogenic for several species of scarab larvae. Also, we
report a toxin-like activity in the CCB developed with this
strain that causes toxic activity and mortality when adminis-
tered per os to the larvae of P. blanchardi and mortality when
administered by injection to the P. blanchardi and A. donovani
bacteria. In addition, we showed the presence of several pro-
teins in the CCB of Mor4.1 that might be associated with
toxin-like activity. The finding of a putative S. entomophila
bacterial strain pathogenic to Mexican “white grubs” is an
important finding for the future development of biotechnolog-
ical strategies to reduce crop damage by this important com-
plex of soil-dwelling pests.

MATERIALS AND METHODS

Culture media and strains. Bacteria were grown in nutrient broth or nutrient
broth agar (24) at 30°C and maintained in Luria-Bertani broth and 25% glycerol
at �70°C. For isolating the Mor4.1 strain, the larvae were first externally washed
with 15% sodium hypochlorite and sterile H2O for asepsis. Isolation was done by
puncturing the larval body and extracting 20 �l from the body fluid. This aliquot
was used as an inoculum, which was grown on nutrient broth agar. Single
colonies were propagated and used for bioassays and for further biochemical
tests of taxonomic identity of the bacteria. S. entomophila strains A1MO2 and
UC9 were kindly provided by Trevor Jackson (AgResearch, Lincoln, New Zea-
land) and H. K. Mahanty (University of Canterbury, Christchurch, New Zea-
land), respectively. The S. marcescens S-48 isolate was obtained from the strain
collection located at the Facultad de Quı́mica (Universidad Nacional Autónoma
de México); Serratia marcescens MAC and Escherichia coli DH5� were obtained

from the Facultad de Ciencias Agropecuarias (Universidad Autónoma del Es-
tado de Morelos).

Biological material. Larvae for bioassays were collected mainly from cornfield
soils located in different regions of Mexico. P. blanchardi larvae were collected
from the community of Buena Vista del Monte (northern Morelos) within
remnants of a pine forest. P. ravida and A. donovani larvae were collected from
the surroundings of Cuernavaca, Morelos, also within the remnants of a pine
forest. P. trichodes larvae were obtained from Joya de Salas, from the Biosphere
Reserve El Cielo, Tamaulipas, and P. obsoleta larvae were collected from the
surroundings of San Cristobal de las Casas, Chiapas. All larvae were maintained
individually under laboratory conditions in trays containing soil from the same
locality and small pieces of fresh carrot as food.

Taxonomic identification of “white grub” species associated with cornfields
was carried out using adult beetles emerging from field-collected larvae following
the recommendations of Najera et al. (26). Taxonomic identification of the larval
instars collected randomly from cornfield soil samples was made as described by
Villalobos (34).

Larvae of Manduca sexta (Lepidoptera: Sphingidae) were obtained from the
Instituto de Biotecnologı́a, Universidad Nacional Autónoma de Mexico (Cuerna-
vaca, Morelos, Mexico). Larvae of Spodoptera frugiperda (Lepidoptera: Noctuidae)
were reared at the Centro de Investigación en Biotecnologı́a, Universidad Au-
tónoma del Estado de Morelos (Cuernavaca, Morelos, Mexico).

CCB. Bacterial cultures were centrifuged at 5,000 � g for 10 min, and super-
natants were filter sterilized. CCB samples were obtained by culture supernatant
ultrafiltration with a 30-kDa-molecular-mass-cutoff membrane (Centricon-plus-
20; Millipore Corp., Bedford, MA) as suggested by the manufacturer. Unless
otherwise stated, proteins were diluted finally in sterile water for oral bioassays
and in 10 mM Tris buffer, pH 7.4, for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

Bioassays with insect larvae. Oral inoculation tests with bacteria were done
basically as reported by Nuñez-Valdez and Mahanty (28) by feeding the larvae
with small cylinders of fresh carrot (approximately 16 mm3 each) coated with a
single dose of 108 bacteria per larva. Control larvae were fed with uncoated
pieces of carrot. A similar multidose experiment was done by giving larvae daily
doses of 108 bacteria for 6 consecutive days. After this period was completed,
larvae were fed with uncoated carrot. For bioassays using bacteria, parallel tests
were run with carrot coated with 108 bacteria of a nonpathogenic E. coli (DH5�)
strain, a nonpathogenic Serratia plymuthica ATCC 15928 strain, or a nonpatho-
genic Enterobacter sp. For toxicity tests done with CCB, larvae were fed for a
period of 10 days with small pieces of nutrient broth agar of 16 mm3 containing
approximately 700 ng of protein per piece; control larvae were fed with nutrient
broth agar pieces prepared with the identical amount of a nontoxic protein
(bovine serum albumin). Tests were also done with nutrient broth agar pieces
containing CCB from E. coli DH5� culture. After a 10-day period, the larvae
were maintained with small pieces of carrot until the end of the bioassays. The
AFE was defined as the percentage of larvae that consumed less than 30% of the
piece of food. Differences in the numbers of larvae showing amber disease
symptoms were assessed by a hypothesis test with two-way frequency tables,
using the �2 statistical test and Student’s t test for larval weight.

