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The Toxoplasma gondii bradyzoite is essential to establish persistent infection, yet little is known about what
factors this developmental form secretes to establish the cyst or interact with its host cell. To identify candidate
bradyzoite-secreted effectors, the transcriptomes of in vitro tachyzoites 2 days postinfection, in vitro bradyzoites
4 days postinfection, and in vivo bradyzoites 21 days postinfection were interrogated by microarray, and the
program SignalP was used to identify signal peptides indicating secretion. One hundred two putative brady-
zoite-secreted effectors were identified by this approach. Two candidates, bradyzoite pseudokinase 1 and
microneme adhesive repeat domain-containing protein 4, were chosen for further investigation and confirmed
to be induced and secreted by bradyzoites in vitro and in vivo. Thus, we report the first analysis of the
transcriptomes of in vitro and in vivo bradyzoites and identify two new protein components of the Toxoplasma
tissue cyst wall.

Asexual replication of the protozoan parasite Toxoplasma
gondii occurs through two developmental forms, the rapidly
growing tachyzoite and the bradyzoite, which is slow growing
and forms tissue cysts. Tachyzoites replicate during acute in-
fection, but after about a week, conversion to bradyzoites oc-
curs (31). This switch to the bradyzoite form is vital to the
parasite’s life cycle and allows the persistent infection of inter-
mediate hosts until they are ingested by the feline definitive
host, where the sexual cycle takes place. Infection in an immu-
nocompetent human is controlled, but the parasite is not erad-
icated; instead, it persists in a bradyzoite form in brain and
muscle tissues (34). While this initial infection is commonly
asymptomatic, reactivation of tissue cysts when the immune
system is suppressed can cause life-threatening encephalitis
and other clinical manifestations (34). How Toxoplasma bra-
dyzoites are able to evade the immune system, maintain cysts,
and persist in the host for decades after the initial infection is
not understood.

Toxoplasma is an obligate intracellular pathogen, and both
bradyzoites and tachyzoites reside in a parasitophorous vacu-
ole (PV) that appears to be necessary for intracellular growth.
The parasite secretes proteins into the PV, onto the PV mem-
brane, and into the host cell cytosol through its secretory or-
ganelles, i.e., the rhoptries and dense granules (9, 10). While
there is much research elucidating how proteins secreted by
the tachyzoite form of Toxoplasma function to modify its in-

tracellular environment, little is known about how bradyzoites
interact with the host or how cysts are established and main-
tained. This is especially true for the cyst wall itself, where
relatively few proteins have been identified (15, 49). Initial
studies to identify bradyzoite-secreted proteins performed by
Schwarz et al. used expressed sequence tag data for only 5%
of the genome and identified bradyzoite rhoptry protein 1
(BRP1) (45). The discovery of a bradyzoite secreted protein by
the screening of such a small percentage of the genome sug-
gested that numerous other such proteins may exist.

Differentiation of Toxoplasma from the tachyzoite to the
bradyzoite form results in significant changes in the parasite
and PV (17). Bradyzoites express specific surface antigens
(e.g., SAG1-related sequence 9, SAG2X) and metabolic fac-
tors (e.g., lactate dehydrogenase 2 [LDH2], enolase 1 [ENO1])
while downregulating others found in tachyzoites (e.g., SAG1,
LDH1, ENO2) (31). The study of bradyzoites and tissues cysts
has been facilitated by the in vitro model of differentiation
whereby Toxoplasma tachyzoites are induced to form brady-
zoites through various stress-inducing treatments, including
low serum, alkaline pH, and gamma interferon (48). In vivo-
and in vitro-derived cysts are similar in their expression of
certain key antigens and in being contained within a cyst wall
that is detectable by staining with the lectin Dolichos biflorus
agglutinin (DBA) and that appears ultrastructurally similar in
vitro and in vivo by transmission electron microscopy. In other
respects, however, in vitro cysts differ from those found in vivo
in terms of size, the number of bradyzoites within the cyst, and
longevity (17). This raises the question of how accurately the in
vitro culture system of bradyzoites models in vivo bradyzoites.
The transcriptomes of in vitro bradyzoites and tachyzoites have
been interrogated with a variety of strains and conditions (13,
30, 38; unpublished data from various groups available at
ToxoDB.org). The difficulty involved in obtaining enough par-
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asite material from in vivo sources, however, has previously
precluded transcriptomic investigations of in vivo bradyzoites.

The goals of this study were to characterize bradyzoite gene
expression and use these data to better understand bradyzoite
development, especially proteins secreted by bradyzoites but
not tachyzoites. To accomplish this, we used T. gondii M4 to
isolate in vivo cysts and used these to compare the transcrip-
tomes of in vivo bradyzoites, in vitro bradyzoites, and in vitro
tachyzoites. Two novel candidates identified with these data
were endogenously epitope tagged and confirmed as brady-
zoite-secreted proteins that localize to the cyst matrix and cyst
wall.

MATERIALS AND METHODS

Cell culture and parasite strains. Parasites were cultured in confluent primary
human foreskin fibroblasts (HFFs) grown in Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen, Carlsbad, CA) with 10% fetal calf serum (FCS;
HyClone, Logan, UT), 2 mM glutamine, 100 U/ml penicillin, and 100 �g/ml
streptomycin (complete DMEM [cDMEM]) at 37°C with 5% CO2.

The M4 parasite strain used for all of the microarray analyses in this study was
a gift from Lee Innes at the Moredun Research Institute, Edinburgh, Scotland
(25). Based on sequencing at four polymorphic loci (SAG3, B1, GRA2, and
toxofilin; data not shown), all of which yielded a sequence identical to that of the
canonical type II strain ME49 (ToxoDB.org), this is presumed to be a type II
strain. The parental strain used in this study for protein tagging and localization
was the type II Prugniaud (Pru) strain lacking a functional hypoxanthine-xan-
thine-guanine-phosphoribosyltransferase gene (HXGPRT) which was a gift from
D. Soldati (University of Geneva, Geneva, Switzerland).

In vitro differentiation and culture of bradyzoites. Differentiation to the bra-
dyzoite form was induced by growth under alkaline conditions essentially as
described previously (23). Briefly, confluent monolayers of HFFs were infected
with tachyzoites at a multiplicity of infection of 3 for 4 h in cDMEM at 37°C with
5% CO2. The cells were washed twice with phosphate-buffered saline (PBS) and
cultured in RPMI medium (Invitrogen) lacking sodium bicarbonate with 1%
FCS, 10 mg/ml HEPES, 100 U/ml penicillin, and 100 �g/ml streptomycin, pH 8.0,
and grown at 37°C without supplemented CO2 to induce differentiation to the
bradyzoite form.

