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Following invasion into the host cell, the protozoan Toxoplasma gondii secretes a variety of proteins that
modify the parasitophorous vacuole. Within the vacuole, the 28-kDa dense granule protein known as GRA2 is
specifically targeted to the tubulovesicular network which forms connections with the vacuolar membrane. To
investigate the importance of GRA2, we derived from strain RH a mutant 7. gondii line in which GRA2 was
disrupted by replacement with the marker Ble (selecting for phleomycin resistance). The Agra2 mutant invaded
and grew normally in both fibroblasts and macrophages in vitro; however, it was less virulent during acute
infection in mice. The survival rate of mice inoculated with Agra2 was significantly higher; some infected mice
survived the acute infection, whereas all mice infected with the wild-type strain RH succumbed to early death.
Chronic infection by Agra2 was detected by positive serology, immunohistochemical detection of parasites and
cysts in the brain, and reisolation of parasites by bioassay at 6 weeks postinfection. Thus, absence of GRA2
partially attenuates the virulence of 7. gondii during the acute phase of infection and allows for establishment
of chronic infection by the otherwise highly virulent RH strain. These results establish that GRA2 plays an
important role during in vivo infection and provide a potential model for examining acute pathogenesis by T.

gondii.

Toxoplasmosis is a widespread infection caused by the in-
tracellular protozoan T. gondii. The natural infection is typified
by a brief acute phase followed by an asymptomatic chronic
infection. In the highly susceptible mouse host, acute infection
by the virulent strain RH is characterized by a rapid dissemi-
nation of the parasite to the lungs and ultimately to the central
nervous system, leading to death by pneumonia or encephalitis
within 10 to 12 days postinoculation (13). In more resistant
hosts, acute infection is generally benign and progresses rap-
idly into a chronic phase characterized by parasite encystment
in various tissues, including the central nervous system and
muscles (17). Tissue cysts cause little pathology and stimulate
a protective immunity against reinfection, presumably by oc-
casional cyst rupture and release of parasite antigens (18).
Immunity to toxoplasmosis is mediated by a vigorous cell-
mediated response that relies on production of interleukin-12
(IL-12), gamma interferon (IFN-y), and tumor necrosis factor
alpha (TNF-a) (12, 19, 23). In immunodeficient patients, fail-
ure of the immune system to control the balance between
encystment and reactivation, especially in the central nervous
system, often leads to toxoplasmic encephalitis (27).

Within the infected cell, the rapidly multiplying vegetative
forms of T. gondii (tachyzoites) reside within a fusion-resistant
compartment called the parasitophorous vacuole (24, 30). Fol-
lowing invasion of the host cell, the parasitophorous vacuole is
modified by secretion of parasite proteins from several prom-
inent organelles called rhoptries and dense granules (8, 16).
Additionally, the parasite secretes multilamellar vesicles from
its posterior end which assemble into a network of membra-
nous tubules connected to the parasitophorous vacuole mem-
brane (39). At least eight distinct dense-granule proteins
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(GRA proteins) are released within the vacuole, where they
preferentially associate with the vacuolar membrane or with
the network membrane (reviewed in reference 9).

The GRA proteins were first described as components of the
excretory/secretory antigens released by the parasite when in-
cubated with serum (11). These proteins may be important
protective antigens since they are secreted in abundance and
are major components of both the vacuole surrounding
tachyzoites and the cyst wall surrounding the more slowing
growing bradyzoites (reviewed in reference 9). GRA2 is ex-
pressed by both tachyzoite and bradyzoite stages, and immu-
nization with purified GRA2 has been shown to induce both a
vigorous antibody response and T-cell response during the
chronic infection (5, 31, 34). Immunological responses to
GRAZ2 may be important in controlling infection, as immuni-
zation with the native protein partially protects mice against
acute toxoplasmosis (36).

To investigate the role of GRA2 in intracellular survival and
during infection in mice, we constructed a 7. gondii mutant line
that lacks expression of GRA2 and analyzed the in vitro and in
vivo characteristics of this knockout mutant.

