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The cry19A operon of Bacillus thuringiensis subsp. jegathesan encodes two proteins, mosquitocidal Cry19A (ORF1; 75 kDa) and
an ORF2 (60 kDa) of unknown function. Expression of the cry19A operon in an acrystalliferous strain of B. thuringiensis (4Q7)
yielded one small crystal per cell, whereas no crystals were produced when cry19A or orf2 was expressed alone. To determine the
function of the ORF2 protein, different combinations of Cry19A, ORF2, and the N- or C-terminal half of Cry1C were synthesized
in strain 4Q7. Stable crystalline inclusions of these fusion proteins similar in shape to those in the strain harboring the wild-type
operon were observed in sporulating cells. Comparative analysis showed that ORF2 shares considerable amino acid sequence
identity with the C-terminal region of large Cry proteins. Together, these results suggest that ORF2 assists in synthesis and crys-
tallization of Cry19A by functioning like the C-terminal domain characteristic of Cry protein in the 130-kDa mass range. In ad-
dition, to determine whether overexpression of the cry19A operon stabilized its shape and increased Cry19A yield, it was ex-
pressed under the control of the strong chimeric cyt1A-p/STAB-SD promoter. Interestingly, in contrast to the expression seen
with the native promoter, overexpression of the operon yielded uniform bipyramidal crystals that were 4-fold larger on average
than the wild-type crystal. In bioassays using the 4th instar larvae of Culex quinquefasciatus, the strain producing the larger
Cry19A crystal showed moderate larvicidal activity that was 4-fold (95% lethal concentration [LC95] � 1.9 �g/ml) more toxic
than the activity produced in the strain harboring the wild-type operon (LC95 � 8.2 �g/ml).

Amajor principle of resistance management for insecticidal
proteins is the use of combinations of different proteins, es-

pecially proteins that do not share the same midgut receptors (5,
21). In this regard, endotoxins of the mosquitocidal B. thuringien-
sis subsp. jegathesan bacterium isolated in Malaysia (22) are of
interest. This subspecies produces a parasporal body containing
eight proteins (2, 17, 22, 25), and preliminary studies of one,
Cry19Aa, a 75-kDa protein, have shown that it exhibits no cross-
resistance to any of the Cry proteins (Cry4Aa, Cry4Ba, Cry11Aa)
of B. thuringiensis subsp. israelensis, the most effective biopesticide
used to control mosquito and blackfly larvae (1, 4, 7, 16, 24, 26).
The gene encoding Cry19A has been cloned and sequenced and
shown to occur as the first gene of an apparent two-gene operon
that includes orf2 (19). However, little is known about the molec-
ular genetics of Cry19A synthesis and, specifically, about the role
that ORF2 (60 kDa) plays in the synthesis and crystallization of
Cry19A. In an initial study of the cry19A operon, Rosso and Delé-
cluse (19) found that net synthesis of Cry19A was greater in the
presence of intact orf2 rather than when synthesized with a trun-
cated version of the latter and, furthermore, that inclusions con-
taining both Cry19A and ORF2 were more toxic than inclusions
containing Cry19A alone. Regarding its function, Rosso and Delé-
cluse (19) suggested that the orf2 sequence has a stabilizing effect
on the cry19A transcript, although it was considered more likely
that the coded 60-kDa protein functioned as a molecular chaper-
one, increasing net crystal synthesis, as Cry19A degraded rapidly
when cosynthesized with the truncated ORF2 protein (19).

To further investigate ORF2’s role in Cry19A synthesis and to
enhance cocrystallization for potential applied use, we studied the

effects of expressing cry19A alone or together with orf2 by using its
native promoter or cyt1A promoters combined with the STAB-SD
sequence (cyt1A-p/STAB-SD) (12). The chimeric cyt1A-p/
STAB-SD expression system has been shown to significantly im-
prove synthesis of several Cry proteins and Bin (10, 12–14), mak-
ing it useful for the study of the role of ORF2 at both basic and
applied levels. Here we demonstrate that by using differential ex-
pression systems, ORF2, coded in cis or trans with cry19A, en-
hances net synthesis and crystallization of Cry19A by functioning
as the C-terminal crystallization domain, a function characteristic
of the C-terminal domain of large (130- to 135-kDa) Cry proteins.
Overexpression of the operon increased the yield of Cry19A 4-fold
and, interestingly, stabilized the bipyramidal topology of the crys-
talline inclusion. Because ORF2 cocrystallizes with Cry19A in an
apparent equimolar ratio, as determined by acrylamide gel pro-
tein profiling, it is unlikely that ORF2 is a bona fide molecular
chaperone or that its coding sequence is an mRNA stabilizer, as
suggested previously (19).
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MATERIALS AND METHODS
Bacterial strains and plasmids. The acrystalliferous strains of B. thurin-
giensis used in this study were B. thuringiensis subsp. israelensis 4Q7 (Ba-
cillus Genetic Stock Center, Columbus, OH) and B. thuringiensis subsp.
thuringiensis SPL407, which contains pJEG65.5 harboring the cry19A
operon in pHT315 (A. Delécluse, Institut Pasteur, Paris, France [19]).
Cloned genes and recombinant plasmid constructs were amplified in
Escherichia coli DH5� [supE44, �lacU169 (F80lacZ�M15) hsdR17 recA1
endA1 gyrA96 thi-1 relA1]. The shuttle vectors used to transform and
express the different constructs were pPG (which contained a chloram-
phenicol resistance gene marker), pHT315, and pSTAB, a pHT3101-
derived vector containing the 660-bp cyt1A-p/STAB-SD strong chimeric
promoter (9, 14).