Isolation of in vitro bradyzoites and tachyzoites. In vitro bradyzoites were
prepared at 4 or 8 days postinfection (dpi), and in vitro tachyzoite samples were
obtained at 2 dpi. Duplicate cultures were infected, harvested, and processed
independently. To isolate the parasites, HFFs were lysed by passage through a
27-gauge needle at least 10 times. To minimize host cell contamination, unlysed
cells were pelleted by brief centrifugation (�3 min) in a Sorvall RT7 plus
tabletop centrifuge at 700 rpm (102 � g). The supernatant was removed, and
parasites were collected by centrifugation at 1,500 rpm (470 � g) for 10 min,
resuspended in TRIzol reagent (Invitrogen), and frozen at �80°C.

Isolation of in vivo bradyzoites. (i) Bradyzoite cyst production. In vivo brady-
zoites were produced and isolated as described by Fritz et al. (22a). Two groups
of four 8-week-old Swiss Webster mice were infected with 1,000 oocysts per-
orally. One of these mice was subcutaneously inoculated with 1,000 oocysts. The
mice were treated with 0.44 �g/ml sulfadiazine in their water 11 to 21 dpi. Three
weeks after inoculation, the mice exhibited neurological impairment and were
sacrificed and the brains were harvested. One-quarter of each mouse brain was
reserved for histopathology. The remaining three-quarters of each brain was
processed for bradyzoite cyst isolation. All animal experiments were conducted
with the approval and oversight of the Institutional Animal Care and Use Com-
mittee at the University of California Davis or Stanford University.

(ii) Bradyzoite cyst isolation. The method used to harvest bradyzoite cysts
from mouse brains was modified and optimized from a previously described
protocol (28). Each brain was passed through a 100-�m cell strainer, washed
once, and resuspended in PBS to a total volume of 4 ml. The brain suspension
was then passed 10 times through 16- and 22-gauge blunt needles and brought to
a total volume of 10 ml with PBS. A density gradient was prepared for each
sample by layering (from bottom to top) 9 ml 90% (vol/vol) Percoll in PBS (GE
Healthcare, Piscataway, NJ), 9 ml 30% Percoll, and 10 ml brain suspension in a
50-ml conical tube. Each gradient was centrifuged at 1,200 � g for 15 min at 4°C.
The cysts were harvested from the 30% portion and the 30%/90% interface. This
was done by first removing and discarding the top 10 ml. Then 14 ml was
removed to a fresh tube, which contained the desired cyst-containing fraction.

The pellet was also discarded. The cyst suspensions were washed with PBS by
bringing the volume to 45 ml with PBS and centrifuging it at 1,500 � g for 15 min
at 4°C. The supernatant was removed to about 5 ml, and the pellets were
combined into one 50-ml tube. A second wash in PBS was performed by bringing
the combined suspension to 45 ml with PBS and centrifuging it at 2,500 � g for
15 min at 4°C. The supernatant was removed, and the remaining pellet was
transferred to a 1.5-ml microcentrifuge tube and brought to 1 ml with PBS. A
10-�l volume was removed to count cysts. We obtained 56,400 pooled purified
cysts from group A (4 mice) and 48,900 cysts from group B (4 mice). The
resulting suspension was then centrifuged at 13,200 rpm for 8 min, and the
supernatant was removed. The final cyst pellet was resuspended in 1 ml TRIzol
reagent and stored in siliconized tubes (Axygen Maxymum Recovery; Axygen
Inc., Union City, CA) at �80°C until RNA was extracted.

RNA isolation, labeling, and microarray hybridization. Total RNA was puri-
fied using TRIzol reagent according to the manufacturer’s protocol, resuspended
in water, and stored in siliconized tubes at �80°C. The 3� IVT express kit
(Affymetrix, Santa Clara, CA) was used to label 250 ng of total RNA in accor-
dance with the manufacturer’s protocol. Samples (7.5 �g) of labeled, frag-
mented, amplified RNA were hybridized on the Tgondiia520372 custom chip by
Affymetrix (3) at the Stanford Protein and Nucleic Acid Facility using Affymetrix
GeneChip Hybridization Oven 640, Affymetrix GeneChip Fluidics Station 450,
and Affymetrix GeneChip Scanner 3000 7G. The software used was Affymetrix
GeneChip Command Console.

Preprocessing. Data were converted from .cel files and averaged across probes
within each probe set using the Bioconductor package affy (version 1.22.1 [24])
within the statistical software system R (version 2.10.1 [40]) and then trans-
formed via a generalized logarithm (glog) transformation (18, 27) using the
Bioconductor package LMGene (version 2.4.0 [42]).

Statistical analysis. A one-way analysis-of-variance (ANOVA) model was
fitted to the data one probe set at a time. For probe sets for which the global F
test was significant at the 5% level, indicating significant differences between at
least two levels of the factor, Tukey honestly significant difference (HSD) post
hoc tests were conducted to test for significant differences among the compari-
sons of interest.

Generation of endogenously tagged bradyzoites. All of the primers used for
these studies can be found in Table S1 in the supplemental material. Targeting
plasmids were engineered to generate Toxoplasma strains where the endogenous
BPK1 or MCP4 locus was replaced with one fused to a C-terminal hemagglutinin
(HA) tag using the pTKO vector (37). Briefly, �1- to 2-kb regions immediately
up- or downstream of the targeted gene’s stop codon were inserted flanking a
cassette for expression of the selectable marker HXGPRT. The HA tag sequence
was added to the reverse primers so as to be incorporated into the 5� targeting
sequence during amplification. The 5� targeting sequence upstream of the stop
codon does not contain the promoter or start codon of the targeted gene to avoid
ectopic expression from the vector. Targeting plasmids were linearized by diges-
tion with the enzyme NotI. The plasmid (15 to 30 �g) was transfected into T.
gondii PRU�hxgprt by electroporation as previously described by Soldati and
Boothroyd (46). Mycophenolic acid (50 �g/ml) and xanthine (50 �g/ml) were
used to select for stable integration as previously described (16), and single
clones were isolated by limiting dilution. To confirm a double recombination
event, selected clones were screened for the absence of expression of red fluo-
rescent protein (mCherry), as the mCherry gene is positioned upstream of the 5�
targeting sequence in the constructed vector. To confirm correct integration of
the vector into the genome, genomic DNA was screened by PCR using
primers within the vector and in the genomic sequence (outside the region
used for targeting; see Table S1 in the supplemental material) and confirmed
by sequencing.