Bioassays by injection were done by administering 50 �l of bacterial suspen-
sion (101 to 107 bacteria per larva) or 50 �l of CCB (30 �g of protein per larva
in H2O or nutrient broth) directly into the hemocoel, while control larvae were
injected with 50 �l of nutrient broth or bovine serum albumin (30 �g protein per
larva in H2O or nutrient broth) or 50 �l of CCB from an E. coli DH5� culture
at a similar protein concentration. Mortality was recorded at 24-h intervals. The
50% lethal dose (LD50) and confidence limits were obtained by probit analysis
(8).

Treatments of larvae using CCB with proteinase K (Fermentas) were done by
adding the enzyme to aliquots of CCB at 200 �g ml�1 and then incubating the
culture for 1 h at 37°C. After the CCB aliquots were treated with proteinase K,
the samples were heated at 80°C for 15 min to inactivate the enzyme before the
corresponding bioassays were performed. Control CCB samples using nutrient
broth for injection or oral inoculation tests were also incubated for 1 h at 37°C.
Proteinase K hydrolyzes proteins and cleaves peptide bonds adjacent to the
carboxyl group of aliphatic and aromatic amino acid residues (7).

All bioassays were done at least twice using 10 to 20 larvae per treatment,
according to the availability of larvae. The insects used for oral or injection
bioassays were healthy second- and/or third-instar larvae, as indicated above. In
all cases, similar results were obtained for replicate experiments.

An oral bioassay with Spodoptera frugiperda (Lepidoptera: Noctuidae) was
done with neonate larvae, as described by Aranda et al. (2). The bacterial
suspension (107 bacteria per larva) of Mor4.1 was applied to the diet surface.
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Bacterial identification. The characteristics described by Grimont and Gri-
mont (10), by Bergey’s Manual of Systematic Bacteriology (13), and by Grimont et
al. (11) were used as taxonomical tests for Serratia spp. Similarities among
different strains were determined using the matching coefficient (Ss) method
based on the percentage of the characteristics that are common to two organ-
isms, that is, characteristics that are present or absent in both organisms (23, 30).
Ss was calculated according to the formula Ss � a � d/a � b � c � d, where a
is the number of characteristics present in both organisms, b is the number of
characteristics present in organism 1 and absent in organism 2, c is the number
of characteristics absent in organism 1 and present in organism 2, and d is the
number of characteristics absent in both organisms.

For molecular identification, amplification of the 16S rRNA gene of the
Mor4.1 isolate was done using Taq DNA polymerase (Fermentas) from Mor4.1
genomic DNA, and the 1.5-kb DNA fragment was purified from a 1% agarose
gel, using the commercial product for DNA purification, PureLink quick extrac-
tion kit (Invitrogen). The PCR product was sequenced in the automated se-

quencing facilities of the Instituto de Biotecnologı́a, UNAM (Cuernavaca, Méx-
ico). Universal primers directed toward the 16S rRNA gene were modified from
primers reported previously (12). The forward primer used was 5� CGG AAT
TCA GAA GTT TGA TCM TGGMCTC AG 3�, and the reverse primer was 5�
CGG GAT CCA AGG AGG TGA TCC ANC CRC A 3�.

RESULTS

Isolation of the Mor4.1 strain and oral pathogenicity tests
with bacteria. During a general survey conducted for patho-
genic bacteria in Mexico with the potential to control larvae
and to reduce crop damage caused by “white grubs,” a native
bacterial strain was isolated from the hemocoel of a dead
third-instar larva of P. blanchardi that showed previous cessa-
tion of feeding and an amber appearance. The larva was col-
lected from the soil of a cornfield located at Tres Marias,
Morelos, Mexico. Oral bioassays were done to test the ability
of the Mor4.1 isolate to cause pathogenic symptoms: AFE,
development of amber coloration, and reduction in larval
weight. Healthy larvae of P. blanchardi were fed with small
pieces of carrot coated with the Mor4.1 isolate, as indicated in
Materials and Methods. Larvae in the control treatment group
were fed with uninoculated carrot. The Mor4.1 strain caused
AFEs (54% and 50%, respectively, for second- and third-instar
larvae; P 	 0.05) after 4 days from the beginning of the test and
a significant reduction in larval weight (63.7% and 89.5%,
respectively, for second- and third-instar larvae; t test, P 	
0.05) after 18 days (Fig. 1). No significant AFE was observed
for control larvae fed with uninoculated carrot (23% and 18%
for second- and third-instar larvae, respectively) or for larvae
fed with nonpathogenic bacteria (20% for S. plymuthica, En-
terobacter sp., or E. coli DH5�; data not shown). Significant
mortality was not observed after using a single dose of bacteria;
however, when multidose experiments were performed with
three Phyllophaga spp. (Fig. 2), significant mortality rates of
55% (P 	 0.01), 60% (P 	 0.01), and 72% (P 	 0.05) were

FIG. 1. Oral bioassays done with a single inoculation of S. ento-
mophila Mor4.1 bacteria. The AFE and loss of weight in second-instar
(L2; n � 13) and third-instar (L3; n � 12) P. blanchardi larvae are
shown. The AFE was recorded after 4 days and the loss of weight after
18 days from inoculation. Statistical differences among treatments and
controls were evaluated by �2 and Student t tests for larval weight (P 	
0.05). Lack of significant difference is indicated by the same letter (a,
b, or c) above the bars.