Construction of recombinant plasmids. A series of recombinant
plasmids were constructed for two different purposes.

(i) Analysis of the cry19A operon. To determine the function of ORF2
encoded by the second gene in the cry19A operon, pJEG65.5 in B. thurin-
giensis subsp. thuringiensis SPL407 was isolated using a Qiagen plasmid
midi kit (Qiagen, Valencia, CA). DNA fragments containing cry19A and
orf2 were obtained using PCR, with pJEG65.5 as the template. Because the
3= transcriptional termination sequence of the cry19A operon in pJEG65.5
was not available (19), this 1-kb region was sequenced using the M13
primers at the Core Instrument Facility, Institute for Integrative Genome
Biology, University of California, Riverside, and additional primers to
complete the sequence were designed based on this sequence. PCR was
performed with the high-fidelity Phire Hot Start DNA Polymerase system
(New England BioLabs, Ipswich, MA) in a ThermoHybaid PX2 thermo-
cycler (Thermo Scientific, Rockford, IL) for 30 cycles. Conditions were as
follows: 98°C for 30 s, 60°C for 30 s, and 72°C for 1 min and then a 2-min
termination at 72°C.

The primers used to amplify different regions of the cry19A operon are
listed in Table 1, and the plasmids constructed using the PCR products are
illustrated in Fig. 1A. The primers OPN-F (containing an additional PstI
site for cloning) and OPN-19R were used to amplify the 171-bp putative
promoter region of the cry19Aa1 operon. The 4,616-bp DNA fragment
containing inactive cry19A was knocked out by modifying the start codon,
and orf2 was amplified using primers OPN-19F and OPN-R, which con-
tained an additional BamHI site for cloning. To construct the plasmid
(pHT�19ORF2) harboring the cry19A operon with cry19A lacking the
native translation start codon, the 171-bp and 4,616-bp fragments were
treated with T4 polynucleotide kinase (New England BioLabs, Beverly,
MA), digested with PstI and BamHI, respectively, and ligated into
pHT315. Similarly, the 2,260-bp putative promoter region plus the cry19A
fragment that was amplified using the OPN-F and OPN-ORF2R primers
and the 2,527-bp orf2 gene that was knocked out by modifying the orf2
start codon were amplified using primers OPN-ORF2F and OPN-R. Both

FIG 1 ORF2 is required for crystallization of Cry19A. (A) Schematic illustra-
tion of the different constructs containing cry19A or orf2 or both. The trans-
lation start codons of cry19A and orf2 were modified in pHT�19ORF2 and
pHT19�ORF2, respectively. In all constructs, expression was under the con-
trol of the wild-type promoter. (B) Phase-contrast micrographs of recombi-
nant B. thuringiensis 4Q7 strains containing the plasmids illustrated in panel A.
Panel 1, 4Q7/pJEG65.5; panel 2, 4Q7/pHT�19ORF2; panel 3, 4Q7/
pHT19�ORF2; panel 4, 4Q7/pPG19; panel 5, 4Q7/pHTORF2; panel 6, 4Q7/
pPG19�pHTORF2. Arrows indicate crystals. (C) SDS-PAGE analysis of the
recombinant B. thuringiensis 4Q7 strains containing cry19A or orf2 or both. M,
molecular mass marker; lane 1, 4Q7/pJEG65.5; lane 2, 4Q7/pHT�19ORF2;
lane 3, 4Q7/pHT19�ORF2; lane 4, 4Q7/pPG19; lane 5, 4Q7/pHTORF2; lane 6,
4Q7/pPG19�pHTORF2. Cry19A is indicated by an arrow.

TABLE 1 Primers used for PCR amplification of cry19A and orf2
sequences

Primer Sequencea

19A-R 5=-CGGGATCCATTCACAACCTTTTTTC
TTATTTT-3=

OPN-19F 5=-AAGAAACATTATTATGGGAATAGG-3=
OPN-19R 5=-CGTTCCTCCCTTATTCCCATCATT-3=
OPN-F 5=-AACTGCAGGCATGCAACAGAACCCT

AAAAAAT-3=
OPN-ORF2F 5=-TTTAAACTTACAAGTGGTGCGAAA-3=
OPN-ORF2R 5=-ATTCACAACCTTTTTTCTTATTTT-3=
OPN-R 5=-CGGGATCCATGCATAGATTCGTAAT