Immunoblot assay. Parasites were lysed from HFFs by multiple passages
through a 27-gauge needle. Equal numbers of parasites were resuspended in
SDS-PAGE loading buffer, boiled for 10 min, and frozen at �20°C. We loaded
5 � 105 parasite equivalents per sample and subjected the samples to 10%
SDS-PAGE. Immunoblot analysis was performed using standard methods.
Monoclonal antibody 3F10 (a rat anti-HA antibody) conjugated to horseradish
peroxidase (HRP; Roche) was used to probe the membrane. The membrane was
stripped and probed with rabbit anti-SAG2X (43) in 5% bovine serum albumin
(BSA). The membrane was again stripped and reprobed with rabbit anti-SAG1.
All incubations were conducted with 10 mM Tris–150 mM NaCl, pH 7.4 (TBS),
supplemented with 5% milk and 0.05% Tween 20, unless otherwise noted, and
followed by exposure to an appropriate secondary antibody conjugated to HRP.

Immunofluorescence assays (IFAs). For in vitro localization, Toxoplasma-in-
fected HFF cells on glass coverslips were fixed with 3.5% formaldehyde for 20
min. All subsequent incubations were performed in PBS supplemented with 3%
BSA. Cells were blocked in 3% BSA in PBS overnight at 4°C or at room
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temperature for 1 h and then permeabilized for 20 to 60 min with PBS supple-
mented with 0.3 to 0.5% Triton X-100. Proteins with the HA epitope were
detected using the monoclonal antibody 3F10, followed by goat anti-rat 594
Alexa Fluor-conjugated secondary antibodies (Molecular Probes). DBA (Vector
Laboratories, Burlingame, CA) was used as a marker of the cyst wall. Samples were
viewed on an Olympus BX60 upright fluorescence microscope with a 100� oil
immersion lens, and images were acquired with Image-Pro Plus software. Images
were minimally and equally adjusted within groups using Adobe Photoshop CS3.

For in vivo localization, female CBA/J mice were infected intraperitoneally
with 5,000 parasites. At 40 dpi, the mice, prior to sacrifice, were anesthetized with
a mixture of ketamine (24 mg/ml) and xylazine (48 mg/ml) according to weight.
Prior to intracardiac perfusion with heparin (10 U/ml) in a 0.9% saline solution,
the mice were confirmed to be unresponsive to deep pain stimulation. The brain
was drop fixed in 4% paraformaldehyde in phosphate buffer (pH 7.4) overnight
at 4°C and imbedded in 30% sucrose in PBS until sectioned. Prior to sectioning,
the brain was frozen in isopentane on dry ice and sectioned into 40-�m coronal
sections using a rotary cryotome. Sections were washed in TBS 3 times for 5 min
and blocked and permeabilized in 3% BSA in TBS plus 0.3% Triton X-100 for
1 h. Sections were incubated overnight at 4°C in 1% BSA plus 0.3% Triton X-100
along with 3F10 rat anti-HA (Roche) and DBA conjugated to rhodamine. Sec-
tions were washed as before and incubated for 4 h 30 min at room temperature
in PBS supplemented with 1% BSA and 0.3% Triton X-100 along with goat
anti-rat 488 (Alexa Fluor-conjugated secondary antibodies; Molecular Probes)
and DBA conjugated to rhodamine. Sections were washed, mounted on glass
slides, and viewed with a Plan-Apo 100� oil objective lens on a Zeiss LSM 510
confocal laser scanning microscope at the Cell Science Imaging Facility of
Stanford University. These experiments were conducted with the approval
and oversight of the Institutional Animal Care and Use Committee at Stan-
ford University.

Immunoelectron microscopy (EM). In vitro (5 dpi) and in vivo (isolated from
mouse brain) tissue cysts were collected and fixed in 2% paraformaldehyde in 0.1
M phosphate buffer. Mouse brains were obtained 40 dpi as described above. In
vivo cysts were isolated by passage over Percoll (GE Healthcare) gradients as
described above but without passage through 16- and 22-gauge needles, and the
final cyst pellet was brought up in 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.2. Samples were then dehydrated and embedded in LR White resin.
Thin sections were collected on Formvar-coated grids and floated on drops of
1% BSA in PBS buffer to block the background and then on drops of rabbit
anti-HA (Invitrogen) in PBS buffer. After being washed, the sections were
floated on drops of goat anti-rabbit Ig conjugated to 10-nm colloidal gold (British
Biocell International Ltd.), washed, and stained with uranyl acetate prior to
examination in the electron microscope.

Microarray data accession number. The complete data set obtained in this
study has been deposited in the Gene Expression Omnibus database
(GSE32427) and has also been provided to ToxoDB.org, where it is accessible in
a searchable format.

RESULTS

Isolation of T. gondii tachyzoites and bradyzoite. The diffi-
culty in obtaining sufficient quantities of parasite RNA without
overwhelming contamination with host material has previously
precluded transcriptome analysis of in vivo bradyzoites. To
circumvent this problem, we used strain M4, which has been
maintained by passing from cat to mouse to cat, initiated the
mouse infections with oocysts, and used sulfadiazine treatment
from 11 to 21 dpi to prevent death of the animals during the
acute phase of infection (22a). This protocol enabled us to
obtain a high number of in vivo bradyzoite cysts. We obtained
56,400 pooled purified cysts from the four mice in group A and
48,900 cysts from the four in group B.

To obtain in vitro tachyzoites and bradyzoites, T. gondii M4
was minimally passed in HFF cells. Tachyzoites were harvested
at 2 dpi, at which time parasite vacuoles were full but the
parasites had not yet exited from the host cell. Bradyzoites
were harvested after 4 days of growth in differentiation me-
dium, at which time the cyst wall typically has formed (as
detected by DBA staining) and parasites express bradyzoite-

specific antigens (SAG2X), as well as after 8 days of growth in
such medium. These methods do not yield 100% pure
tachyzoite or bradyzoite cultures, and so, to estimate their
relative purity, parallel infections on glass coverslips were fixed
at the time of RNA harvesting and stained for the tachyzoite
surface antigen SAG1 and the bradyzoite surface antigen
SAG2X. The SAG1� and/or SAG2X� parasite vacuoles were
then enumerated. In 2-dpi tachyzoite cultures, 8% of the vac-
uoles were found to contain parasites displaying a bradyzoite
pattern (SAG2X� SAG1�), with that number rising to 14% if
double-staining (SAG2X� SAG1�) vacuoles were included as
“bradyzoite” (data not shown). Less than 5% of the vacuoles in
4-dpi bradyzoite cultures were “tachyzoite” (SAG2X�

SAG1�), with that number rising to 8% if double-staining
(SAG2X� SAG1�) vacuoles were included.