FIG. 2. Multidose experiments were done by orally inoculating Phyllophaga spp. with S. entomophila Mor4.1. Mortality was recorded after 27
days from inoculation for third-instar larvae of P. blanchardi (n � 20), after 20 days for P. trichodes larvae (n � 20), and after 37 days for P. obsoleta
larvae (n � 11). P. blanchardi control larvae were fed with the nonpathogenic bacterium S. plymuthica ATCC 15928, or P. trichodes and P. obsoleta
were fed with Enterobacter spp. in independent bioassays. A lack of significant differences is indicated by the same letter above the bars (�2, P 	
0.01 for P. blanchardi and P. trichodes; P 	 0.05 for P. obsoleta).
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observed after 27, 20, and 37 days from the beginning of the
assay for P. blanchardi, P. trichodes, and P. obsoleta, respec-
tively. A mortality rate of 20% was observed for P. blanchardi
larvae fed in a similar way with the nonpathogenic bacterium S.
plymuthica ATCC 15928 after 27 days from the beginning of
the test. Similarly, a mortality rate of 20% was observed for P.
trichodes larvae (after 20 days) and for P. obsoleta larvae (after
37 days) fed with a nonpathogenic Enterobacter sp. Develop-
ment of an amber coloration was not observed for any of these
treatments.

The potential of the Mor4.1 isolate to cause mortality in the
lepidopteran S. frugiperda larvae was also evaluated. No mor-
tality was observed with oral inoculation bioassays (results not
shown).

Pathogenicity tests by intracoelomic inoculation of bacteria.
To test the ability of the Mor4.1 isolate to cause mortality by
injection, healthy third-instar larvae of P. blanchardi, P. ravida,
and A. donovani were injected with 107 bacteria per larva. This
concentration of bacteria killed 100% of the larvae 24 h after
injection (P 	 0.001). The same amount of E. coli DH5�
injected into the larvae did not cause significant mortality (Ta-
ble 1). Then, to evaluate the Mor4.1 virulence and to estimate
the Mor4.1 LD50, healthy third-instar larvae of P. blanchardi
were injected with different concentrations of bacteria, ranging
from 101 to 106 bacteria per larva. The LD50 was 994 bacteria
per larva (95% confidence interval, 89 to 10,206). All larvae
injected with 106 and 105 bacteria died 24 and 48 h, respec-
tively, after inoculation, while larvae injected with doses of

	105 bacteria died gradually within a time period of 16 days
postinoculation.

The ability of the Mor4.1 isolate to cause mortality by in-
jecting it into larvae belonging to the insect order Lepidoptera
was also tested. Then, similar amounts of Mor4.1 and E. coli
DH5� (107 bacteria per larva) were injected into fifth-instar
larvae of the tobacco hornworm, Manduca sexta. Twenty-four
hours after the larvae were injected with Mor4.1, 100% of
them were dead (P 	 0.001). On the contrary, 100% of the
larvae injected with E. coli DH5� survived (Table 1).

Identification of toxic activity in Mor4.1 culture broth. It has
been suggested that some extracellular toxin proteins might be
involved in amber disease caused by the S. entomophila infec-
tion of C. zealandica larvae (27). To test the ability of the
Mor4.1 extracellular proteins to produce disease symptoms
such as AFE and/or mortality, oral bioassays were done with
CCB from the Mor4.1 isolate grown for 48 and 72 h. CCB
samples were fed to P. blanchardi larvae as indicated in Ma-
terials and Methods. CCB samples of 48 and 72 h, respectively,
caused 71% (P 	 0.01) and 64% (P 	 0.05) of AFE at day 12
after the beginning of the test (Fig. 3). The CCB samples from
the 48-h culture also caused a significant mortality rate of 43%
(P 	 0.05) 30 days after the beginning of the test. No mortality
was observed for the CCB samples grown for 72 h. Develop-
ment of amber coloration was not observed for any of the
treatments. Control larvae fed with bovine serum albumin and
larvae fed with CCB from Mor4.1 previously treated with pro-
teinase K showed no significant AFE (15%) or mortality (Fig.