AGTATCT-3=
ORF2-F 5=-TTTATGCTTACAAGTGGTGCGAAA-3=
a Restriction endonuclease cleavage sites for BamHI and PstI are underlined; intact and
mutated ATG codons are shown in boldface and shaded, respectively.
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PCR fragments were treated with T4 polynucleotide kinase (New England
BioLabs, Beverly, MA), digested with PstI and BamHI, respectively, and
ligated into pHT315 to generate pHT19�ORF2, a plasmid harboring the
entire cry19A operon with the mutated translation start codon in orf2. In
addition, the 2,260-bp putative promoter region plus the cry19A fragment
was amplified using the OPN-F and 19A-R primers in order to include
additional PstI and BamHI sites for cloning into pPG to generate pPG19.
Lastly, the 2,527-bp orf2 fragment was amplified using the ORF2-F and
OPN-R primers, and the amplicon was treated with T4 polynucleotide
kinase, digested with BamHI, and ligated into pHT315 with the PstI-
digested 171-bp putative promoter region described above to generate
pHTORF2. All PCR products were purified using a QIAquick gel extrac-
tion kit (Qiagen, Valencia, CA), and recombinant plasmids were trans-
formed in E. coli DH5�. The sequence integrity of all plasmid constructs
was confirmed by restriction enzyme digestion and sequencing analysis.

(ii) Improvement of Cry19A synthesis, crystal topology, and deter-
mination of ORF2 function. DNA fragments containing cry19A and
cry19A-orf2 were obtained by PCR with substrate pJEG65.5 from B. thu-
ringiensis subsp. thuringiensis SPL407. PCR was performed with an Ex-
pand Long Template PCR system (Roche Diagnostics GmbH, Germany)
and a GeneAmp 2400 PCR system thermocycler (Perkin Elmer, Boston,
MA) for 30 cycles. Conditions were as follows: 94°C for 1 min, 55°C for 1
min, 68°C for 4 min, and then 7 min of termination at 68°C. The forward
primer, 19A-1, contained a putative ribosome binding site and an addi-
tional SalI site for cloning the PCR product into pSTAB. The reverse
primers were 19A-2 (to amplify cry19A) and 19A-3 (to amplify the cry19A
operon) (Table 2). Both reverse primers contained an additional PstI site.
PCR products containing cry19A (Fig. 2A, panel a) or the cry19A operon
(Fig. 2A, panel b) and pSTAB were purified using a QIAquick gel extrac-
tion kit (Qiagen GmbH, Germany), cut with PstI and SalI, ligated, and
transformed in E. coli.

To determine the ORF2 function, plasmids containing the following
elements were constructed as follows: cry19A plus orf2 without the inter-
genic spacer (Fig. 3A, panel a); cry19A without the intergenic spacer but
with the region coding for the C terminus of Cry1C (Fig. 3A, panel b); the
region that codes for the Cry1C N terminus plus orf2 with the intergenic
spacer that occurs in the cry19A wild-type operon (Fig. 3A, panel c); and
the region that codes for the Cry1C N terminus plus orf2 without the
spacer (Fig. 3A, panel d). Nucleotide sequences of cry1C corresponding to
the N- and C-terminal halves were described previously (13). The primers
used for amplification and the different constructs are shown in Table 2
and Fig. 2. DNA fragments were amplified by PCR with Vent DNA poly-
merase (New England BioLabs, Beverly, MA) for 30 cycles as follows: 94°C
for 1 min, 55°C for 1 min, and 72°C for 3 min. For amplifying cry1C,
pPFT1C (13) was used as the template. PCR products were purified as
described above, treated with T4 polynucleotide kinase (New England
BioLabs, Beverly, MA), digested with different restriction enzymes, and

TABLE 2 Primers used for amplification of different constructs of
cry19A, orf2, and cry1C

Primer Sequencea

1C-1 5=-GCGGTGAATGCCCTGTTTAC-3=
1C-2 5=-ACATGCATGCCCCCTTAGATAGATATCATAG-3=
1C-3 5=-TCACTTTTGTGCTC TTTCTAAATCAGA-3=
1C-4 5=-CTTTTGTGCTC TTTCTAAATCAGA-3=
19A-1 5=-ACGCGTCGACGAATAAGGGAGGAACGAAGA-3=
19A-2 5=-AACTGCAGAATGTTTCCTGTGATCTTTC-3=
19A-3 5=-AACTGCAGATTCTATTCTTTTTCAAACT-3=
19A-4 5=-GTTAGTTGGGAGGAATTCGA-3=
DS-1 5=-GGAATTCTATTTTCGATTTC-3=
ORF2-1 5=-TACCATTCACAGGAAATATG-3=
ORF2-2 5=-ATGCTTACAAGTGGTGCGAAAAATATGTTA-3=
a The ribosome binding site and artificial stop codon (bold type) and the SphI, SalI,
PstI, and EcoRI sites used for cloning (underlined) are shown.

