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Membrane-damaging toxins are thought to be responsible for the explosive clinical course of Bacillus
endophthalmitis. This study analyzed the contribution of phosphatidylinositol-specific phospholipase C (PI-
PLC) and phosphatidylcholine-specific phospholipase C (PC-PLC) to the pathogenesis of experimental Bacil-
lus endophthalmitis. Isogenic mutants were constructed by insertion of lacZ into Bacillus thuringiensis genes
encoding PI-PLC (plcA) and PC-PLC (plcB). Rabbit eyes were injected intravitreally with 2 log10 CFU of strain
BT407 (wild type), the PI-PLC mutant (BTplcA::lacZ), or the PC-PLC mutant (BTplcB::lacZ). The rates of
decrease in retinal responses of eyes infected with the isogenic mutants were similar to that of wild type, with
all infections resulting in elimination of retinal function by 18 h. Strain BT407 caused a significant increase
in the latency of retinal responses at 6 h, but strains BTplcA::lacZ and BTplcB::lacZ did not. All strains elicited
significant inflammatory cell influx into the anterior chamber by 12 h. Histologically, eyes infected with each
strain were indistinguishable throughout the infection course. In this model, neither PI-PLC nor PC-PLC had
an effect on the course or severity of experimental Bacillus endophthalmitis. Alterations in retinal responses
early in infection may mark the beginnings of specific photoreceptor or glial cell dysfunction.

The most severe form of intraocular bacterial infection (en-
dophthalmitis) is caused by Bacillus spp. Bacillus cereus, in
particular, causes a uniquely explosive intraocular infection
that can result in significant vision loss, and frequently loss of
the eye itself, within 1 to 2 days (10). Bacillus endophthalmitis
typically results from penetrating trauma of the globe with a
contaminated foreign body but can also result from metastatic
spread of organisms to the eye following bacteremia in the
immunocompromised. Despite aggressive antibiotic, anti-in-
flammatory, and surgical intervention, the disease course is
frequently rapid and destructive, highlighting the limitations of
present therapeutic strategies.

The unique virulence of B. cereus endophthalmitis is typi-
cally ascribed to toxins produced by the organism in the eye
during infection. Membrane-damaging toxins such as Staphy-
lococcus aureus alpha-toxin (9, 10), Enterococcus faecalis cyto-
lysin (22), and Streptococcus pneumoniae pneumolysin (34)
have been identified as virulence factors in ocular infection. B.
cereus secretes a number of factors that may contribute to
disease pathogenicity, namely, hemolysins, lipases, enterotox-
ins, and proteases (14). Our analysis of the contribution of one
toxin, hemolysin BL, to the course and severity of experimental
endophthalmitis demonstrated that this enterotoxin contrib-
uted little to the intraocular virulence of B. cereus (11). Both
the wild type and an isogenic hemolysin BL-deficient mutant

resulted in the destruction of retinal architecture, complete
loss of retinal function, and significant intraocular inflamma-
tion within 12 h (11).

A number of other B. cereus toxins are potential intraocular
virulence factor candidates. Phosphatidylcholine-phospho-
lipase C (PC-PLC) and sphingomyelinase (SPH), which com-
prise the cytolytic unit cereolysin AB, could be potential viru-
lence factors because of the combined activities of these
components against mammalian cells (15). Like cereolysin AB,
the alpha-toxin of Clostridium perfringens possesses PC-PLC
and SPH activities and is a key virulence factor in both gas
gangrene and food-borne illness (2, 39). PC-PLC is necessary
for cell-to-cell spread of invasive Listeria monocytogenes infec-
tion (41). The SPH activity of staphylococcal beta-toxin con-
tributes only minimally to the virulence of S. aureus endoph-
thalmitis (10) and keratitis (35) but is a known inducer of
apoptosis in mammalian cells (17, 45). The intraocular toxicity
of B. cereus PC-PLC and SPH has been analyzed. Purified
PC-PLC was toxic to retinal buttons in vitro and to the retina
in vivo, whereas purified SPH was minimally toxic in vitro (4).
A third toxin, phosphotidylinositol-phospholipase C (PI-PLC),
has been suggested to be a virulence factor for L. monocyto-
genes (38, 43) and S. aureus (12, 29) but has been shown to be
minimally toxic to retinal buttons in vitro (4).

This study addressed the contribution of PC-PLC and PI-
PLC to the pathogenesis of experimental endophthalmitis by
using B. thuringiensis as the test organism. B. thuringiensis is a
spore-forming soil entomopathogenic organism that is used
widely as an organic pesticide and whose genomic and pheno-
typic profile is very closely related to, and in some cases over-
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laps, that of B. cereus (18). Because systems for genetic ma-
nipulation of B. thuringiensis have been developed (27), this
organism was used in the present studies. B. thuringiensis wild
type and isogenic PC-PLC or PI-PLC mutants were analyzed in
a highly sensitive in vivo model to define their contributions to
the evolution of endophthalmitis.