TABLE 1. Bioassay of intracoelomic inoculation of insect larvae with bacteria and CCB

Pathogen treatment Incubation
time (h)

Insect species
(instar no.) Mortality (%)

Mortality occurrence and
significance level

No. of days to
mortality (larva n) P value

Bacteriaa

S. entomophila Mor4.1 P. blanchardi (L3) 100 1 (20) 	0.001
S. entomophila Mor4.1 P. ravida (L3) 100 1 (10) 	0.001
S. entomophila Mor4.1 A. donovani (L3) 100 1 (10) 	0.001
S. entomophila Mor4.1 M. sexta (L5) 100 1 (10) 	0.001

Control
E. coli DH5�
E. coli DH5� P. blanchardi (L3) 0 1 (20)
E. coli DH5� P. ravida (L3) 22 1 (10)
E. coli DH5� A. donovani (L3) 0 1 (10)
E. coli DH5� M. sexta (L5) 0 1 (10)

CCBb

S. entomophila Mor4.1 72 P. blanchardi 80 2 (14) 	0.001
S. entomophila Mor4.1 Anomala spp. (L3) 80 6 (10) 	0.001
S. entomophila Mor4.1 with

proteinase K
72 P. blanchardi (L3) 0 2 (14)

S. entomophila Mor4.1 with
proteinase K

A. donovani (L3) 0 6 (10)

Controls
Bovine serum albumin P. blanchardi (L3) 0 2 (14)
Bovine serum albumin A. donovani (L3) 0 6 (10)
E. coli DH5� 72 P. blanchardi (L3) 0 2 (14)
E. coli DH5� A. donovani (L3) 0 6 (10)

a 107 bacteria larva�1.
b 30 �g of protein larva�1.
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3). Tests done with larvae fed with CCB from E. coli DH5�
showed no significant activity (data not shown).

To evaluate the potential of CCB samples to cause mortality
by injection, bioassays were done by injecting 72-h CCB grown
with the Mor4.1 isolate into third-instar P. blanchardi and
third-instar A. donovani larvae (Table 1). A parallel experi-
ment was performed with both species by injecting similarly
grown CCB with Mor4.1 previously treated with proteinase K
and CCB grown with E. coli DH5� as a control. Results
showed that the Mor4.1 CCB caused a significant mortality of
80% (P 	 0.001) 2 and 6 days after injection for P. blanchardi
and A. donovani, respectively. On the contrary, larvae injected
with Mor4.1 CCB treated with proteinase K and E. coli DH5�
CCB showed no mortality at all (Table 1).

SDS-PAGE analysis of the CCB. SDS-PAGE analyses of 48-
and 72-h cultures were done to correlate the toxin-like activity
with the presence of proteins in the CCB grown with the
Mor4.1 isolate. To compare, we also analyzed CCB from the S.
entomophila UC9 (a derivative of A1MO2) that caused amber
disease in C. zealandica larvae. The results of this analysis are
shown in Fig. 4. A series of proteins are shown that range in
estimated molecular mass from approximately 17 kDa to more
than 97 kDa in both strains. However, there are strong differ-
ences between the patterns of proteins of the CCB samples of
48 and 72 h. While there are about 7 proteins at 48 h, at 72 h
of culture, there are at least 11 and 17 different protein bands
for Mor4.1 and UC9, respectively. Two main proteins of 
17
and 
54 kDa were observed with the Mor4.1 isolate protein
profile at the 48-h culture. For UC9, there are also two main
bands of 
17 and 
54 kDa. Similar bands also appear in the
patterns of the proteins of the two strains cultured for 72 h,
though to a lesser extent, almost unnoticed for UC9. Besides,

high-molecular-mass proteins (�97 kDa) are present, notice-
able mainly in the CCB of UC9. No proteins were observed
after the CCB samples were treated with proteinase K (data
not shown).

Taxonomic identification of bacterial species. Results of the
phenotypic and biochemical tests used for Serratia taxonomy
are presented in Table 2. All tests were also done for S. ento-
mophila A1MO2 as a reference. Since S. marcescens is pheno-

FIG. 3. Bioassay done with CCB grown with S. entomophila Mor4.1 showing the AFE and mortality in third-instar P. blanchardi larvae. Broth
samples cultured with S. entomophila Mor4.1 for 48 h and 72 h were evaluated (n � 14). Control larvae were fed with nutrient broth agar containing
bovine serum albumin. Broth samples from S. entomophila Mor4.1 (48-h culture) were treated with proteinase K (PK), added to nutrient broth
agar, and fed to the larvae. The AFE was recorded after 12 days and the mortality after 30 days from the beginning of the test. The lack of
significant difference is indicated by the same letter above the bars (�2 P 	 0.01 for the AFE at 48 h; P 	 0.05 for the AFE at 72 h and for mortality
at 48 h).

