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Enterobacter cloacae, one of the indigenous gut bacteria of the Formosan subterranean termite (Coptotermes
formosanus), was genetically modified with a transposon Tn5 vector containing genes (tcd41 and tcdBI)
encoding orally insecticidal proteins from the entomopathogenic bacterium Photorhabdus luminescens subsp.
laumondii TT01, a symbiont of the entomopathogenic nematode Heferorhabditis bacteriophora, for termite
control. In the laboratory, termites were fed filter paper inoculated with the recombinant bacteria. The
chromosomal expression of the introduced genes showed that there were insecticidal activities against termite
workers and soldiers challenged with the transformed bacteria. After termites were fed recombinant bacteria,
the termite mortality was 3.3% at day 5, and it increased from 8.7% at day 9 to 93.3% at day 29. All the dead
termites contained the recombinant bacteria in their guts. Transfer of the recombinant bacteria occurred
between donor workers (initially fed recombinant bacteria) and recipient workers (not fed). More than 20% of
the recipient termites ingested recombinant bacteria within 2 h, and 73.3% of them had ingested recombinant
bacteria after 12 h. The method described here provides a useful alternative for sustainable control of the
Formosan subterranean termite (C. formosanus) and other social insects, such as the imported red fire ant

(Solenopsis invicta).

The Formsan subterranean termite (Coptotermes formosa-
nus Shiraki) (Isoptera: Rhinotermitidae) is an ecologically and
economically important social insect (26). Although this ter-
mite is an excellent food and energy transformer and decom-
poser in nature, it is a serious destroyer of wood structures
built by humans. In China, the cost of this termite species due
to damage and control is about $2 billion annually (23). In the
United States, the cost of damage by and control of Formosan
termites is estimated to be $1 billion annually (22).

This insect pest lives in groups and colonies and engages in
social interactions, such as mutual grooming and food sharing.
In a social insect colony, the reproductive females are respon-
sible for reproduction. To control an entire termite colony, it is
necessary to kill not only the foraging workers and soldiers but
also the reproductive females.

Many methods have been tried to eliminate termite popu-
lations (32). Chemical control methods are the major choices.
However, the toxicants used are associated with certain risks
and shortcomings (46). Since certain soil insecticides (chlor-
dane and other cyclodienes) were banned, public demand has
increased for reduced-risk, environmentally friendly tech-
niques for termite control (7, 33).

A bait approach using slow-acting toxicants, such as insect
growth regulators, is one of the most promising reduced-risk
approaches for termite control (32). In this system, the forag-
ing workers consume the bait toxicant, transmit the active
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ingredient through the colony via food exchange and grooming
among nest mates, and die of poisoning. A limitation of cur-
rent baiting systems is that the concentration of the bait toxi-
cant is diluted after a large number of foragers directly contact
and spread the toxicant during social interactions. At the end
of the process, the diluted toxicants are not effective against
the recipients. If a high concentration of the inoculum is used,
the foragers may be killed before they reach the nest.

Theoretically, baiting systems could be improved by employ-
ing self-sustaining, self-replicating, and self-perpetuating bio-
logical control agents, such as entomopathogenic nematodes,
viruses, fungi, and bacteria (18, 27). Although some of these
entomopathogens have been used for control of termites in
laboratories (7, 14, 37, 41, 44), the results in the field are not as
good as expected. The limited success of the biological agents
in the field may be due to several factors. For example, the
efficacy of most pathogens in their natural state is too low, and
the pathogens are not generally persistent in the host environ-
ment. In addition, the target insects are able to recognize and
avoid contact with pathogens (14), remove them from their
nestmates through grooming behavior, and isolate infected
individuals from the colony (21). Termites also have an effi-
cient immune system that is effective against foreign patho-
genic microbe infections (42, 43). Genetically engineered ter-
mite gut bacteria could be candidates for effective termite
control (18).

Termites harbor a diverse community of microbes in their
guts, including protozoa (Eucarya), archaea, and bacteria (1),
and they depend on these microbes for survival. The gut mi-
crobes are naturally exchanged between colony members
through grooming, food exchange, and coprophagy (20), they
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TABLE 1. Strains and plasmids used in this study
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Strain or plasmid

Relevant properties

Source or reference”

Escherichia coli strains
DH5a
BL21(DE3)
S17-1(\pir)
DHS5a/pUC19-tcdA1B1
BL21(DE3)/pET-32a(+)
BL21(DE3)/pET-32a(+)-tcdA1B1-1
BL21(DE3)/pET-32a(+)-tcdA1B1-2
BL21(DE3)/pET-32a(+)-tcdA1B1
S17-1(\pir)/pMini-Tn5
S17-1(\pir)/pMini-Tn5-tcdA1B1

Photorhabdus luminescens TTO1
Enterobacter cloacae
Enterobacter cloacae tcdA1B1

Plasmid vectors
pUC19
pET-32a(+)
pMini-Tn5
pUC19-tcdA1B1
pET-32a(+)-tcdA1B1-1
pET-32a(+)-tcdA1B1-2
pET-32a(+)-tcdA1B1
pMini-Tn5-tcdA1B1