FIG 2 Overexpression of cry19A operon increases yield and stabilizes bipyra-
midal morphology of Cry19A crystalline inclusions. (A) Schematic illustration
of the constructs used to synthesize Cry19A and test the function of the 60-kDa
ORF2 protein. In all constructs, synthesis was under the control of the cyt1A-
p/STAB-SD sequence. Panel a, pSTAB-19A used to synthesize Cry19A alone;
panel b, pSTAB-19Aopn used to synthesize Cry19A and the 60-kDa protein
together. Strains that contained or lacked crystals are indicated as (�) or (�),
respectively. (B) Phase-contrast micrographs of the recombinant B. thurin-
giensis 4Q7 strains containing the plasmids illustrated in panel A. Arrows in-
dicate crystals. Panel a, pSTAB-19A used to synthesize Cry19A alone; panel b,
pSTAB-19Aopn used to synthesize Cry19A and the 60-kDa protein together.
(C) Scanning electron micrographs of purified Cry19A inclusions. Panel a,
inclusions produced using the wild-type cry19A operon (pJEG65.5) in B. thu-
ringiensis strain 4Q7; panel b, inclusions produced by expressing the cry19A
operon under the control of cyt1A-p/STAB-SD (pSTAB-19Aopn) in the acrys-
talliferous 4Q7 strain of B. thuringiensis. (D) Analysis of synthesis of Cry19A
and the 60-kDa ORF2 protein by different cry19A constructs by the use of
SDS-PAGE. Panel a, analysis of proteins synthesized per unit medium. Lane 1,
Cry19A produced using the wild-type cry19A operon (pJEG65.5) in B. thurin-
giensis 4Q7; lane 2, Cry19A produced using the cry19A operon under the con-
trol of cyt1A-p/STAB-SD (pSTAB-19Aopn) in B. thuringiensis 4Q7; lane 3,
Cry19A produced by cyt1A-p/STAB-SD in B. thuringiensis 4Q7 in the absence
of the ORF2 60-kDa protein (pSTAB-19A). All lanes contained equal amounts
of sporulated cell lysate. Panel b, analysis of purified Cry19A crystals. After
purification, crystals were dissolved in 0.05 M Na2C03 (pH 10.5), and equal
amounts of protein were analyzed by SDS-PAGE. Lane M, molecular mass
markers; lane 1, Cry19A produced using the wild-type cry19A operon
(pJEG65.5) in B. thuringiensis 4Q7; lane 2, Cry19A synthesized using the
cry19A operon under the control of cyt1A-p/STAB-SD (pSTAB-19Aopn) in B.
thuringiensis 4Q7.
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ligated with pSTAB as described previously (11). The sequence integrity of
all plasmid constructs was confirmed by restriction enzyme digestion and
nucleotide sequencing.

Transformation of B. thuringiensis. Competent cells for transforma-
tion were prepared as described by Park et al. (16). A cell suspension (300
�l) was mixed with 5 �g of the plasmid construct and held on ice for 10
min. Electroporation was performed with a 0.2-cm electroporation cu-
vette (VWR, Bristol, CT) in a BTX ECM630 pulser apparatus set at 2.3 kV,
475 �, and 25 �F. After the pulse, the electroporated mixture was added
to 3 ml of brain heart infusion (BHI) (Beckton, Dickinson and Company,
Sparks, MD) and incubated with gentle shaking (60 rpm) for 1 h at 37°C.
Transformants were selected on BHI supplemented with 25 �g of eryth-
romycin and/or 5 �g of chloramphenicol.

Protein analysis. Bacterial cultures were harvested after 3 days of
growth in GYS (14) or NBG (14) medium with shaking at 250 rpm at
30°C. The pellets were resuspended in 5 ml of double-distilled water and
sonicated three times for 60 s using a model 4710 ultrasonic homogenizer
(Cole-Palmer Instrument Co., Chicago, IL). After centrifugation, the pel-
let was washed with double-distilled water and 0.5 M NaCl, resuspended
in 150 �l of 5� Laemmli sample buffer (8), and boiled for 5 min. Replicate
aliquots of 10 �l of samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in a 10% gel as described
by Laemmli (8). Protein mass was estimated by comparison with the
protein size marker (Bio-Rad, Hercules, CA). For crystal purification, 5
ml of sonicated samples was loaded on a discontinuous sucrose gradient
(67%, 72%, and 79% [wt/vol]) and then centrifuged at 18,000 � g for 80

min at 4°C using a Beckman L7-55 ultracentrifuge (11). Bands containing
inclusions were collected and dialyzed in double-distilled water overnight
at 4°C. Protein concentration was determined by the Bradford method
(13).

Amino acid sequence alignments. Homology searches with ORF2
(GenBank accession number Y07603) were performed using the Basic
Local Alignment Search Tool (BLAST) (BLASTP version 2.2.2; http:
//www.ncbi.nlm.nih.gov/). ORF2 and Cry protein sequences that showed
the highest level of identity were then aligned using Vector NTI software
(Carlsbad, CA).

Microscopy. Sporulating cultures were monitored with a Zeiss Pho-
tomicroscope III instrument. For scanning electron microscopy, crystals
were separated from spores by sucrose density gradient centrifugation as
described above, washed three times with double-distilled water, and di-
alyzed in double-distilled water (13, 14). Crystals in aqueous suspensions
were placed on stubs, examined, and photographed using a Phillips XL30
scanning electron microscope.