FIG. 4. SDS-PAGE analysis of CCB cultured with S. entomophila
Mor4.1 and S. entomophila UC9. CCB was obtained by ultrafiltration
(30-kDa-molecular-mass-cutoff membrane) of culture broths after
centrifugation and filter sterilization by a 0.22-�m membrane. CCBs
were concentrated 100-fold. Lanes 1 and 4, molecular mass markers of
standard proteins; lane 2, S. entomophila Mor4.1 at 48 h; lane 3, S.
entomophila Mor4.1 at 72 h; lane 5, S. entomophila UC9 at 48 h; lane
6, S. entomophila UC9 at 72 h.
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typically the species closest to S. entomophila (11), all tests
were also done for comparison of three different isolates of S.
marcescens.

The Mor4.1 isolate proved to be a motile, rod-shaped, gram-
negative, aerobic, catalase-positive organism, able to grow well
after 24 h at 30°C and 37°C but weakly at 4°C. No growth was
observed at or above 42°C. Results of the 43 different tests
showed that the Mor4.1 isolate is very similar to S. entomophila

A1MO2. The matching coefficient between the Mor4.1 isolate
and the S. entomophila A1MO2 strain was 97.67%, and the
matching coefficient between the Mor4.1 isolate and the S.
marcescens ATCC 13082 strain was 86.04%. The matching
coefficients among S. marcescens ATCC 13082 and those of S.
marcescens S-48 and S. marcescens MAC were 97.67% and
95.34%, respectively. Similar to S. entomophila A1MO2, Ser-
ratia Mor4.1 resembled S. marcescens in its incapacity to fer-
ment arabinose, rhamnose, melibiose, and raffinose but differed
from S. marcescens in its incapacity to ferment sorbitol and its
deficiency of lysine and ornithine decarboxylase. However, the
Mor4.1 isolate differed from S. entomophila A1MO2 and S.
marcescens in its inability to ferment mannitol. Mor4.1 is sim-
ilar to the S. entomophila A1MO2 strain in its inability to
ferment itaconate (Table 2). However, these data differed from
those reported for the S. entomophila A1MO2 isolate (11). Our
results show that the closest relative to Mor4.1 seems to be the
S. entomophila A1MO2 type strain, with a matching coefficient
of 97.67%. Therefore, both strains might be considered in the
same species group.

To better define the species of the Mor4.1 isolate, the 16S
rRNA gene was amplified and sequenced as described in Mate-
rials and Methods. The sequence was deposited in the GenBank
database (accession number EU250329) and compared with
other sequences, using the BLAST sequence homology searches
at the National Center for Biotechnology Information (http:
//www.ncbi.nlm.nih.gov/).

The sequence produced a significant alignment to the S. ento-
mophila 16S rRNA gene of the DSM 12358 strain (GenBank
accession number AJ233427.1), showing 99% identity. The
BLAST phylogenetic analysis showed that the closest relative to
the Mor4.1 isolate was the S. entomophila DSM 12358 strain (see
the supplemental material).

DISCUSSION

A putative S. entomophila strain pathogenic for several Phyl-
lophaga spp. and A. donovani was isolated from the hemocoel
of a dead larva. The strain showed moderate pathogenic ac-
tivity against second- and third-instar P. blanchardi larvae by
the oral test, causing a significant AFE very soon after the
onset of inoculation and also a loss of weight and mortality at
a late period after the inoculation. The possibility that the AFE
might be caused by taste aversion to a large dose of bacteria is
discarded since larvae fed with large doses of nonpathogenic
bacteria showed no significant AFE (results not shown). Be-
sides, the AFE is also observed when larvae are fed with S.
entomophila Mor4.1 CCBs free of bacteria (Fig. 3). Although a
considerable loss of weight was also observed for the control
larvae, probably associated with stress under laboratory con-
ditions, the differences observed with larvae fed with the S.
entomophila Mor4.1 bacteria was statistically significant. The
development of amber coloration was not observed for the S.
entomophila Mor4.1 test, suggesting the participation of differ-
ent virulence factors in this strain compared with that of S.
entomophila A1MO2. The S. entomophila Mor4.1 isolate ad-
ministrated per os in a multidose experiment caused a signif-
icant mortality in the larvae of P. blanchardi, P. trichodes, and
P. obsoleta. This fact suggests a wide spectrum of action of the
S. entomophila Mor4.1 isolate among members of the genus

TABLE 2. Phenotypic and biochemical characteristics of
bacterial isolates

Characteristic

Response to
S. entomophila strain

Response to
S. marcescens strain

Mor4.1 A1MO2 S-48 MAC ATCC
13082

Catalase reaction � � � � �
Gram stain reaction � � � � �
Nitrate reduction � � � � �

Acid production when
grown on:

Adonitol � � � � �
Arabinose � � � � �
Citrate � � � � �
Glucose � � � � �
Inositol � � � � �
Lactose � � � � �
Maltose � � � � �
Mannitol � � � � �
Melibiose � � � � �
Raffinose � � � � �
Rhamnose � � � � �
Sorbitol � � � � �
Sucrose � � � � �
Xylose � � � � �

Arginine dihydrolase � � � � �
Gelatin hydrolyzed � � � � �
Esculin hydrolyzed � � � � �
ONPG hydrolyzed � � � � �
Urea hydrolyzed � � � � �

DNase production � � � � �
H2S production � � � � �
Indole production � � � � �
Oxidase production � � � � �

Lysine decarboxylase � � � � �
Ornithine decarboxylase � � � � �

Acetamide test � � � � �
Malonate test � � � � �
Methyl red test � � � � �
Voges-Proskauer test � � � � �
Tartrate test � � � � �

Caprylate-thallous � � � � �
Glucose � � � � �
Indoxyl-�-D-glucoside � � � � �
Itaconate � � � � �
Triclosana � � � � �
P-Cumaric acid � � � � �
Peptone-tryptophan � � � � �
Polymyxin B � � � � �
Tryptophan deaminase � � � � �
Motility � � � � �

a Triclosan, 2,4,4�-trichloro-2�-hydroxydiphenyl ether.
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Phyllophaga. Mortality was observed at a late period after in-
oculation, similar to the mortality caused by S. entomophila
A1MO2 in C. zealandica (20). However, several doses of S.
entomophila Mor4.1 were needed to cause significant mortality
in the larvae, suggesting that a large amount of bacteria might
be required to surpass the gut barriers, suppress the insect’s
defensive response, and then kill the larvae. We have observed
that larvae fed with S. entomophila Mor4.1 reduced their food
ingestion very soon after oral inoculation, and therefore, the
larvae ingest only a small portion of the bacteria. It is possible
then, that a constant inoculation of small amounts of bacteria
would be enough to cause mortality. No pathogenic activity
was observed by oral bioassay when S. entomophila Mor4.1 was
tested with the lepidopteran insect S. frugiperda, suggesting
that oral activity might be restricted to Phyllophaga spp.

On the other hand, it has been reported that larvae of M.
sexta are able to survive when as many as 106 to 107 bacterial
cells of either S. marcescens, E. coli D31, or Pseudomonas
aeruginosa ATCC 9027 are injected into the hemocoel (6).
Therefore, to evaluate the potential of S. entomophila Mor4.1
to kill larvae by injection, we tested the concentration of 107

bacteria per larva injected into the hemocoels of the three
Phyllophaga species studied. One hundred percent of the lar-
vae were dead in 24 h; in contrast, no mortality was observed
after 24 h for the larvae injected with E. coli DH5�, indicating
that S. entomophila Mor4.1 produces virulence factors that
provide it with the ability to survive in the hemocoel and kill
the larvae very soon after inoculation. The estimated LD50 of
S. entomophila Mor4.1 for P. blanchardi (994 bacteria per
larva) was close to the LD50s of Serratia proteamaculans strains
2746 and 142 (880 and 802 bacteria per larva, respectively)
associated with amber disease reported for C. zealandica (32),
but it was higher than the LD50 of the amber disease-associ-
ated S. entomophila 154 and S. plymuthica 590 strains (	5 and
22 bacteria per larva, respectively). It is possible that the vir-
ulence observed for S. entomophila Mor4.1 after bacterial coe-
lomic injection might be related to a generalized Serratia tox-
in(s), as suggested by Tan et al. (32), since injections of similar
amounts of E. coli DH10B in C. zealandica (32) or E. coli
DH5� into the three Phyllophaga species and the M. sexta
larvae studied in this work did not cause mortality. On the
contrary, S. plymuthica 590 and S. marcescens 363, strains not
associated with amber disease and presumably nonpathogenic,
also caused mortality in C. zealandica after intracoelomic in-
oculation (32). Therefore, it is possible that S. entomophila
Mor4.1 and other Serratia spp. may produce multiple toxins
and other virulence factors that act at different sites, some of
which have toxic activity in the insect gut after oral inoculation
and others that have toxic activity once they have reached the
insect hemocoel.

To evaluate whether the potential for the S. entomophila
Mor4.1 isolate to kill larvae by intracoelomic inoculation was
restricted to Phyllophaga spp. or whether it might be broad-
ened to other insect orders, M. sexta larvae from the insect
order Lepidoptera were also injected with S. entomophila
Mor4.1 (Table 1). Since the bacteria also killed 100% of larvae
24 h after injection, it is possible that the associated toxin(s)
might have a broad spectrum of action, at least for Phyllophaga
spp. and some lepidopteran insects.

CCB from the S. entomophila Mor4.1 isolate caused disease

symptoms and mortality when administrated per os to larvae of
P. blanchardi and by injection to P. blanchardi and A. donovani,
suggesting that toxic products were present in the S. ento-
mophila Mor4.1 CCB. The toxic activity was abolished when
the CCB was previously treated with proteinase K. Since the
samples were heated at 80°C for 15 min to inactivate the
enzyme before the corresponding bioassays, this result shows
that the toxic factor(s) might be inactivated either by heat or by
proteinase K hydrolysis. This result also suggests that a toxin-
like protein might be involved in the disease. The possibility
that other nonprotein factors might participate in toxicity is not
discarded, since recent evidence has shown that bacterial wall
components such as lipopolysaccharides might play an impor-
tant role in pathogenicity to insects (3).