Cloning strain TaKaRa
General purpose expression host Novagen
E. coli lysogenized with N\pir IPP, CAAS
DH5a with pUC19-tcdA1B1, Amp" This study
BL21(DE3) with pET-32a(+), Car” This study
BL21(DE3) with pET-32a(+)-tcdA1B1-1, Car" This study
BL21(DE3) with pET-32a(+)-tcdA1B1-2, Car* This study
BL21(DE3) with pET-32a(+)-tcdA1B1, Car" This study
S17-1(\pir) with pMini-Tn5, Kan* This study
S17-1(\pir) with pMini-Tn5-tcdA1B1, Kan® This study
Phase I variant 9
Recipient, Cm" GMI, GDAS
Chromosomal DNA with tcdA1B1, Kan" Cm" This study
Cloning vector, Amp" TaKaRa
Expression vector, Amp* or Car" Novagen
Transfer vector, Kan" 15

pUC19 with Kpnl-BamHI insert containing tcdA1B1, Amp* This study
pET-32a(+) with Kpnl-BamHI insert containing tcdA1BI1, Car" This study
pET-32a(+) with Xbal-BamHI insert containing tcd41B1, Car" This study
pET-32a(+) with Notl insert containing tcd41B1, Car* This study
pMini-Tn5 with Notl insert containing tcdA1B1, Kan" This study

“ IPP, CAAS, Institute of Plant Protection, Chinese Academy of Agriculture Sciences; GMI, GDAS, Guangdong Microbiological Institute, Guangdong Academy of

Sciences.

provide the nitrogen, carbon, and energy requirements of the
termite hosts, and they may protect their termite hosts from
invasion by foreign bacteria (8, 36). Using gut bacteria of
termites, which can reside within their hosts, as “shuttles” to
deliver, express, and spread foreign genes has been attempted
with termite colonies (18) and other insects (2, 28, 38, 45). The
ice nucleation gene iceA of Erwinia ananas 110 was integrated
into the chromosomes of Enterobacter cloacae for possible con-
trol of insect pests (35). E. cloacae, which is also one of the
dominant bacteria in the termite gut (1), was genetically engi-
neered to express green fluorescent protein (GFP) in termite
colonies. The transgenic bacteria could deliver, express, and
spread the GFP gene in termite colonies and could establish a
persistent population in the termite gut for up to 11 weeks
(18). However, no insecticide genes have been introduced into
the chromosome of E. cloacae to create a bioinsecticide agent
for effective control of termites in a colony.

The goals of the present study were (i) to construct a re-
combinant transposon (Tn5) vector with genes (fcdAIl and
tedB1) encoding orally insecticidal proteins from the ento-
mopathogenic bacterium Photorhabdus luminescens subsp. lau-
mondii TTO1 (Enterobacteriaceae), a symbiont of the ento-
mopathogenic nematode Heterorhabditis bacteriophora (9); (ii)
to integrate this transposon into the chromosomal DNA of E.
cloacae, one of the major termite gut bacterial species; (iii) to
introduce the bacterial shuttle in order to deliver the toxic
genes to termite colonies; (iv) to determine the expression of
genes encoding oral toxicity against termites in the absence of
selective pressure; and (v) to evaluate the bacterial shuttle
using some of the criteria and methods defined by Durvasula et
al. (10), including ingestion of the bacteria and transfer to the

termite gut (method of delivery) and transmission of the trans-
genic bacteria among workers (method of dispersal).

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Strains and plasmids used
in this study are listed in Table 1. P. luminescens TT01 was donated by Lihong
Qiu of Zhongshan University, Guangzhou, China. Escherichia coli strain S17-
1(\pir) was obtained from the Institute of Plant Protection, Chinese Academy of
Agriculture Sciences, Beijing, China, and E. cloacae was obtained from Guang-
dong Microbiological Institute, Guangdong Academy of Sciences, Guangzhou,
China. Bacteria were routinely cultured on Luria-Bertani (LB) agar (1.5% [wt/
vol] Bacto agar) or in LB broth at 200 rpm and 28°C for P. luminescens and E.
cloacae and 37°C for E. coli, unless otherwise indicated. When required, 50 pg/ml
of kanamycin (Sigma, United States), 50 pg/ml of disodium carbenicillin
(Sigma), 50 pg/ml of ampicillin (Sigma), 50 pg/ml of chloromycetin (Sigma), or
1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) (MD Bio, United States) was
added to the medium. All medium components used in this study were purchased
from Oxoid Company (Basingstoke, Hampshire, United Kingdom).

General molecular techniques. General molecular techniques were performed
as described by Sambrook and Russell (30). Restriction enzymes (TaKaRa,
China), T4 ligase (TaKaRa), and calf intestinal alkaline phosphatase (TaKaRa)
were used according to the manufacturer’s instructions. Plasmids were extracted
from the bacteria with a QIAprep spin miniprep kit (Qiagen, The Netherlands).
The genomic DNA was isolated using an E.Z.N.A bacterial DNA kit (Omega,
United States). When required, DNA fragments were extracted and purified
from agarose gels using a QTAEX II gel extraction kit (Qiagen). The standard
PCR was performed using a 25-pl reaction mixture, a thermocycler system
(Eppendorf, Germany), and the following primers: P1 primers P1-F (5'-ACCA
TACGCATCGGACAAAC-3') and P1-R (5'-CGTAGCGGTTATTCACTCTT
CT-3") to amplify the insecticidal tcdAI and tcdB1 genes; P2 primers P2-F
(5'-TAGCATGCGCGGCCGCTTCTTTCCTGCGTTATCCC-3") and P2-R
(5'-GGTCTAGAGCTTGGCGTAATCATGGTC-3") to provide the sequence
of promoter lacZ from plasmid pUC19; and P3 primers P3-F (5'-GGTCTAGA
ATGTAAAGGCAACACGGATG-3') and P3-R (5'-GGAAGGACGGAAAG
TGGAGA-3") to amplify the upstream sequence of the tcdAI gene from the
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FIG. 1. Fragment of lacZ-tcdA1B1 which is present in the pET-32a(+)-tcdA1B1 (with Sphl and BamHI sites in the vector) and pMini-Tn5
(with Notl sites) constructs expressing tcd41B1 genes. The tcdA1B1 fragment includes digested DNA containing a 7,255-bp downstream sequence
of tcdA1, a 4,431-bp sequence of tcdB1, and a partial sequence (2,488 bp) of tccC2 obtained using Kpnl and BamHI, as well as the amplified 376-bp
upstream sequence of tcdA1, from P. luminescens TT01 genomic DNA. The enzyme sites indicated are the sites used for subcloning (see text). Sizes

are also indicated.

genomic DNA of P. luminescens TT01 (the underlined nucleotides are the Sphl,
Notl, and Xbal restriction sites, respectively).