T. gondii M4 microarrays. To analyze the transcriptome of
the Toxoplasma tachyzoite and bradyzoite samples, whole-ge-
nome expression profiling was performed using the Affymetrix
ToxoGeneChip microarray (3). This array interrogates 8,058
predicted Toxoplasma genes (version 4.0 genome annotation)
using 3�-biased probes (3). The data obtained from these ar-
rays were transformed by the glog transformation (18) and
normalized with the LOWESS algorithm using the Bioconduc-
tor package LMGene (version 2.4.0 [42]) as described in Ma-
terials and Methods.

To determine how analogous the 2-dpi in vitro tachyzoite (2d
Tachy), 4-dpi in vitro bradyzoite (4d Brady), 8-dpi in vitro
bradyzoite (8d Brady), and 21-dpi in vivo bradyzoite (21d
Brady) data sets were, the mean expression values for each
probe set were plotted and the correlation coefficient (R2) was
calculated for each pairwise comparison. As expected, the 21d
Brady in vivo samples showed a higher correlation with the in
vitro bradyzoite sample (4d Brady; Fig. 1A) than with
tachyzoites (2d Tachy; Fig. 1B), while the 2d Tachy samples
showed a higher correlation with the sample of younger bra-
dyzoites formed in vitro (4d Brady; Fig. 1C) than the in vivo
material (Fig. 1B). The 8d Brady in vitro samples were not
more highly correlated than the 4d Brady samples are to the
21d Brady in vivo samples but were slightly less similar (8d
Brady versus 21d Brady, R2 of 0.815; data not shown). The 4d
Brady and 8d Brady expression data were very highly corre-
lated, with an R2 value of 0.935 (data not shown). To facilitate
discussion of the data, therefore, this paper will focus on the 4d
Brady data; 8d Brady data can be found in Table S2 in the
supplemental material.

To determine what pairwise differences in expression were
significant, a one-way ANOVA and a Tukey HSD post hoc test
were applied to the data. The complete set of significantly
changed probe sets for any comparison is shown in Table S2 in
the supplemental material. The microarray used is based on
the version 4.0 T. gondii genome annotation, and therefore not
all probe sets have a corresponding gene ID in the current
version 5.0 annotation and not all currently annotated genes
have a corresponding probe set. A summary of the array results
is shown in Table 1. Five hundred fifty probe sets were signif-
icantly changed between 2d Tachy and 4d Brady, with 60%
(332) increasing and 40% (218) decreasing (Table 1). The
number of significant changes increased to 831 when the 21d
Brady data were compared to the 2d Tachy data, with 57%
(470) of the probe sets increased in the 21d Brady data and
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43% (361) decreased (Table 1). As expected, the number of
significantly changed genes reflected the correlation (R2) data;
i.e., the comparisons of less correlated data resulted in a higher
number of significantly changed probe sets.

To confirm the validity of the various data sets, the expres-
sion of known developmentally regulated genes was assessed.
The array expression values of bradyzoite-specific bradyzoite an-
tigen 1 (BAG1), ENO1, bradyzoite rhoptry protein 1 (BRP1),
LDH2, and SRS9 were all significantly higher in the two bra-
dyzoite samples than in the tachyzoite samples (Table 2) (29,
31, 45), while those of the well-studied, tachyzoite-specific pro-
teins, including ENO2, LDH1, SAG1, SAG2A, and SRS2,
were all substantially lower (Table 2) (31). These results con-
firmed that, as expected, the microarray approach used here
yields an accurate portrayal of differences in gene expression
during asexual development in Toxoplasma.

Changes in transcript profiles between tachyzoite-to-brady-
zoite developmental forms and between in vitro and in vivo
bradyzoites. As expected, many of the genes/probe sets that
showed a difference in expression between the in vitro 4d Brady
and 2d Tachy samples were similarly higher or lower in the in
vivo 21d Brady samples. Numerous differences, however, were
also found between the in vitro and in vivo bradyzoite parasites:
Five hundred ninety-five probe sets were significantly changed
in 21d Brady versus 4d Brady samples. These can be grouped
into three categories of regulation based on how they change
during development. First are those that are changed only in
the in vivo bradyzoites (267, 45%). This includes transcripts for
the putative rhoptry kinase ROP28 and MIC12, which were
both upregulated in the 21d Brady versus the 4d Brady and 2d
Tachy samples (see Table S3A and B in the supplemental
material). Second are changes where levels significantly change
in 4d Brady versus 2d Tachy samples but then return to
tachyzoite levels in the 21d Brady samples (112, 19%). Genes
in this category include several SAG/SRS genes (e.g., SAG5A
and SRS13; see Table S5 in the supplemental material),
MIC10, and GRA7 (see Table S3A and C in the supplemental
material). Third are probe sets/genes that are significantly up-
or downregulated in a progressive fashion, further increasing
or decreasing in transcript levels from 2d Tachy to 4d Brady to
21d Brady samples (34, 6%). These include canonical devel-
opmentally regulated genes such as LDH2 and SAG2Y (Table
2). Thus, while many genes are similarly regulated between the
in vitro and in vivo bradyzoites, these data also show regulation
of transcript levels as bradyzoite development progresses.

Proteins secreted by Toxoplasma from its secretory organ-
elles, the micronemes, rhoptries, and dense granules, are im-
portant for attachment, invasion, establishment of the PV, and
interaction with the infected cell (9, 10). This is true of both
tachyzoites and bradyzoites, but these two developmental

FIG. 1. Scatterplots of average normalized expression values.
Probe sets to Toxoplasma genes were normalized as described in Ma-
terials and Methods, average values for replicate arrays were plotted,
and the correlation coefficient (R2) was determined using Prism soft-
ware. Samples corresponded to tachyzoites grown for 2 days on HFF
cells (2d Tachy), bradyzoites that had been grown on HFFs for 4 days
in vitro (4d Brady), and tissue cysts harvested from infected mouse
brains 21 days after oral infection with oocysts (21d Brady). The com-
parisons are 21d Brady versus 4d Brady (A), 21d Brady versus 2d
Tachy (B), and 4d Brady versus 2d Tachy (C).