MATERIALS AND METHODS

Plasmids. The pGRA2/Ble/GRA2(8.9) construct was derived from plasmid
pGRA2/Ble (29), which contains 810 bp of the 5’ flanking region of GRA2 in
frame with the phleomycin resistance (Ble) selectable marker and followed by
425 bp of the 3’ region from the SAGI gene (7). The Pacl-Pstl fragment
corresponding to the 3’ region of SAG in plasmid pGRA2/Ble (29) was replaced
with a 400-bp fragment corresponding to the 3" untranslated region of GRA2 that
was amplified by PCR (sense oligonucleotide, 5" TGCTTAATTAAGACTACG
ACGAAAGTGATGCGC 3'; antisense oligonucleotide, 5’ TGCGGATCCGTC
GACTGGAACTACGGTGTTTC 3’) from a cosmid clone containing GRA2
(provided by Steve Parmley, Palo Alto Medical Foundation, Palo Alto, Calif.).
The 3’ region of GRA2 was further extended by cloning of a 2-kb Sa/lI-HindIII
fragment isolated from plasmid pG43 (28) into the Sall-Xbal sites, thus provid-
ing a 2.4-kb 3’ GRA?2 region downstream of the ble gene. The 5" GRA2 region
was also extended by restriction cloning of a 2.4-kb fragment from the cosmid
containing GRA2 into the PstI-Xhol sites of the construct, thus giving a 3.2-kb 5’
GRA?2 region upstream of ble.
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Parasite manipulations. T. gondii tachyzoites of strain RH (obtained from E.
Pfefferkorn, Dartmouth College, Hanover, N.H.) were propagated in human
foreskin fibroblast (HFF) monolayers in Dulbecco’s modified minimal essential
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1 mM
glutamine, 10 mM HEPES, and 10 pg of gentamicin/ml.

Parasites were transformed by electroporation using 1.6 X 10® cells combined
with 50 ug of circular plasmid in the first transfection experiment or 300 pg of
circular plasmid in the second transfection, selected for phleomycin resistance,
and cloned by limiting dilutions in 96-well microtiter plates (29). Clones that no
longer expressed GRA2 were identified on a dot blot probed with the anti-GRA2
monoclonal antibody (MAb) TG17-179 (10). Knockout clones were comple-
mented by cotransfection of 107 tachyzoites with 100 ug of the circular plasmid
pG43 mixed with 10 pg of the circular plasmid TUB5/CAT (provided by D.
Soldati, Zentrum fiir Molekulare Biologie des Universitidt Heidelberg, Heidel-
berg, Germany) and selected for chloramphenicol resistance as described previ-
ously (25).

Genetic analyses. 7. gondii genomic DNA was digested with either Ncol or
Nsil (New England Biolabs Inc., Beverly, Mass.), electrophoresed in agarose
gels, transferred to nylon membranes, and hybridized at high stringency with
specific probes as described previously (29). The probe corresponding to the
Nsil-Pacl fragment of the ble gene was amplified by PCR (sense oligonucleotide,
5" TGCATGCATGACCAAGCGACGCCCAAC 3'; antisense oligonucleotide,
5" GCATTAATTAAGAGATGCCTGCAAGCAATTC 3') from the pSAG1/
Ble template (29). A probe corresponding to the 544-bp Sall-BstEII fragment
within the GRA2 gene was purified by restriction digest from pG43; it spans most
of the GRA2 coding sequence and intron (28). Probes were labeled with
[«->?P]dCTP by using a random primed labeling kit (Boehringer Mannheim,
Indianapolis, Ind.).

Western blotting. Proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose by semidry elec-
trophoresis. Membranes were blocked, incubated with the anti-GRA2 MAb
TG17-179 (10), rinsed, and incubated with peroxidase-conjugated goat second-
ary antibody (Jackson ImmunoResearch Laboratories, West Grove, Pa.). A
rabbit anti-T. gondii actin serum (14) was used as an internal control of the
quantity of proteins loaded in each lane. Signals were detected by using an
enhanced chemiluminescence system (Pierce Chemical Co., Rockford, IIL.).

Uracil incorporation assay. 7. gondii growth in HFF cells was measured by
selective incorporation of [*H]uracil (ICN Pharmaceuticals Inc., Costa Mesa,
Calif.) (33). HFF monolayers grown in 24-well plates were inoculated in tripli-
cate with freshly lysed tachyzoites resuspended in 1 ml of minimum essential
medium containing 3% dialyzed FBS, 1 mM glutamine, 10 mM HEPES, and 10
pg of gentamicin/ml and supplemented with 1 wCi of [*HJuracil 24 h before
harvesting. Monolayers infected with 2 X 10°, 2 X 10%, or 5 X 10? parasites and
lysed 24, 72, or 120 h, respectively, after inoculation; nucleic acids were precip-
itated with trichloroacetic acid, and incorporation of the radioactive metabolite
was assessed by scintillation spectroscopy. Data are expressed as the means of
two separate experiments = standard errors of the means.