Cloning and expression of genomic DNA fragments containing insecticidal
genes in E. coli. To obtain purified target proteins for producing antisera,
genomic DNA fragments containing insecticidal genes were expressed in E. coli.

P. luminescens strain TT01 was used to isolate the insecticidal genes tcdA1 and
tedB1 as the sequence of the whole genome was released (9). The target genes
tcdA1 and tcdBI (GenBank accession number NC_005126) are linked together
(about 12 kb) (referred to below as the tcdA1B1 genes), so a plasmid library was
established to isolate them from genomic DNA.

P. luminescens TT01 genomic DNA was digested with Kpnl and BamHI. The
digested DNA fragments containing a major downstream sequence (7,255 bp) of
tcdA1, the entire 4,431-bp sequence of fcdB1, and a partial sequence (2,488 bp)
of tccC2 (Fig. 1) were inserted into the vector pUC19 (TaKaRa) and transformed
into E. coli strain DH5a. A positive clone was identified by PCR with the P1
primers designed using the tcdA1 and tcdBI sequences from the NCBI GenBank
database. The insert DNA was ligated into pET-32a(+) (Novagen, Germany)
and transformed into E. coli strain BL21(DE3). The resulting clone, designated
BL21(DE3)/pET-32a(+)-tcdA1B1-1 (Table 1), was identified by PCR per-
formed with the P1 primers. A 638-bp fragment containing a 376-bp upstream
sequence of tcdA1 was obtained by amplifying the genomic DNA with the easy-A
high-fidelity PCR cloning enzyme (Stratagene, Germany), using the P3 oligonu-
cleotide primers with Xbal and Kpnl restriction sites, digested with Xbal and
Kpnl, and ligated to the corresponding sites of pET-32a(+)-tcdA1B1-1 to gen-
erate the whole sequence of tcd41B1 containing the tcdA1 and tcdB1 genes. The
resulting clone, designated BL21(DE3)/pET-32a(+)-tcdA1B1-2 (Table 1), was
identified by PCR performed with the P1 primers.

In order to coexpress the tcdA1BI combined genes in E. coli and E. cloacae, a
358-bp fragment containing the lacZ promoter was amplified from the vector
pUC19 using the P2 oligonucleotide primers with Sphl and NotI sites in the
forward primer and an Xbal site in the reverse primer [Xbal and Sphl sites were
used for pET-32a(+), and NotI was used for pMini-Tn5] and introduced up-
stream of the tcdAIBI genes in pET-32a(+)-tcdA1B1-2 to obtain a fragment
containing the lacZ promoter and tcdA1B1. The plasmid was transformed into E.
coli stain BL21(DE3). The resulting clone, designated BL21(DE3)/pET-32a(+)-
tcdA1B1 (Table 1), was identified by PCR performed with the P1 primers and
was induced to express the corresponding proteins using the procedure described
in the manufacturer’s instructions (pET manual; Novagen). The vector without
the insert was transformed into the same E. coli strain as a control.

For expression of the pET-32a(+)-tcdA1B1 product, a single bacterial colony
was inoculated into 50 ml LB broth containing carbenicillin (50 pg/ml) and
grown at 37°C. When the optical density at 600 nm (ODy) of the culture was
0.6, gene expression was induced by incubation with 1 mM IPTG at 30°C over-
night. The occurrence and accumulation of recombinant proteins during cultur-
ing were examined by performing 8% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as described below.

Cloning and expression of genomic DNA fragments containing insecticidal
genes in E. cloacae. The fragment containing the lacZ promoter and tcdA1B1 was
excised from pET-32a(+)-tcdA1B1 with NotI and cloned into the NotI site of the
transposon vector pMini-Tn5 (pUTkm) (15, 45) with a kanamycin resistance
marker to obtain pMini-Tn5-tcdA1B1. The plasmid was transformed into E. coli
strain S17-1(\pir), a donor bacterium with a transferable gene (tra). The vector
without the insert was transformed into the same E. coli strain as a control.

A colony of donor strain E. coli S17-1(\pir) with pMini-Tn5-tcdA1B1 was

grown in 50 ml LB broth containing kanamycin (50 wg/ml) at 37°C for 18 h, and
then 1/100 of the culture was transferred into the same volume of fresh LB broth.
The cultures were incubated at 37°C until the ODg, was 1.0. A 25-ml aliquot was
centrifuged (1,000 X g for 10 min at 10°C), and the pellet was washed in 25 ml
of a sterile 10 mM MgSO, solution. The recipient strain was prepared in a similar
way. E. cloacae was grown overnight at 28°C in LB broth containing chloromy-
cetin (50 pg/ml) until the ODy, was 1.0. Cells were collected and washed with
a 10 mM MgSO, solution (1,000 X g for 10 min at 10°C). The donor and
recipient cell pellets were each resuspended in 1 ml of a 10 mM MgSO, solution.
Then 0.1 ml of the donor culture and 0.5 ml of the recipient culture were mixed
and plated on LB plates with 0.2-pm-pore-size nitrocellulose filters. The plates
were incubated for 24 h at 28°C. The bacterial lawns growing on the filters were
scraped into a 10 mM MgSO, solution and vortexed to resuspend the cells.
Transconjugants were selected by plating these cells on LB agar containing
kanamycin (50 pg/ml) and chloromycetin (50 wg/ml) and incubating the prepa-
rations at 28°C for 24 h.