TABLE 1. Summary of array results comparing Toxoplasma tachyzoites and bradyzoites produced in vitro and bradyzoites formed in vivo in
the brains of experimentally infected mice

Comparison Total no. of significantly
changed probe sets

No. (%)
increased

No. (%)
decreased

No. also significantly changeda in:

4dB vs 2dT 8dB vs 2dT 21dB vs 2dT 21dB vs 4dB

4-day in vitro bradyzoites vs 2-day tachyzoites 550 332 (60) 218 (40) 353 311 166
8-day in vitro bradyzoites vs 2-day tachyzoites 533 379 (71) 153 (29) 353 283 146
21-day in vivo bradyzoites vs 2-day

tachyzoites
831 470 (57) 361 (43) 311 283 321

21-day in vivo bradyzoites vs 4-day in vitro
bradyzoites

595 339 (57) 256 (43) 166 146 321

a 4dB, 4-dpi bradyzoites; 8dB, 8-dpi bradyzoites; 21dB, 21-dpi bradyzoites; 2dB, 2-dpi tachyzoites.
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forms differ in the cells they tend to infect and in their respec-
tive roles in the parasite’s life cycle. Given these major differ-
ences in the niches occupied by tachyzoites and bradyzoites, as
well as apparent differences in their metabolism (31), we in-
vestigated overall changes in genes grouped by function (see
Tables S3 to S5 in the supplemental material). Significant
changes in the transcript levels for microneme-, rhoptry-, and
dense-granule-localized proteins were seen (see Table S3 in
the supplemental material), suggesting possible differences be-
tween tachyzoites and bradyzoites in attachment, invasion, and
PV function. Twenty-two metabolism-related genes were also
differentially regulated between the two developmental forms,
including the well-described LDH1/2 and ENO1/2 genes (Ta-
ble 2; see Table S4 in the supplemental material). This is
consistent with previous data describing differential sugar me-
tabolism between tachyzoites and bradyzoites (2, 14). As ex-
pected, surface antigens (SAG domain containing) made up
one of the largest groups of developmentally regulated genes
(see Table S5 in the supplemental material), with 33 signifi-
cantly different in one or more of the pairwise comparisons. Of
note is the uncharacterized putative surface antigen SRS22A,
which is encoded by the most highly upregulated SAG-related
gene in 21d Brady versus 2d Tachy (55.6-fold) samples and 21d
Brady versus 4d Brady (10.5-fold) samples.

Identification of putative bradyzoite secreted proteins. Due
to their likely importance to the parasite’s biology, we chose to
focus our attention on novel secreted proteins that the mi-
croarray data predict are upregulated in bradyzoites. For this,
we used the program SignalP 3.0 to identify proteins that
contain a predicted signal peptide for entry into the secre-
tory pathway (7, 35, 36). Although this program has been
previously shown to be generally accurate in predicting se-
creted proteins in Toxoplasma (19, 45), it is likely that there

will be some miscalls both positively and negatively. Like-
wise, we are dependent on the accuracy of the gene predic-
tion algorithms used within ToxoDB in predicting the true N
terminus of a protein. This is key for identifying signal
peptides but is one of the most difficult challenges for such
software. Nevertheless, we felt it important to explore this
crucial class of proteins.

To focus our efforts on proteins that are likely to play novel
roles, SAG-related proteins were eliminated from further in-
vestigation as these have been well studied for their roles in
invasion and immune evasion but are not believed to enter the
host cell or directly modulate host function (29, 43). Candi-
dates which have been previously identified and investigated
are noted (superscript letter b in Table S6 in the supplemental
material) and were not considered for further inquiry in this
study. A total of 102 candidates that satisfy these criteria were
identified in this screen. These include 2 MIC homologues, 4
which contain plasminogen apple nematode (PAN) domains, 3
putative oocyst wall components, and 4 with predicted kinase
domains (see Table S6 in the supplemental material).

Endogenous tagging of secreted bradyzoite proteins. To fur-
ther investigate and confirm the secretion of the bradyzoite-
upregulated proteins identified in our SignalP analysis, two
candidates were chosen based on their homology to functional
domains in known secreted proteins demonstrated to be im-
portant for Toxoplasma survival (11, 22, 41) (Table 3). The
first, TGME49_053330/52.m01578, contains sequence homol-
ogy to the catalytic domain of protein kinases; however, as it
lacks residues that are known to be important for catalytic
activity (26), this protein is likely a pseudokinase (see Fig. S1 in
the supplemental material). Therefore, we have named this
protein bradyzoite pseudokinase 1 (BPK1). The second pro-
tein, TGME49_008730/25.m01822, also known as MAR (mi-

TABLE 2. Known bradyzoite and tachyzoite developmentally regulated genes

Probe set Gene ID Gene
name Product

Avg expressiona Fold changeb

2dT 4dB 8dB 21dB 4dB vs
2dT

8dB vs
2dT

21dB vs
2dT

21dB vs
4dB

Upregulated in bradyzoites
versus tachyzoites

55.m00009_at TGME49_059020 BAG1 Heat shock protein,
bradyzoite antigen

6.2 9.9 9.4 10.0 29 18 34 —

59.m03411_at TGME49_068860 ENO1 Enolase 1 5.2 8.6 8.5 9.3 18 16 36 2.0
583.m09133_at TGME49_114250 BRP1 Bradyzoite rhoptry protein 5.0 8.2 7.6 8.8 13 7.2 23 —
23.m00149_s_at TGME49_007130 SAG2Y Surface antigen (SRS49A) 4.8 6.2 6.0 7.2 2.3 2.0 5.4 2.3
641.m01562_at TGME49_120190 SRS9 Surface antigen (SRS16B) 4.1 5.5 5.6 5.6 2.0 2.0 2.1 —
80.m00010_at TGME49_091040 LDH2 Lactate dehydrogenase 2 4.9 7.8 7.7 9.2 9.1 8.5 34 3.8

Downregulated in
bradyzoites versus
tachyzoites

59.m03410_at TGME49_068850 ENO2 Enolase 2 7.3 4.6 5.3 4.2 0.15 0.21 0.13 —
59.m00008_at TGME49_071050 SAG2A Surface antigen (SRS34A,

P22)
8.4 6.9 7.2 6.0 0.24 — 0.12 —

44.m00010_at TGME49_033480 SRS2 Surface antigen (SRS29C,
P35)

7.6 5.0 5.3 4.2 0.14 0.16 0.10 —

44.m00009_at TGME49_033460 SAG1 Surface antigen (SRS29B,
P30)

9.3 5.9 7.1 4.6 0.05 0.12 0.02 —

44.m00006_at TGME49_032350 LDH1 Lactate dehydrogenase 1 6.0 5.4 5.5 5.1 — — 0.55 —

a 4dB, 4-dpi bradyzoites; 8dB, 8-dpi bradyzoites; 21dB, 21-dpi bradyzoites; 2dB, 2-dpi tachyzoites. Average normalized glog-transformed expression values.
b Fold change calculated from glog mean expression values back-transformed to the original scale (see Materials and Methods) and shown only where values are

significantly different (P � 0.05). —, fold change not significant.
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croneme adhesive repeat) domain-containing protein 4
(MCP4), was recently described by Friedrich et al. as part of a
MAR domain-containing family of proteins in Toxoplasma and
Neospora (22).