MATERIALS AND METHODS

Bacterial strains and plasmids. The wild-type B. thuringiensis strain used in
these studies (BT407) has been cured of the plasmid encoding the insecticidal
crystalline toxin (Cry�) (27) but produces several of the same toxins as B. cereus.
Construction of isogenic mutants of strain BT407 specifically deficient in PI-PLC
or PC-PLC is described below. The use of E. coli strains SCS110 and TG1 for
plasmid construction and cloning, respectively, has been described previously
(16). Bacterial strain and plasmid profiles are summarized in Table 1.

Culture media and reagents. For mutant strain construction, Escherichia coli
and B. thuringiensis were cultured in Luria-Bertani medium with or without
antibiotic selection as appropriate. Antibiotics used for transformant selection
included erythromycin (25 �g/ml) and ampicillin (100 �g/ml). For phenotypic
analysis of bacterial culture supernatants and inoculum preparation, B. thurin-
giensis was cultured in brain heart infusion (BHI [Difco, Detroit, Mich.]). All
reagents used in phenotypic assays were purchased from Sigma (St. Louis, Mo.)
unless otherwise specified.

DNA techniques. Extraction of plasmid DNA from E. coli and chromosomal
DNA from B. thuringiensis and DNA fragment digestions, purifications, and
ligations were performed essentially as described previously (30). Restriction
enzymes and T4 DNA ligase were used as recommended by the manufacturers.
Primers used for PCR amplification of plcA and plcB were synthesized by Genset
(Paris, France) and Integrated DNA Technologies (Coralville, Iowa). Primers
used for PCR amplification of lacZ were synthesized by Integrated DNA Tech-
nologies.

Generation of isogenic B. thuringiensis mutants. The PI-PLC isogenic mutant
(designated BTplcA::lacZ) was created by disruption of the PI-PLC plcA gene of
strain BT407 with a promoterless lacZ gene into the 5� part of the coding
sequence. A DNA region just upstream from the plcA coding sequence and an
internal region of plcA were amplified by PCR using primers PlcA1 and PlcA2
and primers PlcA3 and PlcA4, respectively (Table 2). Primer sequences were
selected from the published nucleotide sequence of B. cereus plcA (accession no.
M30809 [24]). Amplified DNA fragments were digested with appropriate restric-
tion enzymes and inserted separately into pUC18. The promoterless lacZ gene
was purified as a 3.2-kb XbaI-EcoRI DNA fragment from pHT304-18Z (1). The
upstream and internal parts of the plcA gene were purified as HindIII-XbaI and
EcoRI-BamHI fragments, respectively, and ligated with the lacZ gene between
the HindIII and BamHI sites of the thermosensitive plasmid pRN5101 (28, 44).
The ligation mixture was then used to transform E. coli to ampicillin resistance.

The plasmid isolated from the transformants was verified by restriction mapping.
This recombinant plasmid was introduced into strain BT407 by electroporation
as previously described (27). Transformants were resistant to erythromycin and
had a blue phenotype (Lac�) on Luria-Bertani plates containing 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoxide (X-Gal) (40 �g/ml; Sigma). The chromo-
somal wild-type copy of plcA was replaced with the disrupted copy by homolo-
gous recombination as previously described (25). In the resulting B. thuringiensis
recombinant strain, the lacZ gene was transcribed from the plcA promoter and
was thus controlled by the transcriptional activator PlcR (26).

The PC-PLC isogenic mutant (designated BTplcB::lacZ) was created by dis-
ruption of the PC-PLC plcB gene of strain BT407 with a promoterless lacZ gene,
as described above. Regions corresponding to the 5� and 3� ends of plcB were
amplified by PCR from the chromosomal DNA of strain BT407, using primers
PlcB1 and PlcB2 and primers PlcB3 and PlcB4, respectively (Table 2). The
sequences of these primers were selected from published sequences of the B.
cereus PC-PLC gene (accession no. X12854 [23]). The promoterless lacZ gene
was purified as a 3.2-kb EcoRI-EcoRI DNA fragment from pHT304-18Z (1).
The 5� and 3� regions of plcB were purified as HindIII-EcoRI and EcoRI-BamHI
fragments, respectively, and ligated with the lacZ gene between the HindIII and
BamIII sites of pRN5101 (28, 44). The orientation of lacZ was confirmed by
restriction mapping, and plasmids carrying lacZ transcribed in the same direction
as plcB were selected. These recombinant plasmids were introduced into strain
BT407 by electroporation, and the chromosomal wild-type copy of plcB was
replaced with the disrupted copies by homologous recombination as previously
described (25).