Macrophage culture, activation, and invasion assays. Bone marrow-derived
monocyte cultures were isolated from the femurs of CD1 outbred mice (Charles
River Laboratories, Wilmington, Mass.) and grown on bacterial-grade petri
dishes (Sarstedt, Newton, N.C.) for 7 days in DMEM-20% 1.929 cell-conditioned
medium-10% FBS-10 pg of gentamicin/ml. For use in experiments, 1- to
2-week-old macrophages were dislodged with cold calcium- and magnesium-free
phosphate-buffered saline and plated on LabTek slides (Fisher, Pittsburgh, Pa.)
at 2 X 10° cells/ml in fresh medium overnight to establish monolayers at 50%
confluency. Macrophages were activated by incubation with recombinant mouse
IFN-y (60 U/ml; Gibco BRL, Gaithersburg, Md.) and lipopolysaccharide (LPS;
20 ng/ml; Sigma Chemical Co., St. Louis, Mo.) for 16 h prior to T. gondii
infection. For invasion assays, 3 X 10° parasites were delivered to macrophage
monolayers in 0.15 ml of invasion medium by settling for 1 min in a 37°C water
bath. Following the 1-min pulse, monolayers were washed extensively to remove
nonadherent parasites and recultured in fresh medium without IFN-y or LPS.
Monolayers were fixed after 1 h and stained with rabbit anti-P30 to identify
parasites and anti-LAMP1 (MAb 1D4B) to evaluate lysosome fusion. The num-
ber of parasites per 100 macrophages was determined from three or more counts
of 300 to 500 host cells, and the percentage of LAMP1-positive vacuoles was
determined from three or more counts of approximately 25 vacuoles each.
Parallel cultures of nonactivated and activated macrophages were fixed at 20 or
40 h postinvasion to evaluate parasite replication. The average number of par-
asites per vacuole was determined from three or more counts of 300 to 500 host
cells. Results are reported as means * standard deviations from a representative
experiment.

Restriction fragment length polymorphism (RFLP) identification and genetic
mapping of the GRA2 gene. A 1,100-bp fragment encompassing majority of the
GRA2 gene and 3’ untranslated region was amplified by PCR using sense (5'A
CGGCCATGGCCGAGTTTTCCGGAGTTGTTAAC3') and antisense (5'TG
CGGATCCGTCGACTGGACCTACGGTGTTTG3') oligonucleotides. The
GRA2 locus was amplified from genomic DNAs of the type II strain PLK and the
type III strain CEP, digested with restriction endonucleases, electrophoresed in
agarose gels, and stained with ethidium bromide.

In vivo experiments. Female outbred CD1 mice (Charles River) were inocu-
lated by intraperitoneal (i.p.) injection of 10" freshly harvested tachyzoite para-
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FIG. 1. Diagram of the targeting construct and genomic locus involved in
construction of Agra2 knockout parasites. Plasmid pGRA2/Ble/GRA2(8.9), used
to transform the parental RH line, contains 3.2 kb of 5" GRA2 flanking sequence
and 2.4 kb of 3" GRA2 flanking sequence. Striped boxes represent the Ble
selectable marker; the black box represents the GRA2 coding sequence; thick
black lines represent the 5’ and 3’ flanking sequences of the GRA2 gene; thin
black lines symbolize the plasmid vector pBluescript; loops symbolize the double
crossover between the plasmid and the chromosomal GRA2 locus. Probes used
to hybridize the Southern blots in Fig. 3 are represented by the thick black lines
beneath the coding sequences.

sites. One month postinfection, the number of survivors was recorded and their
T. gondii serology was tested by Western blotting against an RH tachyzoite lysate.
For statistical analyses, the x° test was used to calculate the survival rate of mice
inoculated with wild-type strain RH (expected) versus the survival rate of mice
inoculated with the knockout mutants (observed) (df = 1). Seropositive survivors
were sacrificed 6 weeks after injection, and one half of the brain was homoge-
nized and inoculated into a single female outbred CD1 mouse. After 6 to 8 days,
the peritoneal fluid was harvested and inoculated onto HFF monolayers to
recover parasites in culture (22). The other half of the brain was fixed in 4%
formalin in PBS, rinsed, dehydrated, and embedded in paraffin. Serial sections
were rehydrated, stained with either a rabbit serum recognizing the bradyzoite-
specific antigen BAGS (dilution of 1:1,000; provided by L. Weiss, Albert Einstein
College of Medicine, New York, N.Y.) or the rabbit serum anti-SAG1 (dilution
of 1:1,000; provided by L. H. Kasper, Dartmouth Medical School, Hanover,
N.H.), detected by using a Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, Calif.), and counterstained with hematoxylin. Sections of a mouse
brain chronically infected with the type III strain CEP (22) were used as positive
controls for the presence of cysts. Slides were mounted in PBS-glycerol (50/50)
and examined on a Zeiss Axioscope.