To examine the protein levels and localization of BPK1 and
MCP4 in the different developmental stages, an HA tag was
independently introduced into the C termini of both proteins
for the purpose of immunoblotting and IFA. The coding se-
quence of the HA tag was introduced into the endogenous
locus to maintain the native promoters and thus the normal
levels and timing of expression. Parasites expressing HA-
tagged derivatives of BPK1 or MCP4 were generated in
PRU�hxgprt using a vector to homologously recombine the
HXGPRT gene flanked by targeting sequences upstream and
downstream of the 3� end of the BPK1 or MCP4 gene (37).
Following selection for the HXGPRT marker in medium sup-
plemented with mycophenolic acid/xanthine, individual clones
were confirmed by PCR and sequencing of the genomic DNA
(data not shown).

To determine if the protein levels reflect the transcript data
obtained for BPK1 and MCP4, total lysates obtained from
equal numbers of 2-dpi tachyzoites, 2-dpi bradyzoites, and
4-dpi bradyzoites expressing either BPK1-HA or MCP4-HA or
the parental control strain PRU�hxgprt were analyzed by im-
munoblotting using antisera for the HA tag, as well as for
control antigens, to confirm a switch between the developmen-
tal forms under these conditions (Fig. 2). Immunoblotting for
the tachyzoite antigen SAG1 demonstrated that the levels of

this protein were, as expected, reduced in the 2- and 4-dpi
bradyzoites, relative to those in the 2-dpi tachyzoites (Fig. 2).
Furthermore, immunoblotting for the bradyzoite surface anti-
gen SAG2X demonstrated that this protein could be detected,
as expected, in 4-dpi bradyzoites, while it could not be detected
in the 2-dpi tachyzoites (Fig. 2). In those parasites expressing
BPK1-HA, we observed that there was an apparent increase
in the levels of this protein in the 2- and 4-dpi bradyzoites
versus the 2-dpi tachyzoites, as determined by immunoblotting
with the HA-specific antisera (Fig. 2, lanes 5 to 7). While this
increase in the levels of BPK1-HA protein in bradyzoites ver-
sus those in tachyzoites is consistent with the transcript data on
BPK1, we also observed that significant levels of BPK1-HA
could be detected in the 2-dpi tachyzoites sample (Fig. 2, lane
5). In parasites expressing MCP4-HA, we observed that this
protein could be detected in 4-dpi bradyzoites (Fig. 2, lane 10).
Unlike the immunoblotting results for BPK1-HA, however,
MCP4-HA was not detected in 2-dpi tachyzoites or 2-dpi bra-
dyzoites (Fig. 2, lanes 8 and 9). Collectively, these results
demonstrate that BPK1 and MCP4 protein levels increase dur-
ing tachyzoite-to-bradyzoite conversion in a manner that is
consistent with the increase in their transcript levels as de-
tected by microarray analyses.

BPK1 and MCP4 localization in vitro. In addition to being
developmentally regulated, BPK1 and MCP4 were selected for
further characterization based on the prediction that they may
be secreted proteins. To verify that these proteins are secreted
by bradyzoites and to determine where they localize during
infection, HFF monolayers were infected under tachyzoite and
bradyzoite conditions with the BPK1-HA- or MCP4-HA-ex-
pressing parasites, and the infected monolayers were examined
by IFA using an HA-specific antibody. Confirming the speci-
ficity of the HA antibody, examination of HFF monolayers
infected with the parental strain PRU�hxgprt did not yield any
HA staining by IFA (data not shown). In vacuoles of 2- and
4-dpi bradyzoites expressing BPK1-HA, this protein could be
detected outside the parasite in the lumen of the cyst (Fig. 3B
and C). Similar results were observed for MCP4-HA in IFA
analyses of HFF monolayers containing 2- and 4-dpi brady-
zoites expressing MCP4-HA (Fig. 3E and F). Enrichment of
both BPK1-HA and MCP4-HA is seen at the periphery of the
vacuole in the area coincident with the cyst wall, as shown by
colocalization with DBA staining (Fig. 3B, C, E, and F). While
the secreted forms of both BPK1-HA and MCP4-HA could be
visualized, neither protein could be detected within the intra-
cellular parasites by these methods (data not shown). Exami-
nation of HFF monolayers infected with 2-dpi tachyzoites ex-
pressing BPK1-HA demonstrated that the fusion protein could
be detected in some of the vacuoles; however, we observed that

TABLE 3. Candidate bradyzoite-secreted factors chosen for further investigation

Probe set Gene ID Gene name Description
Avg expressiona Fold changeb

2dT 4dB 21dB 4dB vs 2dT 21dB vs 2dT 21dB vs 4dB

52.m01578_at TGME49_053330 BPK1 Kinase domain 5.8 8.0 8.3 6.3 8.4 —
25.m01822_at TGME49_008730 MCP4 MAR domain 5.1 6.6 6.6 2.8 2.7 —

a 4dB, 4-dpi bradyzoites; 21dB, 21-dpi bradyzoites; 2dB, 2-dpi tachyzoites. Average normalized glog-transformed expression values.
b Fold change calculated from glog mean expression values back-transformed to the original scale (see Materials and Methods) and shown only where values are

significantly different (P � 0.05). —, fold change not significant.