The results are in agreement with the hypothesis that the S.
entomophila Mor4.1 isolate might produce some extracellular
toxin factors that cause disease symptoms, similar to the S.
entomophila A1MO2 strain and other entomopathogenic bac-
teria such as Photorhabdus luminescens (37). The results sug-
gested the production of extracellular toxin-like factors by the
Mor4.1 isolate at 48 and 72 h of culture. On the other hand,
CCB from the 48-h culture caused mortality in third-instar P.
blanchardi larvae. On the contrary, no significant mortality was
observed for CCB from 72 h. This result suggests that CCB
from 48 h might contain a factor responsible for the observed
mortality that was not present in CCB from 72 h. At this time,
some proteolysis might degrade the active factors. However,
72-h CCB administrated by injection caused mortality to P.
blanchardi and to A. donovani larvae (Table 1), suggesting the
presence of different toxic proteins acting at different levels in
the process of pathogenicity: at the level of the insect gut,
causing AFE as a first step, and also as a second step at the
level of the hemocoel, causing mortality. Previous genetic ev-
idence has suggested that toxin-like proteins were involved in
amber disease caused by S. entomophila A1MO2 infection of
C. zealandica (28, 18, 17). Analysis of the S. entomophila
Mor4.1 and UC9 CCB by SDS-PAGE has shown the presence
of a series of proteins ranging in estimated molecular mass
from approximately 17 kDa to more than 97 kDa in both
strains, which might be associated with AFE and mortality.
Although CCBs were obtained by ultrafiltration with a 30-kDa-
molecular-mass cutoff membrane, the SDS-PAGE profile has
proteins smaller than the 30-kDa cutoff. We have observed
that UC9 and S. entomophila Mor4.1 CCB analyzed by native
PAGE renders several protein bands, apparently larger than
30 kDa (M. E. Nuñez-Valdez, M. A. Calderon, and F. J. Vil-
lalobos, unpublished observation), that separate in the series of
proteins observed for Fig. 4. It is possible that the toxin-like
proteins may derive from individual gene products of different
sizes, which are exported, and then fold themselves or attach
together, forming a complex of proteins larger than 30 kDa.
The proteins could represent various stages of processing of a
larger protein(s). The insecticidal protein complex of P. lumi-
nescens W14 shows this characteristic (4). Unfortunately, it was
not possible at this stage to correlate any protein in particular
with the toxic activity, since many proteins were present in the
supernatants. However, it is interesting to observe that the
48-h CCB from both S. entomophila Mor4.1 and UC9 shares
similar patterns of protein bands, while those of CCBs at 72 h
look very different. There are several high-molecular-mass pro-
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teins (�97 kDa), noticeable mainly in the CCB of UC9. The
presence of these proteins in the case of UC9 might correlate
with the predicted high-molecular-weight proteins SepA,
SepB, and SepC (18) and the named effector protein Afp18
(17), which are essential for the production of amber disease
symptoms. The genes related to these proteins and to the
insecticidal Tc from P. luminescens (4, 33) might be absent in
S. entomophila Mor4.1, as judged by the lack of associated
DNA products in a PCR directed toward these genes (see the
supplemental material), correlating with the lack of marked
bands of high–molecular-weight proteins observed with the
CCB from S. entomophila Mor4.1. Also, the strong differences
in the full pattern of protein bands between UC9 and S. ento-
mophila Mor4.1 at 72 h suggest the participation of different
protein components in the disease caused by S. entomophila
A1MO2 and that caused by S. entomophila Mor4.1. This sug-
gestion is supported by the fact that the virulence genes in S.
entomophila A1MO2 are plasmid borne (9), and no plasmid
was identified in S. entomophila Mor4.1 (Nuñez-Valdez et al.,
unpublished observations). Amber disease caused by S. ento-
mophila A1MO2 is a multifactorial event, and multiple viru-
lence factors might be involved; therefore, multiple virulence
factors are hypothesized for S. entomophila Mor4.1. A recent
study of S. entomophila A1MO2 has shown the induction of a
phage tail-like bacteriocin that causes AFE, amber coloration,
and mortality of C. zealandica larvae (15). The production and
active role in disease of similar structures or the presence of
homologues to the sepABC genes or homologues to the insec-
ticidal toxin complex genes by S. entomophila Mor4.1 is not
discarded, but the fact that S. entomophila Mor4.1 does not
cause amber coloration in bioassays, which seems to be asso-
ciated with the SepABC toxins (19), suggests also that different
virulence factors might be implicated in S. entomophila Mor4.1
pathogenicity.