RESULTS

Construction of the Agra2 knockout and restoration by
complementation. The GRA2 gene exists as a single copy
within the haploid genome of T. gondii (28). To disrupt this
gene by homologous recombination, a plasmid containing the
positive selectable marker Ble flanked by 3.2 kb of the up-
stream and 2.4 kb of the downstream genomic regions of the
GRA2 gene was electroporated into freshly harvested
tachyzoites (Fig. 1). Eighteen of 117 Ble-resistant transfor-
mants isolated from two independent transfections failed to
express GRA2 when analyzed by Western blotting (Fig. 2 and
data not shown). Three clones were arbitrarily selected for
further analysis: clone C12 from the first transfection and
clones C1 and B2 from the second transfection. A genomic
probe corresponding to the coding sequence of GRA2 includ-
ing the intron (Fig. 1) failed to hybridize to DNA from these
three clones, demonstrating that targeted disruption of the
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FIG. 2. Western blot analysis showing that the knockout lines failed to ex-
press GRA2 and that complementation restored expression of the protein. WT,
wild-type parental T. gondii strain RH. Knockout clones C1 and B2 originated
from transformation using 300 pg of plasmid DNA, whereas clone C12 origi-
nated from transformation using 50 pg of plasmid DNA. T. gondii lysates cor-
responding to approximately 5 X 10° parasites were loaded in each lane. The
membrane was probed with both MAb Tgl17-179 against GRA2 (solid arrow-
head) and a rabbit serum against 7. gondii actin (open arrowhead) as an internal
control of the quantity of protein loaded in each lane.
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open reading frame had occurred (Fig. 3A). Hybridization with
a probe corresponding to the ble coding sequence showed that
clones B2 and C12 had integrated a single copy of the ble gene
whereas clone C1 had integrated four copies, one at the GRA2
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FIG. 3. Genomic analysis of the Agra2 knockout and complemented clones.
(A) Southern blot analysis showing that the knockout clones lack the GRA2 open
reading frame, in contrast to the wild type (WT). The knockout clones were
complemented by nonhomologous integration of plasmid pG43 into the T. gondii
genome. Genomic DNA was digested with Ncol and hybridized with the GRA2
genomic fragment (Sa/lI-BstEII) of 544 bp corresponding to most of the GRA2
open reading frame. Two fragments (a 4.5-kb fragment and a faintly hybridizing
5.4-kb fragment indicated by *) are detected in the wild type; in the comple-
mented clones these fragments are of different sizes, reflecting their integration
into different genomic locations. (B) Knockout clones B2 and C12 were derived
from a single integration of the ble gene at the GRA2 locus, whereas knockout
clone C1 integrated three additional copies of the selectable marker. Genomic
DNA was digested with NsiI and hybridized with a 480-bp fragment (NsiI-Pacl)
corresponding to the ble open reading frame. Digestion of plasmid pGRA2/Ble/
GRAZ2(8.9) (P) liberates a hybridizing fragment of 1 kb, due to the presence of
an Nsil site in the 3’ flanking region of GRA2.

Ble probe
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locus and three extra copies, presumably at different sites in
the genome (Fig. 3B). Although the selection was performed
on the entire pool of electroporated parasites and therefore
did not prevent isolation of siblings, the genotypic differences
observed between clones C1 and B2 indicated that they origi-
nated from independent events (Fig. 3B). Collectively, these
results establish that all three clones represent knockouts of
the GRA2 gene, which are hence designated genotypically as
Agra2 and phenotypically as Gra2™.

Restoration of GRA2 expression was accomplished by trans-
forming knockout parasites with plasmid pG43, which contains
the entire coding sequence of the GRA2 gene flanked by 2.4 kb
of each of the 5" and 3’ flanking regions. These complemented
transformants were shown by Western blotting to reexpress
GRAZ2 at levels comparable to those for the wild-type (Fig. 2).
Genomic Southern analysis of the complemented knockout
clones confirmed that integration of the GRA2 gene had oc-
curred elsewhere in the genome, leaving the Ble cassette un-
altered (Fig. 3B).