The resulting colonies on the selective plates were analyzed by PCR and
Southern blotting to confirm that the insecticidal fragment was integrated into
the chromosome of E. cloacae. Xbal- and BamHI-digested genomic DNA from
the E. cloacae strain with tcdA1BI1 genes (designated E. cloacae tcdA1B1) was
used for Southern blot analysis. The probes used for the Southern blot analysis
were created by amplifying a 778-bp fragment of the tcdA1B1 genes with the P1
primers. Labeling of DNA probes and DNA hybridization were performed by
using a DIG High Prime DNA labeling and detection starter kit (Roche, Swit-
zerland) according to the manufacturer’s recommendations. In each case, South-
ern blotting revealed distinct bands corresponding to the correct predicted sizes
for the insertion mutant (data not shown).

For expression of the recombinant proteins, a single bacterial colony of E.
cloacae tcdA1B1 was inoculated into 50 ml LB broth containing kanamycin (50
pg/ml) and chloromycetin (50 pg/ml) and grown at 28°C for 24 h. The occurrence
and accumulation of the TcdA1B1 proteins during culturing were examined by
performing 8% SDS-PAGE and Western blotting.

Extraction of TcdA1B1 proteins. The proteins expressed by E. coli BL21(DE3)
containing pET-32a(+)-tcdA1B1 were extracted and purified with the Bug-
Buster reagent, Benzonase nuclease, and rLysozyme solution (Novagen) as de-
scribed in the pET system manual (10th ed.; Novagen). Briefly, after induction
with 1 mM IPTG at 30°C overnight, the bacterial cells were harvested by cen-
trifugation (10,000 X g for 20 min at 4°C) and resuspended in the BugBuster
reagent (Novagen) using 5 ml/g (wet weight) pellet. The rLysozyme solution (7.5
kU/g cell paste) and Benzonase nuclease (250 U/g cell paste) were used to treat
the suspension on a slow shaker for 30 min at room temperature. Insoluble cell
debris obtained by centrifugation (16,000 X g for 20 min at 4°C) was resuspended
in the same volume of the BugBuster reagent (see above), incubated with
rLysozyme solution (1 kU/ml) at room temperature for 15 min, and centrifuged
again. The pellet containing the expressed proteins detected by SDS-PAGE was
washed four times with the BugBuster reagent diluted 1/10. The pellet was
resuspended in one-half the original culture volume of diluted BugBuster re-
agent after each wash. The last pellet with most of the expressed proteins was
collected by centrifugation (16,000 X g for 20 min at 4°C) and stored at —20°C.
The resulting proteins were used to raise antibodies in rabbits.

Extraction of intracellular proteins, including extraction of TcdA1B1 from a P.
luminescens TTO1 culture, was performed as follows to produce an antigen for an
indirect enzyme-linked immunosorbent assay (ELISA). After 48 h of incubation
at 28°C, bacterial cells were harvested by centrifugation (10,000 X g for 20 min



7222 ZHAO ET AL.

at 4°C) and then washed three times using phosphate-buffered saline (PBS) (137
mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM KH,PO,; pH 7.4) and
centrifugation (10,000 X g for 15 min at 4°C). The pellets were resuspended in
PBS and sonicated (at 18 Q) for 20 s) on ice. The supernatants were collected by
centrifugation (10,000 X g for 20 min at 4°C) and passed through 0.45-pm filters
(Millipore, United States). (NH,),SO, was added to the resulting supernatants
until the level of saturation was 85%, and the mixed solutions were incubated
without shaking at 4°C for 12 h to extract the proteins. After centrifugation
(10,000 X g for 20 min at 4°C), each precipitate with extracted proteins was
dissolved with sterile distilled water, dialyzed in sterile distilled water at 4°C for
48 h (the sterile distilled water was replaced at 4-h intervals), and then stored at
—20°C.

Production of antiserum and indirect ELISA. Antibodies were raised against
purified TcdA1B1 extracts from recombinant E. coli BL21(DE3). New Zealand
White rabbits were immunized with TcdA1B1 extracts using subcutaneous in-
jection. Freund’s complete adjuvant and incomplete adjuvant (Sigma) were used
for the primary and secondary injections, respectively. Prior to emulsification in
adjuvant, TcdA1B1 extracts were suspended in PBS. For additional immuniza-
tions, purified TcdA1B1 extracts suspended in PBS were used directly without
any adjuvant. The quality of the antibodies in sera was monitored by performing
ELISA. A total of 2 ml of blood was obtained from the large vein in the center
of an ear before every immunization at weekly intervals. As the antigen for
ELISA, purified P. luminescens TTO1 intracellular proteins were diluted in car-
bonate buffer (0.1 M Na,CO;, 0.1 M NaHCO5; pH 9.6) at 37°C for 1 h and at 4°C
overnight. The ELISA was performed using 1 h of blocking with PBS (pH 7.4)
containing 0.05% Tween 20 and 10% bovine serum albumin, 1 h of incubation
with diluted antisera, and 1 h of incubation with anti-rabbit immunoglobulin G
conjugated to horseradish peroxidase (1/10,000 dilution; Zhongshan Co., Beijing,
China). Three 3-min washes with PBS (pH 7.4) containing 0.05% Tween 20 and
10% bovine serum albumin between the steps described above were included.
Using 3,3,5,5-tetramebenaidine as the color substrate, the OD 5, was determined
with a model 550 microplate reader (Bio-Rad, United States). The OD 5, of the
antiserum increased and was >3.0 after five injections. The antiserum was stored
at —80°C in aliquots or was used without further purification.