FIG. 2. BPK1 and MCP4 are induced by bradyzoites. HFF mono-
layers were infected with the PRU�hxgprt strain of parasites that had
been engineered to express a BPK1 or MCP4 protein fused to a
C-terminal HA tag (BPK-HA and MCP4-HA, respectively) for 2 days
under tachyzoite and 2 days and 4 days under bradyzoite growth
conditions. Parasites were released from cells by syringe lysis and
counted before SDS-PAGE loading buffer was added. A total of 5 �
105 parasite equivalents were added per lane and probed with anti-
bodies specific for HA, SAG1, or SAG2X as described in Materials
and Methods. Representative images from at least two independent
experiments are shown. The values to the right are molecular sizes in
kilodaltons.
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BPK1-HA staining was always coincident with DBA staining,
thus indicating cyst wall formation in these vacuoles (Fig. 3A).
These results reflect the low levels of bradyzoite conversion
events that occur under tachyzoite conditions. Examination of
those monolayers infected with 2-dpi tachyzoites expressing
MCP4-HA demonstrated that while DBA� vacuoles with se-
creted MCP4-HA staining in tachyzoite cultures were also
observed (data not shown), these vacuoles were observed more

infrequently than BPK1-HA� DBA� vacuoles, consistent with
the relatively lower levels of MCP4-HA versus BPK1-HA pro-
tein (Fig. 2). Collectively, these results confirm that BPK1 and
MCP4 are bradyzoite proteins secreted into the lumen of the
cyst, where they localize to the cyst wall area. Due to our
inability to detect these proteins within the parasite, however,
we are unable at this time to determine the secretory organelle
from which they originate.

FIG. 3. BPK1 and MCP4 localize to the lumen and wall area of in vitro bradyzoite cysts. HFF monolayers on glass coverslips were infected with
PRU�hxgprt parasites expressing BPK1-HA (A to C) or MCP4-HA (D to F) for 2 days (A, D) under tachyzoite growth conditions and for 2 days
(B, E) or 4 days (C, F) under bradyzoite growth conditions. Coverslips were fixed and stained, as indicated, with rat anti-HA (red) and DBA (green)
as described in Materials and Methods. The corresponding merged and phase images are also shown. A capital T indicates tachyzoite vacuoles.
Representative images from at least two independent experiments are shown. Scale bars represent 10 �m.
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BPK1 and MCP4 localization in vivo. While these studies
demonstrate that BPK1-HA and MCP4-HA are secreted into
the cysts of in vitro bradyzoites, further studies were necessary
to confirm that the secretion of these proteins is maintained in
in vivo bradyzoite cysts. For example, another bradyzoite-se-
creted factor, BRP1, is differentially secreted by in vitro and in
vivo bradyzoites (45). To determine BPK1-HA and MCP4-HA
localization in in vivo Toxoplasma cysts, 40-dpi brain sections
from mice infected with either of the parasites expressing the
respective fusion proteins were probed with HA-specific
antisera, as well as DBA for visualization of the cyst wall,
and then examined by confocal microscopy. Consistent with
the in vitro model of cyst formation, we observed BPK1-HA
and MCP4-HA staining in the lumen of the cysts with intense
staining at the periphery consistent with the cyst wall, as con-
firmed by colocalization with DBA staining (Fig. 4A and B,
respectively). These results confirm that BPK1 and MCP4 are
bradyzoite-secreted proteins that localize to the lumen and
wall region of the cyst in both in vitro and in vivo bradyzoites.

BPK1 and MCP4 are components of the cyst wall. BPK1 and
MCP4 are seen at the periphery and lumen of the tissue cyst;
however, more precise methods are needed to show localiza-
tion to the cyst wall. To identify if these proteins are compo-
nents of the cyst wall, EM was used to determine the localiza-
tion of BPK1-HA and MCP4-HA in in vitro or in vivo cysts.
BPK1-HA was found to be a wall component of 5-dpi in vitro
cysts, as shown by the presence of numerous gold particles in
the cyst wall (Fig. 5A and B). Gold particles corresponding to
MCP4-HA also localized within the cyst wall in 40-dpi in vivo-
derived cysts (Fig. 5C). No specific localization of either BPK1
or MCP4, however, was observed within the bradyzoite par-

asites. Together, these results demonstrate that BPK1 and
MCP4 are bradyzoite-secreted components of the Toxo-
plasma cyst wall.

DISCUSSION

We have characterized the transcriptome of the Toxoplasma
asexual developmental stages, tachyzoites and bradyzoites, us-
ing both in vitro- and in vivo-derived bradyzoites. In vivo bra-
dyzoites were isolated at 21 dpi, at which time tissue cysts have
formed and tachyzoites are no longer detected (20). Sulfadia-
zine treatment, which inhibits parasite dihydropteroate syn-
thase (DHPS), was necessary to allow the animals to survive
the high infectious dose of Toxoplasma. This treatment is often
used to allow the development of persistent infection in ani-
mals which would not otherwise survive the acute infection
(17). It is important, therefore, to note when interpreting the
data that the comparison between 4-dpi in vitro bradyzoites
and 21-dpi in vivo bradyzoites is also a comparison of parasites
with and without sulfadiazine, as well as growth within differ-
ent cell types and species (human fibroblast cells versus mouse
brain tissue). How these variables might impact the compari-
sons is not known, but the data shown here on known devel-
opmentally regulated genes (Table 2) are all consistent with
previous reports on their expression levels in the two stages
(29, 31, 45). In vitro bradyzoites from 4 and 8 days of culture
were examined in these expression arrays. The 8-day brady-
zoites were not found to be any more similar to the 21-day in
vivo bradyzoites than the 4-day bradyzoites were to the in vivo
parasites (Fig. 1A and data not shown). This indicates that, at
least at the transcript level, a longer time of in vitro bradyzoite

FIG. 4. BPK1 and MCP4 localize to the cyst periphery in vivo. Forty-micrometer coronal brain sections from mice infected 40 days previously
with parasites expressing BPK1-HA (A) or MCP4-HA (B) were probed for HA (green) and DBA (red) and examined by confocal microscopy as
described in Materials and Methods. The corresponding merged images are also shown. Scale bars represent 10 �m.
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growth does not make the in vitro bradyzoites more closely
resemble in vivo bradyzoites.

The populations of bradyzoites used in this study were likely
in different stages of the cell cycle; in vivo bradyzoites are
believed to be dividing at a much lower rate than tachyzoites,
and so a greater fraction of the former are likely in the G1 or
G0 (arrested) stage of the cell cycle, whereas parasites transi-
tioning from the tachyzoite to the bradyzoite stage in vitro have
many cells in late S/G2, a difference that may be key to the
differentiation process (21, 39, 48). Work by Behnke et al. has
demonstrated distinct subtranscriptomes in tachyzoites as they
progress through the cell cycle (5). While there are no such cell
cycle data for bradyzoites, it seems likely that differences be-
tween in vitro (4d Brady) and in vivo (21d Brady) bradyzoites
will include a mixture of cell cycle- and development-related
changes. Consistent with this, transcript levels for motor/dy-
nein and cytoskeleton-related genes, which are most highly
expressed by synchronous tachyzoites during the S/M stage of
the tachyzoite cell cycle (5), were found to be higher in the 4d
Brady samples than in the 21d Brady samples. Such differences
between 4d Brady and 21d Brady samples, however, were not
seen for transcript levels of microneme- and rhoptry-secreted
proteins, which are also most highly expressed in the S/M
stage, suggesting that, at least for these families, developmen-
tal regulation supersedes cell cycle regulation (see Table S3A
and B in the supplemental material).