Lack of GRA2 does not alter the in vitro 7. gondii growth
rate. Preliminary results indicated that the three independent
knockout clones C1, B2, and C12 grew similarly in HFF cells
(data not shown). Subsequently, we chose the Agra2 clone B2,
as well as a complemented clone derived from this knockout
but which expressed wild-type levels of GRA2, for use in both
in vitro and in vivo experiments reported in this study. To
determine if the lack of GRA2 had an effect on growth rate,
proliferation was monitored by selective [*H]uracil incorpora-
tion by the parasite (33). Wild-type strain RH, Agra2 clone B2,
and the complemented clone showed similar levels of [*H]
uracil incorporation when assayed 24, 72, or 120 h after inoc-
ulation (Fig. 4A). Although the incorporation levels at differ-
ent time points appear equal in Fig. 4A, they actually reflect
exponential growth, as the input inoculum was varied to pre-
vent overgrowth during the assay (see Materials and Methods).

We also examined the survival of the mutant in both normal
and activated bone marrow-derived macrophages cultured in
vitro. The wild type, Agra2 clone, and complemented clone
showed the same level of invasion into normal macrophages, as
determined by both counting the number of parasites per 100
cells and calculating the average level of lysosome fusion (ap-
proximately 5% in all groups) (data not shown). These results
indicate the Agra2 mutant is able to invade and survive nor-
mally in macrophages during the first hour after infection. We
also examined the proliferation of the mutant and wild-type
strains in normal and activated macrophages. Similar levels of
replication of the wild type, mutant, and complemented clone
were detected in normal macrophages, and they were equally
suppressed in activated macrophages (Fig. 4B). Taken to-
gether, these results indicate that lack of GRA2 did not alter
the in vitro growth characteristics of 7. gondii.

Lack of GRA2 causes partial attenuation of RH strain. In-
traperitoneal infection of mice with the type I strain RH is
always lethal within 8 to 12 days, regardless of the mouse strain
used (22). Consequently, the establishment of chronic infec-
tion and encystment of the parasite in mouse tissues does not
occur with strain RH in the absence of chemotherapy. At a low
inoculum (10! or fewer tachyzoites), some mice survive RH
challenge; however, this is presumably due to the low viability
of the inoculum. Inoculation with 10* or fewer dead tach-
yzoites is insufficient to induce seroconversion due to the low
antigen dose (data not shown). Therefore, a positive serology
in mice surviving inoculation was used as an indicator of in-
fection.

To investigate if lack of GRA2 had any effect on 7. gondii
virulence, CD1 mice were inoculated i.p. with 10" tachyzoites,



VoL. 66, 1998

i 1
)
1

|

A
3
=
~
S 407 ] [
é 7] Wild-type
Sa0dPA ] 7| yP
et [] Agra2 B2
S 7] l Complemented Agra2 B2
£ 201
3 10
o)
2,

0

24 hours 72hours 120 hours

B
[} T — a
i ] =
g ]
g 6
3
- [ Resting (20hrs)
[o]
H B3 Activated (20hrs)
£ 41 B Activated (40hrs)
o
[+]
P
2
8 - -
R | %

0 T T 1

WT Agra2 Complemented

Parasite strain

FIG. 4. Proliferation of wild-type and of Agra2 mutant parasites in vitro. (A)
The wild type, mutant, and complemented clone showed similar levels of [°H]
uracil incorporation at 24, 72, and 120 h after inoculation of HFF cells. Mono-
layers were challenged with 2 X 106, 2 X 10 and 5 X 10° parasites, pulsed with
[*H]uracil for the final 24 h, and harvested at 24, 72, and 120 h, respectively. (B)
Growth in macrophages as determined by counting the average number of
parasites per vacuole at 20 or 40 h postinoculation. Similar growth rates were
observed for the wild type, mutant, and complemented clone in normal macro-
phages, while activated macrophages suppressed their growth to similar extents.