Bioassays. Lyophilized cultures containing spores and crystals were
suspended in double-distilled water. Suspensions were diluted to 6 or 7
different concentrations in 6-oz cups in a final volume of 100 ml. Bioas-
says were replicated three times using 30 4th instars of Culex quinquefas-
ciatus (S-Lab strain; courtesy of M. C. Wirth, Department of Entomology,
University of California, Riverside, CA) per concentration. After 48 h of
exposure at 28°C, dead larvae were counted and the median (50%) lethal
concentration (LC50) and LC95 were calculated by Probit analysis (POLO-
PC; LeOra Software, Berkeley, CA).

FIG 3 Functional analysis of ORF2. (A) Schematic illustration of the different constructs used to synthesize Cry19A and test the function of the 60-kDa ORF2
protein. In all constructs, expression was under the control of the cyt1A-p/STAB-SD sequence. Strains that contained or lacked crystals are indicated by (�) or
(�), respectively. Panel a, pSTAB-19A:ORF2 used to synthesize a chimeric Cry19A:ORF2 protein. For this construct, the cry19A stop codon and intergenic spacer
sequence were removed. Panel b, pSTAB-19A:1Cc used to determine whether the C-terminal half of Cry1C could be used to assist crystallization of Cry19A. For
this construct, the cry19A stop codon and intergenic spacer sequence were removed and ligated with the region coding for the C-terminal half of Cry1C. Panel
c, pSTAB-1Cn�ORF2 operon used to synthesize N-terminal half of Cry1C and ORF2 together; this construct contained the coding region of the N-terminal half
of Cry1C with an artificial stop codon and orf2 that included the intergenic spacer naturally present in the cry19A operon. Panel d, pSTAB-1Cn:ORF2 used to
synthesize a chimeric N-terminal half of Cry1C:ORF2. (B) Phase-contrast micrographs of the recombinant B. thuringiensis 4Q7 strains containing the plasmids
illustrated in panel A. Arrows indicate crystals. Panel a, 4Q7/pSTAB-19A:ORF2; panel b, 4Q7/pSTAB-19A:1Cc; panel c, 4Q7/pSTAB-1Cn�ORF2; panel d,
pSTAB-1Cn:ORF2. (C) SDS-PAGE analysis of spore-crystal mixtures of B. thuringiensis strains grown in NBG medium. Lane M, molecular mass markers; lane
1, B. thuringiensis 4Q7 transformed with pSTAB-19A:ORF2; lane 2, B. thuringiensis 4Q7 transformed with pSTAB-19A:1Cc; lane 3, B. thuringiensis 4Q7
transformed with the pSTAB-1Cn�ORF2 operon that included the intergenic spacer naturally present in the cry19A operon; lane 4, B. thuringiensis 4Q7
transformed with pSTAB-1Cn:ORF2 without the intergenic spacer; lane 5, B. thuringiensis 4Q7 transformed with pSTAB. Arrows indicate the chimeric proteins
produced. (D) SDS-PAGE analysis of purified crystals. Lane M, molecular mass markers; lane 1, B. thuringiensis 4Q7 transformed with pSTAB-19A:ORF2; lane
2, B. thuringiensis 4Q7 transformed with pSTAB-19A:1Cc.
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RESULTS
ORF2 is required for crystallization of Cry19A. When sporulated
cells were examined by phase-contrast microscopy, crystalline in-
clusions were produced only when both cry19A and orf2 were
present in the constructs, whether in cis or trans (Fig. 1A). More
specifically, sporulated cells (�99%) of B. thuringiensis 4Q7 con-
taining the entire native cry19A operon (4Q7/pJEG65.5) pro-
duced spherical to oval crystals as large as the accompanying
spores (Fig. 1B, panel 1), whereas B. thuringiensis 4Q7 strains
containing the entire operon with point mutations in the transla-
tion codon of cry19A or orf2 (4Q7/pHT�19ORF2 or 4Q7/
pHT19�ORF2, respectively) or the intact cry19A or orf2 alone
(4Q7/pPG19 or 4Q7/pHTORF2, respectively) did not produce
visible inclusions during sporulation (Fig. 1B, panels 2 to 5). In
contrast, when plasmids containing cry19A (pPG19) and orf2
(pHTORF2) were introduced separately in different expression
vectors yielding the recombinant strain 4Q7/pPG19�pHTORF2,
inclusions were observed that were similar in morphology and size
to those produced in strain 4Q7 harboring the wild-type operon
(pJEG65.5) (Fig. 1B, panel 6).