PCR amplification of plcA, plcB, and lacZ. The presence of plcA, plcB, and lacZ
in the genomes of B. thuringiensis wild type and isogenic mutants was confirmed
by PCR using primers PlcA1 and PlcA4 (plcA), PlcB1 and PlcB4 (plcB), or
LacZ-F and LacZ-R (lacZ), respectively (Table 2). B. thuringiensis chromosomal
DNA was isolated by phenol-chloroform extraction. PCR mixtures of 10 �l
contained 0.25 to 1.0 �g of genomic DNA, 0.25 mM each deoxynucleoside
triphosphate, TaKaRa DNA polymerase buffer (10� supplemented with 25 mM
MgCl2 [final concentration, 2.5 mM MgCl2]; PanVera Corp., Madison, Wis.), 0.2
to 1.0 mM each primer, depending on the primer set used, and 0.025 U of
TaKaRa Taq polymerase (PanVera). PCR fragments were amplified from B.
thuringiensis BT407 genomic DNA under the following conditions: 30 cycles of
94°C for 1 min, 62°C (plcA) or 63°C (plcB) for 1 min, and 72°C for 1 min,
followed by one 10-min elongation at 72°C. PCR fragments were amplified from
the genomic DNA of strains BTplcA::lacZ and BTplcB::lacZ under the following
conditions: 30 cycles of 94°C for 1 min, 57°C (plcA) or 63°C (plcB) for 1 min, and
72°C for 3 min 30 s, followed by one 10-min elongation at 72°C. lacZ fragments
were amplified from the genomic DNA of all strains under the following condi-
tions: 30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min, followed
by one 10-min elongation at 72°C. Amplified fragments were resolved on a 0.8%
agarose gel.

Phenotypic analysis of Bacillus strains. (i) Hemolytic activity. Hemolytic ac-
tivity was determined by quantifying hemoglobin release from sheep and rabbit
erythrocytes. Briefly, twofold serial dilutions of filtered logarithmic-phase (8-h)
and stationary-phase (18-h) culture supernatants were incubated with an equal
volume of 4% (vol/vol) sheep or rabbit erythrocytes (Rockland Inc., Gilbertsville,
Pa.) in phosphate-buffered saline. Following a 30-min incubation at 37°C, the
optical density at 540 nm (OD540) was measured. The hemolytic titer was de-
termined as the dilution of supernatant exhibiting 50% hemolysis. The hemolytic

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Relevant properties Reference

or source

Strains
BT407 Wild-type B. thuringiensis, Cry� 27
BTplcA::lacZ BT407 with lacZ insertion into plcA This work
BTplcB::lacZ BT407 with lacZ insertion into plcB This work
E. coli TG1 [�(lac-proAB) supE thi hdsD5 (F�

traD36 proA� proB� lacIqZ�M15)]
16

E. coli SCS110 [rpsL thr leu endA thi-1 lacY galK
galT ara tonA tsx dam dcm supE44
�(lac-proAB) (F� traD36 proAB
lacIqZ�M15)]

16

Plasmids
pHT304-18Z Source of promotorless lacZ for

insertional mutagenesis of BT407
1

pRN1501 Temperature-sensitive vector
containing the ori(Ts) and erm of
pE194ts and the oriEc, amp, and
multicloning region of pBR322

28, 44

TABLE 2. PCR primers used in this study

Primer Sequencea Restriction
site

PlcA1 5�-GTAGATACAACTACAGCTGAAC
PlcA2 5�-GCTCTAGACACTTTTTCTGTTTTTACATC XbaI
PlcA3 5�-GTATGGGGAATGACGCAAG
PlcA4 5�-GCGGATCCTTGAATTCCCAGCCTACTC BamHI
PlcB1 5�-CCCAAGCTTGTTTAGATAAGCCTTAATAATAGT HindIII
PlcB2 5�-CGGAATTCCATTGTCTGGATCATAGAAATG EcoRI
PlcB3 5�-CGGAATTCCATTTGCAAAGCAGGCAAAAG EcoRI
PlcB4 5�-CGGGATCCGTACGTATCAAACCAAAGC BamHI
LacZ-F 5�-GGTTAAATTGCCAACGCTTAATTAAC
LacZ-R 5�-GTTATCTGGAAGATCAGGATATGTGG

a The restriction site is underlined.
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activity of individual colonies was also analyzed on BHI agar supplemented with
5% sheep or rabbit erythrocytes.

(ii) Proteolytic activity. Proteolytic activity was determined on hide azure
powder (Sigma). Briefly, filtered 10-h culture supenatants were incubated with 10
mg of hide azure powder in assay buffer (10 mM Tris HCl, 10 mM CaCl2 [pH
8.0]) for 2 h and the OD562 was measured (37). Proteolytic activity is expressed
in units per milliliter. The proteolytic activity of individual colonies was also
analyzed on BHI agar supplemented with 2.5% skim milk (Difco).