Gel electrophoresis and Western blot analysis. To analyze P. luminescens
TTO1 and recombinant E. cloacae bacterial cells, 8% SDS-PAGE was performed
using the standard procedures. Western blotting was performed using polyvinyl-
idene difluoride membranes (Immobilon-PS?; Millipore, Bedford, MA) and 25
mM Tris-192 mM glycine-20% (vol/vol) methanol. The gels were electroblotted
for 3 h at 250 mA (constant current) in a tank blotter (Liuyi, China). Each
membrane was processed at room temperature in Tris-buffered saline (50 mM
Tris, 150 mM NaCl; pH 7.5) using three 10-min washes between steps. The steps
used were overnight blocking with 5% bovine serum albumin in Tris-buffered
saline containing 0.1% Tween 20, 2 h of incubation with the antiserum (1/3,000
dilution) at 4°C, and 1 h of incubation with the anti-rabbit immunoglobulin
G-alkaline phosphatase conjugate (1/30,000 dilution; Sigma). The blots were
visualized using a nitroblue tetrazolium chloride-5-bromo-4-chloro-3-in-
dolylphosphate dye kit (Sabc, Shanghai, China).

Stability of the fcd41B1 genes in E. cloacae. A colony of recombinant strain E.
cloacae tcdA1B1 was inoculated into 5 ml LB broth containing kanamycin (50
pg/ml) and chloromycetin (50 wg/ml) and incubated at 200 rpm and 28°C for
24 h. Then 0.1 ml of the culture was subcultured in the same volume of LB broth
without antibiotics every 12 h 10 times. The final culture was spread onto LB agar
plates without any antibiotics after it was serially diluted. One hundred resulting
colonies were randomly selected and plated on LB agar plates with kanamycin
(50 wg/ml) and chloromycetin (50 wg/ml), and the resulting colonies were ex-
amined to determine the stability of E. cloacae tcdA1B1 without selective pres-
sure. The final culture was also analyzed by using SDS-PAGE and Western
blotting to examine the expression of the inserted genes.

Insecticidal assays. C. formosanus termite workers and soldiers were collected
from cardboard bait buried near trees on the campus of Zhongshan University,
Guangzhou, China. Before they were used, freshly collected termites were kept
in a large plastic container (diameter, 30 cm; height, 40 cm) in the laboratory at
room temperature (25 to 30°C) for 1 week to check for the possible presence of
pathogens in the colony. The container was filled with pine (Pinus sp.) wood
stakes as food for the termites. To grow liquid bacterial cultures to feed the
termites, genetically modified E. cloacae tcdA1B1 was cultured in 50 ml LB broth
at 28°C for 16 h without any antibiotics to avoid toxic effects on the termites. The
number of E. cloacae tcdA1B1 cells per ml was determined by serially diluting
the bacterial cultures with LB broth and plating the dilutions on selective LB
agar plates. For oral bioassays, 500-pl portions of bacterial cultures containing
about 5.0 X 10® CFU were applied to petri dishes (100 by 15 mm) containing one
layer of filter paper (diameter, 9 cm; Sanhuan Product, China). Termites (45

APPL. ENVIRON. MICROBIOL.

workers and five soldiers per dish) were placed in the petri dishes and incubated
at 28°C for 29 days so that they could feed on the filter paper inoculated with the
recombinant bacterial culture. Controls were fed filter paper treated with E.
cloacae carrying a transposon without the tcd41BI genes, with E. cloacae lacking
a transposon, or with 500 pl sterile distilled water. Each treatment consisted of
three replicates. The dishes were observed every day, and dead individuals were
removed and saved at 4°C for at most 3 days to determine the presence of the E.
cloacae recombinant in the termite gut when necessary. The percentages of
termite mortality were recorded.

Presence of the E. cloacae recombinant in the termite gut. The dead termites
collected in the insecticidal assays were examined to determine the presence of
the recombinant E. cloacae tcdA1B1 by carefully sterilizing their surfaces with
70% ethanol for 10 min (18) and removing and crushing their whole guts
aseptically in LB agar containing kanamycin (50 wg/ml) and chloromycetin (50
pg/ml). After incubation at 28°C for 24 h, the presence or absence of recombi-
nant bacteria was confirmed first by observing the colony morphology and then
by selecting 10 termite gut bacterial colonies and amplifying the fragments of the
tcdA1BI genes by performing PCR with the P1 primers.

Transfer of the E. cloacae recombinant in a termite colony. We examined
whether when the recombinant E. cloacae tcdA1B1 was used in bait systems, the
bacteria could be transferred from infected termites (donors) to new termites
(recipients). Transfer of the recombinant E. cloacae tcdA1B1 in a termite colony
was determined using the modified method of Husseneder and Grace (18).

To distinguish between donor termites and recipients, the donors were dyed by
feeding them filter paper containing 1% (wt/wt) Sudan Red 7B (6.0 mg stain per
filter; Amresco, United States) for 1 week. It was demonstrated previously that
this dye had no influence on the ingestion, spread, or stability of E. cloacae in
termites (18). Seven hundred worker donors from one colony were fed 500 I of
recombinant bacteria (10° CFU/pl) for 2 days using the method described above
for the insecticidal assays. Ten donors were randomly selected to ensure that they
contained recombinant bacteria before the transfer experiment was begun. The
recipients were maintained under the same conditions as the donors, but they
were fed filter paper treated with 500 wl of sterile distilled water. Two experi-
ments were conducted as follows.