and survivors were tested for anti-7. gondii serology 1 month
after inoculation. Inoculation with the wild-type strain RH
resulted in death of all but 12 of 45 animals (27% survival)
(Table 1). In marked contrast, 23 (51%) of 45 mice inoculated
with the B2 knockout clone survived (Table 1). Complemen-
tation of the B2 clone restored the virulence of the parasites,
which again exhibited a higher rate of mortality (17% survival)
(Table 1). As expected, none of the 12 mice surviving RH
challenge had been infected, as confirmed by their negative
serology, while somewhat surprisingly, 10 of those surviving
inoculation with the B2 knockout clone were serologically pos-
itive (Table 1). Importantly, none of the five mice surviving
inoculation with the complemented B2 clone had a positive 7.
gondii serology (Table 1). Despite the fact that none of the
mice surviving inoculation with the C12 clone were serologi-
cally positive, this clone was also significantly less virulent, with
12 (48%) of 25 mice surviving inoculation (Table 1). The
increased survival of mice inoculated with the B2 or C12 clone
was not due to overall lower viability of these isolates, as
confirmed by their ability to form plaques on monolayers that
was indistinguishable from the ability of wild-type strain RH

TOXOPLASMA GRA2 KNOCKOUT 4179

TABLE 1. Disruption of GRA2 allows mice to survive acute
infection with T. gondii RH

T. gondii line Survivors® Soefr:lf’r(:’siitgfg
Wild type (RH) 12/45 (27) 0/12
gra2 B2 knockout 23/45 (51)¢ 10/23
gra2 C12 knockout 12/25 (48)° 0/12
Complemented B2 clone 6/35 (17) 0/6

“ Numerators represent numbers of surviving mice 4 weeks after inoculation;
denominators represent the total number of mice inoculated in the course of four
separate experiments; numbers in parentheses represent the percentage of sur-
viving mice.

® Numerators represent numbers of surviving mice which were positive for 7.
gondii serology; denominators represent the total number of mice surviving in the
course of four separate experiments.

¢ Statistically significant difference versus wild-type strain RH or the comple-
mented clone (P < 0.05).

(data not shown). Collectively, these results indicate that the
absence of GRA2 decreases acute virulence of 7. gondii in
mice such that animals often survive an otherwise lethal infec-
tion with strain RH.

While the above results indicate that Agra2 is capable of
causing a nonlethal infection, they do not establish if surviving
mice had cleared the parasite or remained chronically infected.
To determine if the Agra2 clone B2 was capable of forming
latent infection in mice, the brains from four seropositive mice
originally inoculated with the B2 clone were isolated 6 weeks
after inoculation and separated into two parts. One part of
each brain was homogenized and inoculated into the perito-
neal cavity of a CD1 mouse; peritoneal exudate was harvested
8 days later and cultured in vitro. Parasites were recovered
from one of the four seropositive mice, while parasites were
not recovered from the remaining three. Western blot analysis
confirmed that these recovered parasites did not express
GRAZ2 (Fig. 5A). Restriction analysis of the SAG! gene am-
plified from their genomic DNA showed that they contained
the type I allele (22), confirming they were not due to contam-
ination with a genetically distinct, less virulent lineage (data
not shown).

Following acute infection, 7. gondii differentiates into a
slow-growing cyst stage called bradyzoite that expresses a num-
ber of stage-specific antigens, including the small heat shock
protein BAGS (2, 32). To evaluate the presence of chronic
infections, the remaining portion of the brains from the four
seropositive mice were sectioned and immunohistochemically
stained for the presence of either the bradyzoite-specific anti-
gen BAGS or the tachyzoite-specific antigen SAG1. BAGS-
positive cyst-like structures and numerous immunoreactive
BAGS-positive foci of parasites were detected in sections of
brain examined from the single mouse that was positive by
bioassay (Fig. 5B). No SAGI-reactive parasites were detected
in approximately 20 sections of this same brain that were
stained in parallel (data not shown). No BAGS5- or SAGI1-
positive cells were detected in approximately 20 sections ex-
amined each for the remaining brains of the three seropositive
mice (data not shown). Collectively, these results demonstrate
that infection with the Agra2 knockout clone is capable of
leading to chronic infection and formation of cyst-like struc-
tures in the brains of mice, although some surviving mice
appear to clear the infection.

Mapping of GRA2 to chromosome X. Previous studies have
indicated that a locus associated with acute virulence lies on
chromosome VIII in T. gondii (22). To map the chromosomal
location of GRA2, genomic DNAs from strains CEP and PLK
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FIG. 5. (A) Western blot analysis of parasites recovered from a mouse chron-
ically infected with Agra2 parasites. Recovered parasites (Rec) lacked expression
of GRA2, as did the original knockout clone that was injected (Inoc) and the
wild-type line (WT). The membrane was probed with both MAb Tgl7-179
against GRA2 (solid arrowhead) and a rabbit serum against 7. gondii actin
(asterisk) as an internal control of the quantity of protein in each lane. (B)
Immunohistochemical staining of BAGS in a cyst-like structure within the brain
of a mouse chronically infected with Agra2. Scale bar: 3 mm.