(iii) PI-PLC activity. PI-PLC activity in culture supernatants was measured by
a colorimetric microtiter assay adapted from that described by Ikezawa and
Taguchi (20). B. cereus PI-PLC standards (Sigma), filtered 10-h culture super-
natants, and heat-denatured standards and supernatant controls were serially
diluted 1:2 in isotonic phosphate buffer (150 mM NaCl in 5 mM sodium phos-
phate buffer [pH 7.6]). The 50-�l volumes of PI-PLC standards or culture
supernatants were added to 950 �l of bovine erythrocyte ghosts (10% [vol/vol] in
isotonic phosphate buffer), and the suspensions were incubated for 30 min at
37°C. The suspensions were centrifuged at 16,000 � g to pellet the cell debris. A
25-�l volume of supernatant was transferred to microtiter wells, to which 200 �l
of 100 mM sodium phosphate buffer (pH 7.5), 12.5 �l of 5,5�-dithio-bis(2-nitro-
benzoic acid) (DTNB) (10 mM in sodium phosphate buffer), and 12.5 �l of
acetylthiocholine (12.5 mM in sodium phosphate buffer) were added. Following
a 4-h vacuum incubation at room temperature, the OD405 was determined.
PI-PLC concentrations in culture supernatants were extrapolated from the
B. cereus PI-PLC standard curve. Each sample and standard were assayed in
triplicate.

(iv) PC-PLC activity. PC-PLC activities in culture supernatants were mea-
sured by an egg yolk agar well diffusion assay adapted from that described by
Gilmore et al. (15). B. cereus PC-PLC standards and filtered 8-h culture super-
natants were serially diluted 1:2 in dilution buffer (0.5 M Tris-HCl, 2 mM ZnCl2).
Then 7-mm wells were punched into BHI agar supplemented with 5% egg yolk
enrichment (ICN Biomedicals Inc., Aurora, Ohio); a 50-�l standard or super-
natant was added to each well. Following a 5-h incubation at 37°C, turbidity zone
diameters were measured. PC-PLC concentrations in culture supernatants were
extrapolated from the B. cereus PC-PLC standard curve. Each sample and stan-
dard was assayed in triplicate.

(v) SPH assay. SPH activities in culture supernatants were measured by a
colorimetric microtiter assay adapted from that described by Gatt et al. (13). B.
cereus SPH standards (Sigma) and filtered 4-, 8-, 10-, 12-, and 18-h culture
supernatants were diluted with an equal volume of assay buffer (125 mM Tris-Cl,
25 mg of MgCl2 per ml, 0.5% Triton X-100, 50% BHI [pH 7.4]). The trinitro-
phenylaminolauroyl-sphingomyelin substrate was prepared by drying under N2

gas and rehydrating with assay buffer to a final concentration of 250 �g/ml. SPH
standards or culture supernatants (50 �l) were incubated with 150 �l of TNPAL-
sphingomyelin at 25°C for 5 min. Reactions were stopped by adding 750 �l of
isopropanol–heptane–5 M H2SO4 (40:10:1 [vol/vol/vol]) to each reaction mix-
ture. Heptane (450 �l) and H2O (400 �l) were added to each reaction mixture,
and after thorough mixing and centrifugation for 5 min at 2,200 � g, the OD340

of the upper, heptane-rich phase (200 �l) was determined. SPH concentrations
in culture supernatants were extrapolated from the B. cereus SPH standard curve.
Each sample and standard were assayed in triplicate. The CAMP test was also
used to analyze SPH activities of each strain following 18 h of incubation at 37°C
(5).

(vi) Motility. Relative swarming of B. thuringiensis strains was analyzed on
motility agar (Difco). Colony diameters were measured after 18 h of incubation
at 37°C.

Experimental Bacillus endophthalmitis. Experimental B. thuringiensis endoph-
thalmitis was induced in New Zealand White rabbits as previously described (8,
11). The animals were maintained in accordance with institutional animal care
guidelines and the Association for Research in Vision and Ophthalmology State-
ment on the Use of Laboratory Animals in Ophthalmic Research (3). The rabbits
were anesthetized with a mixture of ketamine (Ketaved [Phoenix Scientific Inc.,
St. Joseph, Mo.], 35 mg/kg of body weight) and xylazine (Rompun [Bayer Corp.,
Shawnee Mission, Kans.]; 5 mg/kg of body weight). Topical anesthetic (0.5%
proparacaine HCl [Ophthetic Allergan, Hormigueros, Puerto Rico]) was applied
before each surgical procedure. A 100-�l volume of aqueous humor was with-
drawn prior to each intravitreal injection by paracentesis. Then 100 CFU of B.
thuringiensis was delivered by slow infusion into the midvitreous via a 30-gauge
needle attached to a 1-ml syringe introduced through the pars plana. The con-
tralateral eye was injected with BHI (surgical control) or was left undisturbed
(absolute control). At various times postinjection, infection courses were ana-
lyzed by biomicroscopy, electroretinography (ERG), histopathology, and bacte-
rial and inflammatory cell quantification as described below.