Phenotype tests and numerical taxonomy analysis showed
that the Mor4.1 isolate is very closely related to the S. ento-
mophila A1MO2 strain, with a matching coefficient of 97.67%.
Numerical taxonomy eliminates the biases common with other
taxonomic analysis approaches and provides an objective com-
parison among organisms. Using this method, the matching
coefficients of S. marcescens ATCC 13082 with S. marcescens
S-48 and S. marcescens MAC were 97.67% and 95.34%, re-
spectively. Therefore, the matching coefficient of 97.67% ob-
served between Mor4.1 and S. entomophila A1MO2 suggests
that the Mor4.1 isolate is a putative member of the S. ento-
mophila species. Even though itaconate utilization is a special
characteristic of S. entomophila species (11), our results
showed that both S. entomophila A1MO2 and Mor4.1 were
unable to use it as carbon source. On the contrary, S. ento-
mophila UC9, a derivative of S. entomophila A1MO2, was able
to use it in a parallel test done in our laboratory (result not
shown). Therefore, the ability to ferment itaconate (11) might
be an unstable characteristic and should not be considered as
a definitive test for S. entomophila sp., as it has been suggested
(11).

On the other hand, the sequence of the Mor4.1 isolate 16S
rRNA gene showed 99% identity with the Serratia entomophila
16S rRNA gene of the type strain DSM 12358. Therefore,
based on the numerical taxonomy analysis and the BLAST
phylogenetic analysis done with the 16S rRNA gene sequence,

the Mor4.1 isolate was identified as a putative S. entomophila
strain.

Since S. entomophila Mor4.1 is a moderate pathogen with
relative low virulence, it is unlikely that it could be used in a
classical augmentative biological control program. However,
the approximate 50% AFE caused by the bacteria in second-
and third-instar larvae very soon after the bacteria are ingested
represents a significant reduction in food consumption, since
second- and third-instar larvae are the most destructive for the
crop in the insect life. This suggests that the potential use of
these bacteria under an integrated pest management program
would, hypothetically, contribute to a crop damage reduction
in a significant proportion. Besides, the fact that toxin-like
proteins in the CCB cause higher AFE levels and also mortal-
ity than the bacteria (70%, CCB versus 50%, bacteria) offers
the opportunity to isolate and characterize the genes and pro-
teins for future biotechnological applications. Similar studies
have been done to characterize the insecticidal toxins of P.
luminescens (5).

We have observed that S. entomophila Mor4.1 is able to
colonize the roots of lettuce and also to work as a plant growth-
promoting rhizobacterium (Nuñez-Valdez et al., unpublished
observations). Hypothetically, as a potential model, S. ento-
mophila Mor4.1 might colonize the roots of the plants growing
in the soil, and then, once the “white grubs” start to eat the
root, they would be discouraged by S. entomophila Mor4.1-
associated AFE. Since the root damage would be reduced and
the plant growth would be promoted by the presence of S.
entomophila Mor4.1, crop yields might be increased. Also,
since a large amount of bacteria might be necessary to kill the
larvae in the model described above and since the larvae suf-
fering S. entomophila Mor4.1-associated AFE might not be
able to ingest enough bacteria to die, then the larvae would
remain alive, and in this way the development of secondary
pests might be limited. This model would lead to a more
ecological and sustainable management of “white grub” pop-
ulations (36). Therefore, the potential of the S. entomophila
Mor4.1 and its toxin(s) to be used under an integrated pest
management program to reduce crop damage caused by “white
grubs” should be investigated.

The ability of the S. entomophila Mor4.1 isolate or its CCB
to cause pathogenicity symptoms in three different species of
Phyllophaga and in A. donovani suggests a wide spectrum of
action among species of Scarabaeidae. Therefore, the potential
of this bacterium to cope with the numerous species of “white
grubs” in Mexico is promising. The pathogenic oral activity
might be restricted for scarab species, since no pathogenic
activity was observed for the lepidopteran S. frugiperda in oral
bioassays. S. entomophila Mor4.1 also represents a potential
source of novel virulence genes and proteins that could help in
the future to reduce crop damage or control insect pests. We
are currently analyzing the virulence factors involved in the
disease to clarify the molecular mechanism of pathogenicity
and to identify the protein(s) responsible for the AFE and for
the mortality observed for oral and injection bioassays. We are
following a genomic approach by constructing an S. ento-
mophila Mor4.1 fosmid library in E. coli. We are screening the
library clones that carry virulence factors by injecting individ-
ual clones into Phyllophaga sp. larvae and selecting those able
to kill the larvae. Then, we will test the insecticidal clones for
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oral toxicity. To date, we have isolated five different insecti-
cidal clones. The characterization of these insecticidal clones
will be the matter of another publication. This approach will
define the nature and number of toxins and virulence genes
involved in the pathogenicity of S. entomophila Mor4.1. Also, it
will allow the cloning and expression of the virulence genes, to
improve their production and activity by genetic manipulation.
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