To determine whether a detectable level of insoluble Cry19A
accumulated in recombinants lacking visible inclusions, as deter-
mined by microscopy, equal amounts of GYS culture medium
containing the different strains were analyzed by SDS-PAGE (Fig.
1C). The protein profile of the 4Q7/pJEG65.5 control strain
showed that it produced the highest level of Cry19A (Fig. 1C,
lane 1), which was consistent with phase-contrast microscopy
showing larger crystalline inclusions in this strain. Strain 4Q7/
pPG19�pHTORF2, which produced a smaller Cry19A crystal
than 4Q7/pJEG65.5, also showed the presence of Cry19A, and the
relative unit yield per volume was significantly less than that of
4Q7/pJEG65.5 (Fig. 1C, lane 6). The protein profiles of the acrys-
talliferous recombinant strains, i.e., 4Q7/pHT�19ORF2, 4Q7/
pHT19�ORF2, 4Q7/pPG19, and 4Q7/pHTORF2, lacked a dis-
tinct band corresponding to Cry19A (Fig. 1C, lanes 2 to 5).

Overexpression of the cry19A operon stabilizes the bipyra-
midal morphology of Cry19A crystalline inclusions. Micros-
copy of replicate cultures of 4Q7/pJEG65 suggested that pleomor-
phic crystals (spherical, cuboidal, and bipyramidal) were
synthesized during sporulation. To determine whether Cry19A
crystals of uniform size and shape could result from overexpres-
sion of the operon, the cry19A (pSTAB-19A) or cry19A and orf2
(pSTAB-19Aopn) coding sequences were expressed using the
strong chimeric cyt1A-p/STAB-SD expression system (12) (Fig.
2A). No inclusions were observed in 4Q7/pSTAB-19A that lacked
ORF2, whereas crystals of apparently uniform shape and size were
seen in 4Q7/pSTAB-19Aopn (Fig. 2B). The presumed differences
in crystalline morphology were confirmed by electron microscopy
(Fig. 2C). Micrographs of Cry19A inclusions produced by 4Q7/
pJEG65.5 showed variations in shape, with most appearing to be
cuboidal and to a lesser extent bipyramidal or a combination of
these shapes (Fig. 2C, panel a). The cuboidal inclusions averaged
0.47 �m in length by 0.32 �m in width (Fig. 2C, panel a; Table 3).
These results were observed in replicate culture preparations to
rule out cross-contamination with other laboratory strains of B.
thuringiensis. Crystals produced by 4Q7/pSTAB-19Aopn were sig-
nificantly larger, averaging 1.1 �m in length by 0.61 �m in width,
and had a uniform shape similar to that of the classic bipyramidal
crystals formed by 135-kDa Cry proteins (Fig. 2C, panel b; Table

3). Using these dimensions to calculate the approximate crystal
volumes, crystals resulting from overexpression of the recombi-
nant operon were approximately 4-fold larger than those pro-
duced in the strain harboring the wild-type operon.

SDS-PAGE analysis showed that the amount of Cry19A syn-
thesized by 4Q7/pSTAB-19Aopn was 5.5-fold greater than that
produced by 4Q7/pJEG65.5, which harbored the wild-type
cry19A, and little or no Cry19A was detected in 4Q7/pSTAB-19A
that lacked orf2 (Fig. 2D, panel a). When similar quantities of
purified, solubilized Cry19A crystals produced using either cyt1A-
p/STAB-SD or the wild-type promoter to express the cry19A
operon were analyzed by SDS-PAGE, the three proteins previ-
ously reported, one of 65 kDa corresponding to Cry19A and two
of 66 and 67 kDa corresponding to ORF2 (19), were found in both
preparations (Fig. 2D, panel b).

ORF2 functions as a C-terminal domain for crystallization of
Cry19A. The results presented above indicated that the presence
of orf2 in cis is not essential for subsequent synthesis and crystal-
lization of Cry19A; i.e., it is unlikely that the orf2 sequence func-
tioned as an mRNA stabilizer. Therefore, ORF2 could potentially
function as a molecular chaperone or a C-terminal domain for
aggregation of Cry19A, as it was required for crystal assembly. To
test the latter hypothesis, we constructed four recombinant plas-
mids containing combinations of cry19A and orf2 or the cry1C N
terminus (Cry1C-N) and orf2 in frame or separated by the wild-
type intergenic spacer (Fig. 3A). In addition, the strong cyt1A-p/
STAB-SD (12) promoter was used for expression of these con-
structs because we observed that crystals obtained using the wild-
type promoter were not uniform in shape and size whereas those
resulting from expression with cyt1A-p/STAB-SD were uniformly
bipyramidal (Fig. 2C). Plasmid pSTAB-19A:ORF2 contained
cry19A in frame with orf2; pSTAB-19A:1Cc contained cry19A in
frame with the C-terminal half of Cry1C; pSTAB-1Cn�ORF2
contained the fragment encoding the N-terminal half of Cry1C
with a stop codon, the intergenic spacer sequence of cry19A
operon, and orf2; and pSTAB-1Cn:ORF2 contained the fragment
encoding the N-terminal half of Cry1C in frame with orf2.