Biomicroscopy. Rabbits were observed with a Topcon SL-5D slit-lamp biomi-
croscope (Kogaku Kikai K.K., Tokyo, Japan) prior to and at 6, 12, and 18 h
following intravitreal injection.

Retinal function analysis. Retinal function was measured by ERG as previ-
ously described (8, 11). After dilation and 30 min of dark adaptation, b-wave
responses to single light flashes (1/s) were measured (Fig. 1). b-wave amplitudes
were recorded for each eye before and at various times postinjection, using
scotopic bright-flash ERG (EPIC2000 [LKC Technologies, Inc., Gaithersburg,
Md.]). b-wave responses for each time point represented the average of 14
repeated measures. The percent retinal function retained was calculated as 100
� ([1 � (experimental b-wave amplitude/control b-wave amplitude)] � 100) (8,
11). The percent increase in implicit time (�) from the a-wave valley to the
b-wave peak (latency) was calculated as [1 � (�experimental/�control)] � 100 (Fig.
1).

Bacterial enumeration. Enumeration of organisms in ocular tissues has been
previously described (8, 11). Briefly, globes were enucleated and the vitreous
removed and homogenized. Bacteria in the vitreous were quantified by track
plating serial 10-fold dilutions onto BHI (21). Retention of mutant phenotypes
was confirmed by phenotypic assays of bacteria recovered from the eyes.

Anterior-segment inflammation. Aqueous humor samples (approximately 100
�l per eye) were recovered by paracentesis. Infiltrating inflammatory cells in
10-�l aliquots were stained with 0.4% trypan blue and enumerated using a
hemocytometer.

Thin-section histology. Globes recovered for histological analysis were fixed in
10% formalin for 24 h. The eyes were sectioned and stained with hematoxylin
and eosin by standard procedures (42).

Statistical analysis. Values for parameters used to analyze progressive infec-
tion represented the mean 	 standard error of the mean (SEM) for at least four
eyes per time point, unless otherwise specified. Wilcoxon’s rank sum test was
used for statistical comparison between infection groups unless otherwise spec-
ified. P � 0.05 was considered significant.

RESULTS

B. thuringiensis isogenic mutants. Transformation of strain
BT407 with plasmids containing plcA or plcB each disrupted
with lacZ yielded isogenic insertional mutants that were Lac�

on X-Gal agar and were erythromycin sensitive, indicating a
double-crossover recombination event. PCR analysis of plcA in
strain BT407 produced the predicted 1.7-kb fragment. PCR

FIG. 1. Representative ERG waveform. This waveform was ob-
tained 6 h following intravitreal injection of saline (Exp). The control
eye was left undisturbed (Control). Retinal-function analyses included
measurement of the amplitude and implicit time (�) from a-wave to
b-wave peaks of each waveform, as indicated.
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analysis of plcA in strain BTplcA::lacZ produced the predicted
4.7-kb fragment due to the insertion of the 3.2-kb lacZ frag-
ment between plcA fragments of 0.8 kb (PlcA1-PlcA2 product)
and 0.7 kb (PlcA3 and PlcA4 product). PCR analysis of plcB in
strain BT407 producted the predicted 1.1-kb fragment. PCR
analysis of plcB in strain BTplcB::lacZ produced the predicted
4.3-kb fragment due to the insertion of the 3.2-kb lacZ frag-
ment between plcB fragments of 0.6 kb (PlcB1-PlcB2 product)
and 0.5 kb (PlcB3-PlcB4 product). PCR analysis using lacZ-
specific primers confirmed the presence of the 1.7-kb lacZ
fragment in the mutant strains but not in strain BT407 (Fig. 2).
Additional verification of the integration of lacZ into plcA or
plcB was carried out by PCR using upstream primers external
to the plcA and plcB fragments used in strain constructions and
a primer located near the 5� end of lacZ. Fragments of 1.3 kb
were detected following amplification of chromosomal DNA
from each mutant but not from wild-type strain BT407, as
anticipated (data not shown).

Results of the phenotypic assessment of strains BT407,
BTplcA::lacZ and BTplcB::lacZ are summarized in Table 3.