were amplified and screened with restriction enzymes to detect
polymorphisms at the GRA2 locus (see Materials and Meth-
ods). An RFLP was identified by restriction digestion with the
enzyme Mnll: CEP contains an additional site that cleaves a
500-bp fragment observed in PLK into two smaller fragments
of approximately 150 and 350 bp (data not shown). We then
analyzed the segregation of this Mn/l RFLP among 19 recom-
binant progeny from a previously described genetic cross (38).
The resulting segregation pattern for GRA2 alleles indicated it
is located on chromosome X (Fig. 6A). Because additional
crossovers are detected by inclusion of GRA2, the map of
chromosome X has been redrawn to attain the most parsimo-
nious arrangement of markers on this chromosome (Fig. 6B).

DISCUSSION

We report here the construction and phenotypic analysis of
a T. gondii knockout mutant that lacks expression of the dense-
granule protein GRA2. This mutant was obtained by gene
replacement of the GRA2 open reading frame with a single
copy of the Ble selectable marker, as confirmed by Southern
blotting. Western blot analysis confirmed that the recombi-
nants failed to express GRA2, a 28-kDa glycoprotein that
belongs to a family of parasite proteins stored in electron-
dense organelles and secreted into the parasitophorous vacu-
ole following invasion. Although dense-granule proteins are
suspected to play a role in intravacuolar survival of the para-
site, recovery of Agra2 mutants which displayed normal growth
indicates that the GRA2 protein is not essential under normal
culture conditions in vitro. The GRA proteins are also ex-
pressed during the chronic phase of infection, where they are
incorporated into the cyst wall (41). Importantly, phenotypic
analysis of the Agra2 mutant showed that despite being able to
differentiate normally, the mutant exhibited decreased viru-
lence in mice, allowing establishment of chronic infection by an
otherwise highly virulent lineage.

Intraperitoneal inoculation with tachyzoites of the parental
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FIG. 6. Segregation pattern of GRA2 and adjacent genes located on chro-
mosome X as determined by RFLP analysis of 19 recombinant progeny. Open
circles represent type III alleles; closed circles represent type II alleles. (B)
Linear map of chromosome X depicting the most parsimonious arrangement of
markers. One node = 5.25 map units.

strain RH (type I) leads to an acute infection that is lethal
within 12 days postinoculation in the mouse model (22). This
phenotype of high acute virulence is shared by a subset of 7.
gondii strains that comprise a clonal subpopulation designated
type I strains (37). The basis of their high acute virulence is
incompletely understood but presumably results from the rel-
atively few genetic differences between this clonal grouping
and the closely related but distinct types II and III strains,
which are considerably less virulent in mice (21, 22). When
inoculated i.p. with wild-type strain RH, surviving mice are
observed only with a very low inoculum and they remain sero-
negative, indicating they were never infected, presumably due
to less than 100% viability of the parasites (22). Similarly, in
the present study, mice infected with strain RH died from
acute infection, while mice surviving inoculation with strain
RH remained seronegative. In contrast, inoculation with sim-
ilar low doses of the Agra2 B2 clone led to seropositive survi-
vors, indicating that acute infection had occurred but was con-
trolled. It is not known if all 10 surviving mice that were
seropositive harbored chronic infection, as parasites were re-
isolated from only one of four animals that were analyzed by
bioassay. Furthermore, direct evidence of the presence of bra-
dyzoites expressing BAGS was obtained only for this bioassay-
positive mouse. Previous studies have indicated that bioassay is
the most sensitive and reliable means of detecting chronic
infections (15). While we cannot rule out the possibility of
chronic infections that were below the level of detection, the
absence of recoverable parasites in three of four mice sub-
jected to bioassay suggests that the infection was self-limiting
or eliminated by the immune response in these animals. A
second knockout clone, C12, also was generated by a single
insertion/replacement event to delete the GRA2 locus. Like
the B2 clones, it was significantly less virulent in terms of acute
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deaths; however, it did not result in seropositive survivors. The
reasons for the differences between B2 and C12 clones remain
unknown but may relate to individual variation in the parental
population of RH strain used to generate the mutants. None-
theless, both the increased survival and the seropositivity of
survivors inoculated with B2 were a result of the absence of
GRA2 since the complemented clone was fully restored to
wild-type virulence in both attributes.