In the first experiment, the transfer of recombinant bacteria between workers
was examined every 2 h for 12 h. Fifty donors were combined with 50 recipients
in a petri dish (100 by 15 mm), and for the first 12 h, guts were extirpated every
2 h from five recipients and the fragment of the rcd41B1 genes was amplified by
PCR with the P1 primers to determine the presence of recombinant bacteria.
Three replicates were used for each treatment.

In the second experiment the transfer of bacteria between workers was exam-
ined daily for 6 days with different donor/recipient ratios (1:1, 1:10, and 1:50).
For each donor/recipient ratio a total of 100 workers were placed on moist filter
paper in petri dishes (100 by 15 mm). The guts of five living recipients and all
dead termites were extirpated daily to determine the percentage of termites
containing recombinant bacteria. The mortality of the donors and recipients was
recorded daily. Three replicates were used for each treatment.

Statistical analysis. Data expressed as percentages were normalized using
arcsine square root transformation and were analyzed using repeated-measures
analysis of variance with the Bonferroni adjusted post hoc pair test, using SPSS
statistical software. If Mauchly’s test of sphericity showed no significant differ-
ence in the repeated-measures data (P > 0.05), normal one-way analysis of
variance was used and the significance of differences between treatments in each
experiment was evaluated by using Duncan’s multiple-range test. The values
were expressed as means * standard deviations. A P value of <0.05 was con-
sidered statistically significant.

RESULTS

Construction and expression of the tcd41B1 genes in E. coli
and E. cloacae. The 14-kb Kpnl and BamHI fragment from the
genomic DNA of P. luminescens TT01 was ligated with a PCR
fragment digested by Xbal and Kpnl from the same genomic
DNA to generate a large fragment containing the tcdA1BI
genes. The lacZ promoter with corresponding Sphl, Notl, and
Xbal sites was added to control this large fragment properly
(Fig. 1). The whole cassette was cloned with suitable restriction
sites into the expression vector pET-32a(+) to create pET-
32a(+)-tcdA1B1 and into the transposon vector pMini-Tn5 to
obtain pMini-Tn5-tcdA1B1.
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FIG. 2. SDS-PAGE analysis (8% gel) of TcdA1B1 proteins (A) and
Western blot analysis of the same samples with TcdA1B1 polyclonal
antisera (B). Lane M1, TaKaRa narrow-range protein molecular mass
standards (44.3 to 200 kDa); lane M2, Hou-Bio prestained SDS-
PAGE standards (2 to 200 kDa); lane 1, E. cloacae cells carrying a
transposon with the tcdA1B1 genes; lane 2, E. cloacae cells carrying
a transposon without the tcdA41B1 genes; lane 3, E. cloacae cells lacking a
transposon; lane 4, P. luminescens TTO01 cells; lane 5, recombinant
TcdA1BI proteins extracted from an E. coli BL21(DE3)/pET-32a(+)-
tcdA1B1 culture induced with IPTG; lane 6, E. coli BL21(DE3)/pET-
32a(+)-tcdA1B1 culture induced with IPTG.

pET-32a(+)-tcdA1B1 was transformed into E. coli strain
BL21(DE3), and intracellular proteins in recombinant
BL21(DE3) cells induced with IPTG overnight were separated
by 8% SDS-PAGE. Two prominent bands at about 280 and
160 kDa were detected for the induced recombinant bacterial
cells but not for the control cells (E. coli strain DE3) trans-
formed with pET-32a(+) without an insert (data not shown).

By using conjugation, the pMini-Tn5-tcdA1B1 construct in
E. coli strain S17-1(Apir) (chromosomal DNA with the tra
gene) was integrated into the chromosomal DNA of E. cloacae,
which does not contain the pir gene. Plasmid isolation and
PCR identification confirmed the absence of foreign plasmids
in the recombinant E. cloacae tcdA1B1. Southern blot analysis
of the genomic DNA of the target bacteria with the tcdA1B1
insertion, probed with the fragment of the tcd41B1 genes,
revealed only one hybridization band, which suggested that
there was a single insertion pattern for tcdA1BI in the chro-
mosome of E. cloacae (data not shown). The protein expres-
sion in cultures of the recombinant E. cloacae tcdA1B1 was
confirmed by 8% SDS-PAGE (Fig. 2). Two prominent bands
at about 280 and 160 kDa were obtained for the recombinant
bacterial cells, and they were the same sizes as the TcdA1B1
bands obtained for P. luminescens TTO1 cells (Fig. 2) but not
for the control cells (E. cloacae carrying a transposon without
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the fcdA1B1 insertion and the wild-type strain of E. cloacae).
The sizes of the expressed protein bands are also in accordance
with the calculated protein sizes.

Immunological analysis. Using the method described in the
pET system manual, target proteins were detected in the in-
soluble cytoplasmic fraction of the cells but not in the medium
fraction, the periplasmic fraction, or the soluble cytoplasmic
fraction. Recombinant TcdA1B1 proteins were purified by re-
peated centrifugation and washing using the BugBuster re-
agent. These proteins were used to produce the polyclonal
antisera. The extracted intracellular proteins of P. luminescens
TTO01 were used as the antigen for ELISA. After four immu-
nizations, the OD,5, for sera in ELISA reactions clearly in-
creased. Bleeding was performed after the rabbits were inoc-
ulated six times, and the titers of the TcdA1B1 antisera
reached stable high levels as determined by ELISA.