Strains BTplcA::lacZ and BTplcB::lacZ differed from wild-type
strain BT407 in the disrupted gene product of interest, as
measured by chromogenic and agar well diffusion assays spe-
cifically for PI-PLC and PC-PLC, respectively. The hemolytic
and proteolytic activities of all strains were equivalent through-
out 18 h of in vitro growth, and all strains were motile (Table
3). The in vitro growth of all strains over a 10-h period was also
similar (Fig. 3).

Experimental B. thuringiensis endophthalmitis. Reproduc-
ible B. thuringiensis endophthalmitis was achieved by intravit-
real injection of 1.99 	 0.06 log10 CFU of strain BT407.
Whole-organ and retinal histology and representative ERG
waveforms of progressive endophthalmitis are depicted in Fig.
4. A mild posterior-segment inflammatory response began as
early as 6 h. Mild conjunctival inflammation and 5 to 10 in-
flammatory cells per microscope field were present in the an-
terior chamber. At 6 h, all eyes had a normal fundus reflex. At
12 h postinfection, inflammatory changes in the posterior seg-
ment and anterior chamber progressed. A haze developed in
the vitreous, and the fundus reflex was diminished in all eyes.
From 12 to 18 h, inflammatory symptoms were severe in all

FIG. 2. PCR analysis of B. thuringiensis wild type and isogenic mu-
tants. Chromosomal DNA from wild-type strain BT407 and mutant
strains BTplcA::lacZ (�plcA), and BTplcB::lacZ (�plcB), were used to
amplify plcA, plcB, or lacZ, as indicated in the figure. PCR products
were of the predicted sizes (indicated by molecular weights [in thou-
sands] on the left).

FIG. 3. In vitro growth of B. thuringiensis wild type and isogenic
mutants. Bacteria were quantified hourly throughout 10 h of growth in
BHI. The strains analyzed were wild-type strain BT407, BTplcA::lacZ,
and BTplcB::lacZ.

TABLE 3. Phenotypic analysis of B. thuringiensis BT407 and its isogenic mutants BTplcA::lacZ and BTplcB::lacZ

Strain
Hemolytic titera Phenotypic assay

Log phase Stationary phase PI-PLCb (�g/ml) PC-PLCc (�g/ml) SPHe Proteasef (U/ml) Motilityg (mm)

BT407 64 128 12.9 	 0.2 1.7 	 0.4 ND 6.1 	 1.6 61.5 	 0.9
BTplcA::lacZ 64 128 1.6 	 0.6 2.3 	 0.2 ND 4.2 	 1.3 62.8 	 0.8
BTplcB::lacZ 64 128 13.3 	 0.1 NDd ND 4.9 	 2.0 76.0 	 2.2

a Hemolytic assay of filtered supernatants of 8-h (logarithmic phase) and 18-h (stationary phase) B. thuringiensis cultures. A twofold difference in titer was considered
significant.

b Chromogenic PI-PLC assay. Values represent mean 	 standard deviation in filtered supernatants of 10-h B. thuringiensis cultures. PI-PLC activity in strain
BTplcA::lacZ supernatants was significantly lower than in other strains (P � 0.002, Student’s t test) but similar to that in heat-denatured controls (P � 0.433, Student’s
t test).

c Egg yolk agar well diffusion assay for PC-PLC activity. Values represent mean 	 standard deviation in filtered supernatants of 8-h B. thuringiensis cultures. Values
for BT407 and BTplcA::lacZ were not significantly different (P � 0.06, Student’s t test).

d ND, not detected.
e Chromogenic SPH assay and CAMP test. No SPH activity was detected in filtered supernatants of 4-, 8-, 10-, 12-, and 18-h B. thuringiensis cultures. Negative CAMP

reactions were also observed.
f Hide azure blue protease assay. Values represent mean 	 standard deviation in filtered supernatants of 10-h B. thuringiensis cultures. Values were not significantly

different (P � 0.08, Student’s t test).
g Swarming on motility agar. Values represent mean diameter 	 standard deviation after an 8-h incubation at 37°C. Diameters of BTplcB::lacZ colonies were

significantly larger than that of the other groups at 18 h (P � 0.001, Student’s t test).
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eyes, with severe iritis, significant inflammatory-cell infiltration
into the vitreous and cornea, and no fundus reflex. By 18 h,
corneal ring infiltrates were present in at least one-third of eyes
in each infection group. Severe inflammation of periorbital
tissues was also present in all eyes. Because of the impending
panophthalmitis at this time point, infections were not allowed
to progress further. No pathologic changes were observed in
surgical or absolute controls 6, 12, and 18 h postinfection.