Microscopy of sporulated cells (Fig. 3B) showed that 4Q7/
pSTAB-19A:ORF2 (panel a) produced bipyramidal crystals,
whereas 4Q7/pSTAB-19A1Cc (panel b) produced inclusions with
various shapes such as those observed in 4Q7/pJEG65.5. Visible
crystalline inclusions were not detected in 4Q7/pSTAB-
1Cn�ORF2 (panel c), whereas inclusion bodies that were rela-
tively much smaller were observed in 4Q7/pSTAB-1Cn:ORF2
(panel d). SDS-PAGE profiles of sporulated cultures (Fig. 3C)
showed the presence of the predicted chimeric crystalline pro-
teins in 4Q7/pSTAB-19A:ORF2 (Cry19A:ORF2; 135 kDa) and
4Q7/pSTAB-19A:1Cc (Cry19A:1Cc; 138 kDa). Unique bands cor-
responding to Cry1C N terminus (68 kDa; 4Q7/pSTAB-

TABLE 3 Dimensions of Cry19A crystals produced by two recombinant
strains of Bacillus thuringiensisa

Strain Toxin combination
Crystal
length (�m)

Crystal width
(�m)

4Q7/pJEG65.5 Cry19A � ORF2 0.47 � 0.06 a 0.32 � 0.07 a
4Q7/pSTAB-19Aopn Cry19A � ORF2 1.10 � 0.11 b 0.61 � 0.06 b
a Means for each crystal dimension were calculated from measurements (n � 10)
determined using scanning electron micrographs. Values followed by different letters
were significantly different at P � 0.05.
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1Cn�ORF2) or Cry1Cn:ORF2 (128 kDa; 4Q7/pSTAB-1Cn:
ORF2) were not apparent in SDS-PAGE (Fig. 3C). The latter
observation suggested that the smaller inclusions in 4Q7/pSTAB-
1Cn:ORF2 were unstable.

To confirm that the novel bands observed in the protein pro-
files of the recombinant strains represented chimeric proteins,
inclusions were purified on discontinuous sucrose gradients and
analyzed by SDS-PAGE (Fig. 3D). This analysis confirmed the
presence of Cry19A:ORF2 (135 kDa) and Cry19A:1Cc (138 kDa)
chimeric proteins. Inclusions of Cry1CnORF2 were not recovered
in sucrose gradients, suggesting that they were unstable under the
parameters used in this study.

Sequence analysis. The amino acid sequence alignment
showed that ORF2 shared the highest level of identity with the
C-terminal region of Cry4Aa (66%), Cry4Ba (66%), Cry8Aa
(47%), Cry28Aa (46%), Cry7Ab (44%), Cry9Da (41%), and
Cry26Aa (41%) (Fig. 4). Amino acid residues from 156 to 209 of
ORF2 showed the least identity with C termini of other Cry pro-
teins.

Bioassays. The toxicity of wild-type and recombinant strains
of B. thuringiensis was evaluated against 4th instars of C. quinque-
fasciatus (Table 4). Strain 4Q7/pSTAB-19A, which produced the
smallest and apparently unstable inclusions, was not toxic at 10
�g/ml. Strains 4Q7/pJEG65.5 and 4Q7/pSTAB-19Aopn showed
moderate toxicity, with no significant differences in their median
lethal concentrations (LC50s). However, according to the LC95

values, the 4Q7/pSTAB-19Aopn strain was approximately 4-fold
more toxic (1.9 �g/ml) than 4Q7/pJEG65.5 (8.2 �g/ml), the strain
containing the wild-type operon. Interestingly, 4Q7/pSTAB-19A:
ORF2, which produced stable inclusions of the Cry19A:ORF2 fu-
sion protein, showed poor toxicity, even at 10 �g/ml, and the
other two strains that produced, respectively, the chimeric protein
of Cry19A and C terminus of Cry1C (pSTAB-19A:1Cc) and the
chimeric protein of N terminus of Cry1C and ORF2 (pSTAB-1Cn:
ORF2) showed no toxicity at a concentration of 10 �g/ml (data
not shown).

DISCUSSION

The initial report by Rosso and Delécluse (19) suggested that orf2
of the Cry19A operon could potentially function as a cry19A
mRNA-stabilizing sequence or that the coded 60-kDa ORF2 pro-
tein could function as a molecular chaperone for crystallization of
Cry19A. However, insufficient data were presented in that study
to determine the role of ORF2, especially as one of the crystallif-
erous deletion mutants used in the analysis retained only 	75% of
the 5= region of orf2. Our results demonstrating that stable crys-
talline inclusions accrue in strains that harbor cry19A and orf2,
expressed either in cis or trans, provide strong evidence that ORF2
functions primarily as a C-terminal crystallization domain, as is
known for large Cry proteins. The evidence for this is that (i) the
two proteins appear in approximately equimolar amounts when
observed by acrylamide gel electrophoresis, a phenomenon un-
likely to occur with typical chaperonins (20); (ii) the fusion
Cry19A:ORF2 protein forms stable crystals; (iii) when fused in
frame with the N-terminal region of Cry1C, the chimeric protein
(Cry1Cn:ORF2) forms visible inclusions, even though these are
unstable, in sporulating cells of strain 4Q7 (Fig. 3); and (iv) ORF2
shares a considerable level of identity with the C-terminal region
of large Cry proteins (Fig. 4). In addition, the observation that
Cry19A crystallizes when fused in frame with the C-terminal re-

gion of Cry1C (Cry19A:1Cc) demonstrates the necessity of a
C-terminal domain, a function provided by ORF2 (Fig. 3). We do
not have a clear explanation why the N-terminal region of Cry1C
did not crystallize in the presence of ORF2, but it possible that
sequences that mediate intermolecular interactions between the
two proteins are lacking or that the chimeric protein in the ab-
sence of appropriate stabilizing peptides is degraded by intrinsic
proteases.