Polyclonal antisera raised against extracted proteins that
included TcdA1B1 from pET-32a(+)-tcdA1B1 were used to
analyze the immunological cross-reactivity of the expressed
TcdA1BI1 proteins. Western blot analysis of the cell lysates of
E. cloacae tcdA1B1 and P. luminescens TT01 probed with
TcdA1B1 antisera showed that there were strong reactions
with the target proteins (Fig. 2).

Stability of the inserted genes in E. cloacae. The E. cloacae
recombinant was subcultured 10 times without selective anti-
biotic pressure. SDS-PAGE and Western blotting confirmed
that the inserted genes were present and expressed (data not
shown).

Insecticidal activity of recombinant E. cloacae against ter-
mites. After termites were fed the recombinant bacteria, the
mortality was less than 3.3% at day 5, and it increased from
8.7% at day 9 to 93.3% at day 29. However, the average termite
mortality for the three controls during the test period was less
than 10.7% (Fig. 3). The repeated-measures analysis of vari-
ance revealed that there was a significant main effect of time (F =
91.87, P < 0.01), a significant main effect of bacterial treatment
(F = 85.44, P < 0.01), and a significant bacterial treatment-
time interaction (F = 31.51, P < 0.01). There was a significant
difference in the mortalities of the termites treated with re-
combinant bacteria over time, but there was not a significant
effect on the control termite mortalities. To examine the effect
of the recombinant bacteria on termite mortality, the mortality
data for the treated termites and controls obtained for each

17 21 25 29
Days after treatment

FIG. 3. Insecticidal activities of E. cloacae harboring the tcdA1B1 genes against the Formosan subterranean termite. Termites were exposed to
the bacterial cultures for 29 days. A, E. cloacae harboring tcdA1BI genes; B, E. cloacae harboring a transposon without any inserted genes; C, E.
cloacae wild-type strain; D, double-distilled water control. The data are averages for three replicates. The error bars indicate standard deviations.
Post hoc ¢ tests were performed for each day. For each day bars labeled with different letters are significantly different (P < 0.05).
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FIG. 4. Transfer of the recombinant E. cloacae strain between
workers in the first 12 h: percentages of the recipients containing
recombinant E. cloacae after they were combined with donors. The
data are the averages for three replicates. The error bars indicate
standard deviations. Bars labeled with different letters are significantly
different (P < 0.05).

time interval were analyzed. The results showed that there
were no significant differences in mortality between the treated
termites and the controls on day 5; however, the levels of
mortality of the termites challenged with the recombinant bac-
teria were significantly higher than the levels of mortality of the
controls starting at day 9, and the level of mortality reached
93.3% at day 29 (Fig. 3). We therefore concluded that the
heterologous expression of the cloned tcdAIB1 genes in the
recombinant E. cloacae strain resulted in production of recom-
binant toxins with insecticidal activity against termites.

Presence of the recombinant E. cloacae in the termite gut.
Termite workers ingested the recombinant bacteria rapidly.
Colony morphology and PCR were used to confirm that 100%
of the collected dead termite workers contained the recombi-
nant bacteria. The results demonstrated that the recombinant
bacteria were ingested by termite workers and present in all
dead termite workers.

Transfer of recombinant E. cloacae in a termite colony. The
results of the first transfer experiment showed that in the first
12 h after donors and recipients (50:50) were combined, the
rate of transfer of recombinant E. cloacae between workers
increased. As soon as 2 h after the donors and recipients were
combined, an average of 20% of the recipients contained E.
cloacae in their guts. After 12 h, the percentage of recipients
containing introduced E. cloacae was 73.3% (Fig. 4). This
indicated that the donors transferred the recombinant bacteria
to the recipients in a short time, at least under laboratory
conditions.

In the second transfer experiment bacterial transfer between
workers was measured using three donor/recipient ratios (1:1,
1:10, and 1:50). All of the donors contained recombinant bac-
teria in their guts after feeding on the recombinant bacteria.
When ratios of 1:1 and 1:10 were used, the donors passed the
bacteria to 66.7 and 46.7% (averages) of the recipients, respec-
tively, on the first day and to 90 to 100% of the recipients after
6 days. There were no significant differences in the transfer
rates for the 1:1 and 1:10 donor/recipient ratios after 6 days.
However, when the 1:50 ratio was used, no recombinant bac-
teria were detected in the recipients on the first day, and on the
second day donors passed the bacteria to 5.8% of the recipi-
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FIG. 5. Transfer of recombinant E. cloacae among workers with
different donor/recipient ratios (1:1, 1:10, and 1:50): percentages of
recipients containing recombinant E. cloacae. The data are the aver-
ages for three replicates. The error bars indicate standard deviations.
Mauchly’s test of sphericity showed that there were no significant
differences in the repeated-measures data (P > 0.05), so a normal
one-way analysis of variance was used. Bars labeled with different
letters are significantly different (P < 0.05).

ents. The average proportion of the recipients with recombi-
nant bacteria was 20% after 6 days when the 1:50 ratio was
used. Although the transfer rate with the 1:50 ratio was low, a
ratio of 1 donor to 50 recipients could still spread recombinant
bacteria throughout the laboratory colony (Fig. 5).

In the second experiment, after 6 days the maximum levels
of termite mortality were 8% for the donors and 3.3% for the
recipients when the ratio was 1:1, 10% for the donors and 2.2%
for the recipients when the ratio was 1:10, and 16.7% for the
donors and 1.3% for the recipients when the ratio was 1:50.
Based on these results, it seemed that most of infected termites
were not killed in 6 days, although the donors could spread the
bacteria to the recipients quickly. All the dead termites con-
tained recombinant bacteria in their guts.