Experimental PI-PLC- and PC-PLC-deficient B. thuringien-
sis endophthalmitis. The in vivo growth of B. thuringiensis
strains is summarized in Fig. 5A. Intraocular numbers of strain

BTplcA::lacZ were significantly smaller at 6 and 12 h than were
those of strain BT407 (P � 0.01) but were similar to those of
strain BT407 at 18 h (P 
 0.79). Intraocular growth patterns of
strains BT407 and BTplcB::lacZ were similar at each time
point assayed (P � 0.08). In general, each strain grew logarith-
mically until approximately 6 h, after which a stationary phase
of growth was maintained until the termination of the experi-
ment. Gross inflammatory changes observed in eyes infected
with strains BTplcA::lacZ or BT plcB::lacZ were similar to
those observed in eyes infected with wild-type strain BT407 at
all time points throughout the infection courses.

FIG. 4. Histologic and ERG analysis of progressive experimental B. thuringiensis endophthalmitis. Whole-organ (A) and retinal (B) histology
of eyes intravitreally injected with approximately 2 log10 of strain BT407 at 6, 12, and 18 h postinfection are shown. (Panel A reprinted from
reference 11a with permission of the publisher.) All representative histologic sections were stained with hematoxylin and eosin. In whole-organ
sections, severe inflammation and retinal detachment were observed by 18 h. Photoreceptor folding was observed in retinal sections by 12 h. By
18 h, retinal layers were difficult to differentiate. Abbreviations: V, vitreous; ILM, inner limiting membrane; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; PC, photoreceptor cell layer; RPE, retinal pigment epithelium; CC,
choriocapillaris. Magnifications, �8 (A) and �160 (B). (C) Representative ERG waveforms obtained at 6, 12, and 18 h following intravitreal
injection of strain BT407 (Exp). Control eyes were left undisturbed (Control). Sharp decreases in b-wave amplitude were observed in infected eyes
at 12 h. b-wave responses were virtually absent in infected eyes by 18 h.
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Retinal function analyses. Retinal function analyses of eyes
infected with B. thuringiensis wild-type and mutant strains are
summarized in Fig. 5B. The b-wave amplitudes of surgical and
absolute control eyes remained at preoperative levels through-
out the duration of the experiment (data not shown). The
b-wave amplitudes of eyes infected with strain BT407 were
similar to preoperative levels and to control eyes at 6 h (P �
0.88) but retained only 48.9% 	 9.2% responsiveness by 12 h.
At 18 h, retinal responses were nearly absent (retinal function
retained 
 0.41% 	 0.33%).

The b-wave amplitudes of eyes injected with strains
BTplcA::lacZ or BTplcB::lacZ were similar to preoperative
levels and to those of controls and strain BT407 at 6 h (P �
0.33). At 12 and 18 h, b-wave amplitudes in eyes infected with
each mutant were similar to that of strain BT407 (P � 0.19). By
18 h, b-wave responses in eyes infected with each mutant strain
were essentially absent (Fig. 5B).

Representative waveforms showing implicit time values (�)
from ERG responses are shown in Fig. 6. � values for eyes

infected with strain BT407 were increased by 383% 	 68%
compared to controls at 6 h (P 
 0.0001). � values for eyes
infected with strains BTplcA::lacZ or BTplcB::lacZ were not
increased above that of controls at 6 h (P � 0.85). � values for
all infection groups were similar to those of controls at 12 and
18 h (P � 0.25, data not shown).

Anterior-segment inflammation. Enumeration of inflamma-
tory cells in aspirated aqueous humor samples is summarized
in Fig. 5C. Few inflammatory cells were recovered from in-
fected eyes at 6 h. By 12 h, significantly larger numbers of
inflammatory cells were recovered from strain BT407-infected
eyes than from eyes infected with each mutant strain (P �
0.03). By 18 h, the numbers of inflammatory cells recovered
from eyes infected with each mutant strain increased and were
similar to those recovered from eyes infected with BT407 (P �
0.73).

Histology. Whole-organ and retinal histologic analysis of
progressive B. thuringiensis endophthalmitis is summarized in
Fig. 7. Immediately following intravitreal injection, eyes from
all infection groups possessed intact retinal architecture, no
observable inflammation, and few bacilli in the vitreous (data
not shown). At 6 h, eyes injected with wild-type strain BT407
and each mutant exhibited a mild inflammatory response in the
posterior segment that originated from the optic nerve head
and the ciliary body. The retinal architecture of all infected
eyes was intact, and bacilli were observed throughout the vit-
reous, primarily within vitreous structures. Few inflammatory
cells were observed in the anterior segment, and the corneas
appeared normal. By 12 h, significant inflammation was ob-
served in all eyes, with large numbers of inflammatory cells and
fibrin seen in the posterior and anterior segments. Distinct
folding of retinal layers and partial retinal detachments were
also observed. Bacilli could be seen in both the posterior and
anterior segments of the majority of infected eyes at 12 h. By
18 h, complete retinal tissue dissolution, significant edema, and
chemosis of all ocular and surrounding periocular tissues and
inflammatory cells in all parts of the eye and surrounding
tissues were observed. Histologic specimens from eyes infected
with strain BT407 or each mutant were indistinguishable at
each time point throughout infection (Fig. 7).