Most Cry proteins have a mass in the range of 130 to 135 kDa
and typically do not require other proteins for synthesis and crys-
tallization. Thus, genes that encode these occur alone rather than
in operons. However, several cry genes coding for proteins in the
65-kDa range occur in operons in which the proteins encoded by
the other genes affect net synthesis and crystallization. For exam-
ple, the 20-kDa protein encoded by orf3 in the cry11Aa operon
increases Cry11Aa synthesis by 2-fold, possibly acting as a molec-
ular chaperone (27, 28), whereas the 29-kDa protein encoded by
cry2Aa operon orf2 apparently forms a matrix that facilitates for-
mation of the “cushion-shaped” Cry2Aa inclusion (6). Interest-
ingly, Cry19A contains the five conserved blocks present in the
N-terminal half of most Cry proteins, for example, Cry1, Cry4,
Cry7, and Cry8 (21). Thus, Cry19A (75 kDa) and its associated
ORF2 protein (60 kDa) together have features similar to those of
135-kDa Cry proteins. Therefore, it is tempting to speculate that
mutations accrued in the extant intergenic region (149 bp) be-
tween cry19A and orf2 that resulted in a two-gene operon. How-
ever, successive mutations would be required if such were the case,
as the intergenic region contains five stop codons in frame with
orf19A, a single frameshift proximal to the start codon of orf2, and
a canonical Shine-Dalgarno (ribosome binding site) sequence for
efficient translation of orf2, as observed in the sequence reported
by Rosso and Delécluse (19).

The appearance of large uniformly bipyramidal Cry19A crys-
tals resulting from overexpression of the operon suggests that sta-
ble crystal morphology is directly linked to the concentration of
the larvicidal toxin that accumulates in the cell during sporula-
tion. Definitive data have not been reported on the relative activity
of the wild-type promoter during vegetative or the sporulation
phases of growth or on the stability of the cry19A/orf2 transcript.
In contrast, it is known that multiple promoters and an mRNA-
stabilizing sequence are present in cyt1A-p/STAB-SD (12), factors
that result in overexpression and stability of the transcript and
subsequent increased levels of Cry19A and ORF2 synthesis during
sporulation.

With respect to cry operons, only three (cry10Aa, cry39Aa, and
cry40Aa) have a gene organization similar to that of the cry19A
operon (3). Their upstream reading frames code for the Cry
N-terminal domain, and the second frame found approximately
100 bp downstream (3) codes for an apparent C-terminal domain
that presumably has a function similar to that of ORF2 in protoxin
aggregation and crystallization.

Finally, with regard to Cry19A’s applied potential, the statisti-
cally significant increase in toxicity at the LC95 level observed with
the recombinant strain that expressed the cry19A operon by the
use of cyt1A-p/STAB-SD (4Q7/pSTAB-19Aopn) in comparison
to the toxicity of the strain that expressed the wild-type operon
(SPL407/pJEG 65.5) demonstrates the versatility of the strong
cyt1A-p/STAB-SD expression system. Indeed, the increase in tox-
icity is likely due to larger Cry19A crystals and the increased yield
of Cry19A produced per unit of medium using the recombinant
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FIG 4 Alignment of the ORF2 amino acid sequence with C-terminal regions of selected Cry proteins.
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promoter. The improved activity observed only at LC95 indicates
that Cry19A may be solubilized or activated more slowly in target
mosquito species than other mosquitocidal Cry proteins. At pres-
ent, whether the enhanced Cry19A has increased toxicity to other
mosquito species is unknown. Further studies are required to
demonstrate the efficacy of the larger protoxin inclusions alone or
in combination with other mosquitocidal toxins against mosquito
species of medical importance.
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TABLE 4 Toxicity of parental and recombinant strains of Bacillus thuringiensis to Culex quinquefasciatus

Strain Toxin combination LC50
a LC95

a Slope

4Q7/pJEG 65.5 Cry19A � ORF2 0.6 (0.4–0.9) 8.2 (4.0–29.5) 1.5 � 0.2
4Q7/pSTAB-19A Cry19A Ntb Nt Nt
4Q7/pSTAB-19Aopn Cry19A � ORF2 0.4 (0.3–0.6) 1.9 (1.3–3.6) 2.6 � 0.4
a Values are shown in micrograms of spore-crystal mixture per milliliter and represent 48-h mortality determined by Probit analysis. Confidence limits are indicated in parentheses.
b Nt, not toxic at 10 �g/ml.
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