DISCUSSION

The environmental concerns associated with the use of
highly toxic chemical termiticides are forcing the pesticide in-
dustry to search for less toxic termite management methods. A
biological method is one of the best alternatives (7, 33). To the
best of our knowledge, this is the first report showing that
insecticidal toxin genes from the symbiotic Photorhabdus bac-
teria of entomopathogenic nematodes were integrated into the
chromosomal DNA of E. cloacae by a transposon method, and
the transgenic E. cloacae showed very promising potential for
biological control of the Formosan subterranean termite (C.
formosanus). The success of the present method provides a
useful alternative for sustainable control of termites and other
social insects, such as the imported red fire ant (Solenopsis
invicta).

E. cloacae was chosen as a shuttle bacterium for termites
because it has been isolated from various insect species and has
been shown to grown and be maintained in the guts of these
insects, including termites (1, 18, 34). Although foreign genes
can be efficiently expressed in E. coli, this bacterium survived
less than 1 week in the termite gut (17). Bacteria derived from
the indigenous gut flora of termites do not trigger defensive or
immune responses and adapt well to the physiological and
biochemical conditions and selective pressures in the termite
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gut (18). E. cloacae was transformed previously with an ice
nucleation gene to successfully reduce the cold hardiness of the
mulberry pyralid moth (Glyphodes pyloalis) (38, 45).

Photorhabdus bacteria belonging to the Enterobacteriaceae
are symbionts of entomopathogenic Heterorhabditis nema-
todes. These nematodes are used as a commercial bioinsecti-
cide for many economically important insect pests (11, 13).
The symbiotic bacteria exhibit insecticidal activities against
different insects (3, 4, 6, 12, 25). Several insecticidal toxins
from Photorhabdus bacteria are involved, especially toxin com-
plex (Tc) proteins (3, 39). The direct use of Photorhabdus
bacteria as a biopesticide is severely limited, but the insecti-
cidal Tc proteins expressed in E. coli and in transgenic plants
(24) have exhibited oral insecticidal activity against Costelytra
zealandica (16), Pieris brassicae, Plutella xylostella, Phaedon co-
chleariae (25), Manduca sexta (24, 39), and Galleria mellonella
(19). Heterologous expression of multiple P. luminescens Tc
proteins and of Tc homologues suggests that three components
are required to achieve full toxicity: a fcdA-like component, a
tcdB-like component, and a tccC-like component (16, 31, 39,
40). However, Pinheiro and Ellar reported that the expression
conditions are crucial for observing toxicity (29). In this study,
we showed that coexpression of P. luminescens tcdA1 and tcdB1
in E. cloacae is toxic to the subterranean termite C. formosanus
when the transgenic bacteria are ingested by the termites and
that insecticidal proteins from symbionts of entomopathogenic
nematodes are ideal toxic gene products for use against ter-
mites.

Rapid ingestion and stable persistence of transgenic bacteria
through feeding, as demonstrated not only with subterranean
termites (18) but also with other solitary insect species (5, 8,
28), promote the application of transgenic bacteria for control
of termite colonies. Although about 73% of the living termite
workers had the challenge recombinant bacteria in their guts
after 12 h, they were not killed quickly. As shown in Fig. 3, less
than 10% of the workers were dead after 9 days, which pro-
vided the opportunity to spread the introduced bacteria in the
termite colony by social interactions. The transgenic E. cloacae
cells were transferred from donors to recipients quickly and
efficiently. By using a bait system, it is possible to spread for-
eign genes throughout a termite field colony for termite con-
trol. In the laboratory, even with 1 donor per 50 recipients,
spread of the recombinant bacteria to at least 20% of the
recipients occurred in 6 days. As indicated by Husseneder and
Grace (18), the key to the rapid spread of bacteria to a large
number of termite individuals probably depends on the multi-
plicative effect of interactions of recipients that become sec-
ondary donors. However, a reasonable ratio of treated donors
to recipients for efficient control of a termite colony in the field
is still not known.

For future release of genetically modified bacteria for field
application, it is imperative to gather detailed data on the
potential environmental impact of the organisms, including the
persistence of the transgenic bacteria in the soil and possible
gene transfer between bacterial strains. We are currently con-
ducting research to collect detailed data. Based on the present
information, it seems that the recombinant E. cloacae bacteria
with Tc genes are safe in the environment. First, it has been
reported that a transformed E. cloacae strain did not accumu-
late over time in soil and that the GFP plasmid in the trans-
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formed bacteria was not transferred to other soil bacteria (18).
In this study, although the pMini-Tn5 expression vector exhib-
its broad-host-range conjugal mobilization, it is not transpos-
able when it integrates into the chromosomal DNA of a host
bacterium due to the lack of the mp gene in the chromosome
(15, 45). Thus, it is believed that the TnS5 transposon in the
transgenic E. cloacae strain would also not be transmitted to
soil bacteria. Second, the insecticidal genes used here, which
were isolated from symbionts of entomopathogenic nematodes
and were used in a transgenic plant, are considered promising
alternatives to Bacillus thuringiensis genes for management of
resistance in a variety of crops (24). Third, the risk of intro-
ducing transgenic bacteria into the environment where ter-
mites live can be greatly reduced by formulation of proper
baits, such as baits which attract the termites but not other
insects. Nevertheless, more detailed information is required to
evaluate the environmental risk of the genetically modified
bacteria for field application.
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