DISCUSSION

B. cereus, B. thuringiensis, and B. anthracis are members of
the B. cereus group, a taxonomic group demonstrating similar
genetic profiles, as demonstrated by multilocus enzyme elec-
trophoresis comparing a number of chromosomal genes in
these strains (18). The key difference between B. thuringiensis
and B. cereus is the presence of genes coding for insectidical
(cry) toxins in B. thuringiensis. If these cry plasmids are lost, as
is the case with the strains used in these studies, B. thuringiensis
and B. cereus are essentially indistinguishable. Both species are
motile and produce a plethora of hemolysins, enterotoxins, and
proteases, all of which are possible virulence factors that may
contribute to the pathogenesis of disease.

Because of the genetic and phenotypic similarities between
B. cereus and B. thuringiensis, we used a well-characterized
strain of B. thuringiensis in our model of experimental endoph-
thalmitis (8, 11). Experimental B. thuringiensis endophthalmitis
resulted in extensive inflammation and loss of retinal function

FIG. 5. Comparison of experimental B. thuringiensis endophthalmi-
tis initiated by wild-type and isogenic mutant strains. Inocula of ap-
proximately 2 log10 of either strain BT407, BTplcA::lacZ, or BTplcB::
lacZ were injected intravitreally, and infectious were analyzed by bac-
terial enumeration (A), ERG (B), and inflammatory cell quantitation
(C). All values represent the mean and SEM for at least four eyes per
group.
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in a manner similar to that of experimental B. cereus endoph-
thalmitis but at a slightly lower rate compared to a clinical
isolate of B. cereus that caused a highly destructive endoph-
thalmitis (8, 11). We previously reported that experimental B.
cereus endophthalmitis abolished retinal function by 12 h (8).
Extensive inflammation, complete loss of retinal function, and
a severe panophthalmitis occurred with either organism within
1 day of infection with as few as 100 organisms.

The contributions of PI-PLC and PC-PLC to endophthalmi-
tis pathogenesis were analyzed using isogenic mutants with
lacZ insertions disrupting each gene of interest. Endoph-
thalmitis caused by these mutant strains resulted in complete
or nearly complete destruction of retinal function by 18 h,
irrespective of the mutation present. Comparable levels of
inflammation and retinal photoreceptor layer detachment,
folding, and dissolution occurred regardless of the strain used.
As in our previous finding of the limited role of hemolysin BL

in B. cereus endophthalmitis, our results demonstrated that
neither PI-PLC nor PC-PLC contributed to B. thuringiensis
endophthalmitis pathogenesis.

An unexpected finding was the increased latency of b-wave
response without loss of b-wave amplitude at 6 h in eyes in-
fected with wild-type strain BT407 but not in eyes infected with
BTplcA::lacZ or BTplcB::lacZ strains. Latent b-wave responses
mark the initial events in retinal dysfunction and have been
shown to occur in the early stages of degenerative retinal
syndromes including diabetic retinopathy (7, 40), retinitis pig-
mentosa (19), and retinal ischemia (6). b-wave function results
from the flow of current from the photoreceptor cell layers of
the retina into the vitreous via the Müller cell in response to a
visual stimulus (33). The Müller cell, which spans the length of
the retina, provides architectural support and regulates neuro-
transmitter levels in the retina by degrading or removing these
substances during neuronal activity (36). Müller cells also

FIG. 6. Analysis of latent b-wave responses in experimental B. thuringiensis endophthalmitis. The percent implicit time (�) from a-wave valleys
to b-wave peaks and representative waveforms from eyes intravitreally injected with strains BT407, BTplcA::lacZ, and BTplcB::lacZ at 6 h
postinfection are shown. All values represent the mean and SEM for at least four eyes per group.
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maintain homeostasis of potassium (K�) levels in the retina by
removing K� from the outer retina (31). K� siphoning from
the photoreceptor cell layers of the retina into the vitreous
during light stimulation is, in large part, the basis for the
b-wave response (32). Therefore, a delayed b-wave response in
this case may mark the beginnings of Müller cell dysfunction in
response to infection. In endophthalmitis, retinal layers are
irreversibly damaged and ultimately disrupted, but the exact
mechanisms of damage to Müller cells or other retinal cell
types are not known. Further analysis of the early stages of
infection is needed to determine when these effects begin, what
cell types are affected, and what toxins or inflammatory medi-
ators are involved in this initial damage.
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