Strain RH does not normally form cysts spontaneously in
mice in the absence of chemotherapy to prevent death. How-
ever, this strain can be induced to express bradyzoite-specific
proteins in vitro by altering the cell culture conditions (40), and
it forms cysts in resistant hosts such as rats (26). We observed
a similar frequency of stage conversion to parasites expressing
the bradyzoite-specific antigen BAGS in the Agra2 mutant and
the wild-type strain RH under in vitro conditions that favor
bradyzoite formation (unpublished data). Consequently, Agra2
parasites do not appear to have a defect in stage conversion.

BAGS is a low-molecular-weight heat shock protein that is
expressed early in the differentiation of bradyzoites in vitro and
during cyst formation in vivo (4). Mutant parasites in which
BAGS expression has been disrupted grow normally in vitro
and in vivo, indicating it is not essential during infection in
mice (3). Here we have used BAGS as a positive marker for
differentiation to bradyzoites and demonstrated that the Agra2
clone was capable of forming cysts in vivo, as recognized by
BAGS-positive staining of sections from infected mouse brain.
These same cysts failed to stain with antibodies for the
tachyzoite antigen SAG1, indicating they had fully differenti-
ated into bradyzoites. Consequently, the absence of GRA2
which resulted in greater survival of mice following acute in-
fection does not appear to influence differentiation.

The parasite genetic factors that control acute virulence are
largely unknown, although preliminary evidence implicates a
locus near SAGI (the gene encoding the major tachyzoite
surface protein) on chromosome VIII (22). This SAGI-associ-
ated locus mediates a strain-specific difference in pathogenicity
between the acutely virulent type I strains like RH and type II
and III strains which are nonvirulent. The contribution of
GRA2 to pathogenesis is likely unrelated to this phenomenon,
since there are no apparent strain-specific, virulence-associ-
ated polymorphisms in GRA2 and it maps to chromosome X
rather than chromosome VIII. GRA2 is secreted into the para-
sitophorous vacuole during tachyzoite growth and is a major
component of the cyst wall during bradyzoite growth, suggest-
ing that it may play a role in acquisition of nutrients from the
host cell. Although no apparent difference in growth rate was
observed in vitro, increased survival of mice challenged with
Agra2 suggests the growth rate and/or dissemination of this
mutant is restricted in vivo. Comprehensive studies on the
pathogenesis of the gram-negative bacterial pathogens of the
genus Salmonella have identified numerous examples of niche-
specific nutrient limitations that become apparent in vivo, de-
spite apparently normal growth in vitro (20). Thus, the ob-
served role of GRA2 in survival within the host may depend on
specific requirements for nutrient acquisition that are unique
to the in vivo environment(s). Infection of mice with the viru-
lent RH strain of 7. gondii is normally characterized by an early
involvement of lungs and subsequent dissemination to the cen-
tral nervous system (13). However, the actual cause of death in
these animals remains undefined and could occur from acute
inflammatory responses in one or more tissues. Further studies
on in vivo infections by Agra2 parasites will be necessary to
investigate the basis of its decreased virulence.

Despite the previous findings that immunization with puri-
fied GRA2 induces an antigen-specific protective response
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(36), its role during the acute infection, where early responses
are controlled by innate immunity, has not been investigated.
Parasite secretory proteins, in particular GRA proteins, con-
stitute the major part of circulating antigens in the plasma of
mice 24 h postinfection (1). Whether these antigens are ac-
tively secreted or the result of parasite lysis in the bloodstream
during the acute infection is unknown, but their presence in the
serum may be important during the early immune responses.
The initial infection by 7. gondii induces a cascade of proin-
flammatory cytokines, including IL-12, TNF-«, and IFN-y, that
collectively regulate resistance to acute toxoplasmosis (12, 19,
23). Several mechanisms of antitoxoplasmal activity, including
cytokine activation of macrophages to kill or inhibit parasite
growth, cytolysis of infected host cells, and antibody-mediated
opsonization of parasites that leads to intracellular destruction,
have been well described. The defect in Agra2 parasites is not
related simply to survival within macrophages, as similar rates
of infection and growth were observed for both wild-type and
mutant parasites in vitro. However, the increased survival of
mice inoculated with Agra2 null mutants suggest that the in-
nate or acquired immune response may be more effective at
controlling proliferation in vivo. Thus, it is possible that dif-
ferences exist in the monokine/cytokine responses elicited by
this mutant when it encounters macrophages or other immune
effector cells. The survival of mice following initial infection by
the B2 null mutant, which does not express GRA2, provides a
model to study both innate and acquired immunity during
infection by a virulent lineage of 7. gondii.
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