Genes whose proteins localize to the secretory organelles of
Toxoplasma are of particular interest because of their role in
invasion, host cell modulation, and modification of the PV.
Transcript levels corresponding to several invasion-associated
microneme proteins were significantly changed in bradyzoites
versus tachyzoites, including two microneme-localized pro-

teins, MIC12 and MIC13, which were upregulated in brady-
zoites (see Table S3A in the supplemental material). MIC13 is
a MAR domain-containing micronemal protein that has been
shown to preferentially bind to certain sialyloligosaccharide
probes versus MIC1, including to a sugar which is enriched in
the mouse gut (22). As bradyzoites must invade after oral
infection, this upregulation of MIC13 suggests that Toxo-
plasma expresses a different repertoire of proteins to tailor its
invasion machinery to the different host environments that a
given life cycle stage will encounter.

Transcript data for 15 known rhoptry proteins showed
significant developmental regulation between tachyzoites
and bradyzoites (Fig. 2B). Most of these are downregulated by
bradyzoites, including the active kinase ROP16, which modu-
lates STAT activity and interleukin-12 secretion (44). The
probe set for ROP5 transcripts, another key protein in the
host-parasite interaction (4, 41), had a decreased signal as well;
note, however, that the multiple, tandem copies of ROP5 (4,
41) are not distinguishable on this array, and so additional
analyses are needed to determine whether there are differ-
ences in how the various ROP5 isoforms are expressed during
the tachyzoite-to-bradyzoite transition. As previously reported
(32), ROP8, another predicted pseudokinase and member of
the ROP2 family, was upregulated in the bradyzoite samples
versus tachyzoites, perhaps to substitute for or augment the
function of ROP2 family members with decreased expression,
such as ROP11 and, possibly, ROP5. Regardless, the develop-
mental regulation of rhoptry-secreted effectors argues that bra-
dyzoites likely differ in how they modify the PV and modulate
host cell functions.

Dense-granule proteins (GRAs) are thought to be important
for proper function of the PV, but for the most part, their roles

FIG. 5. BPK1 and MCP4 localize to the cyst wall. EM of tissue cysts stained for BPK1-HA (A and B) and for MCP4-HA (C) using an anti-HA
antibody and visualized with 10-nm gold particles. (A) Low-power magnification of a small in vitro tissue cyst (5 dpi) containing bradyzoites (Br)
showing numerous gold particles over the cyst wall (CW). Bar represents 1 �m. (B) Detail of the periphery of a 5-day in vitro tissue cyst labeled
for BPK1 illustrating the numerous gold particles associated with the cyst wall. Bar represents 100 nm. (C) Detail of the periphery of an in
vivo-derived tissue cyst (40 dpi) labeled with MCP4 showing the gold particles specifically associated with the cyst wall. Bar represents 100 nm.
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are unknown (33). Transcript levels corresponding to 6 of the
previously identified GRAs are decreased in transcript abun-
dance in bradyzoites, including NTPase I, whose tachyzoite-
specific expression had previously been noted (20). Similarly,
GRA4, -6, and -8 expression has previously been reported to
be reduced or even not detectable within the bradyzoite PV
(20). GRA7 showed a unique, transient expression profile in
this data set whereby its expression was decreased in in vitro
bradyzoites (4d Brady) versus that in tachyzoites (2d Tachy),
but its expression returned to near tachyzoite levels in 21d
Brady in vivo samples (see Table S3C in the supplemental
material). Previous studies have shown that in in vivo brady-
zoite cysts, GRA7 is reduced in the PV but strong staining is
detected in the dense granules (20). Together with our array
data, this suggests that GRA7 may not be vital to maintaining
the cyst vacuole but is available in the dense granules for
secretion when a new PV is established. Only one dense-gran-
ule-secreted protein, GRA9, had significantly increased tran-
script levels in bradyzoites (see Table S3C in the supplemental
material) (1). What role GRA9 might play in the tissue cyst is
completely unknown.

Among the proteins that were upregulated in bradyzoites
and predicted to be secreted, BPK1 and MCP4 were chosen for
further investigation. These were found to localize to the cyst
wall and lumen in vitro and in vivo, thus supporting the utility
of this method in identifying bradyzoite-secreted effectors. The
presence of a protein with sugar-binding MAR domains that
localizes to the glycoconjugate-rich cyst wall suggests that
MCP4 could be associating with the cyst wall by binding to
carbohydrate moieties. As to the identities of such sugars,
MCP4 is missing threonine residues conserved in the MIC1
MAR domain binding pocket which interact with sialic acid
residues (8, 22), suggesting that this sugar, at least, is not a
crucial part of its ligand-binding repertoire.

The accuracy of signal peptide prediction depends upon the
reliability of the gene predictions and the choice of ATG start
codon, which are two of the most difficult challenges for gene
prediction software. Hence, the list of predicted, bradyzoite-
secreted candidates described here is likely an imperfect in-
ventory but it does serve as a valuable list of candidates for
further analysis. Many on this list have no homology to pro-
teins with known functions, but several do, including 4 puta-
tively secreted effectors with kinase domains. Kinases and in-
active pseudokinases are proving to be crucial to Toxoplasma
infection (19, 41, 44), so these bradyzoite-upregulated kinases
are likely to be important, whether they are secreted into the
host cell or into the cyst lumen. Also identified in this data set
were proteins that may be important to the bradyzoite cyst
structure. These include proteins homologous to previously
identified oocyst wall components that are thought to be
highly cross-linked (6). Similarly, many upregulated tran-
scripts encoded PAN domains that could also play a role in
tissue cyst formation, although Toxoplasma proteins with
PAN domains have been described primarily as invasion-
associated proteins (12). PAN domains contain disulfide bonds
and are thought to mediate a broad range of protein-protein
and protein-carbohydrate interactions (47). One bradyzoite-
upregulated transcript encoding a protein with a PAN domain
(TGME49_032400/44.m04666) was show by Chen et al. to be
secreted into the PV when ectopically expressed by tachyzoites

(12), suggesting that it might play a role in the cyst structure.
Overall, the work described here presents the first genome-
wide analysis of changes in the transcriptome associated with
bradyzoite development in vitro and in vivo. The utility of this
data set has been demonstrated by the identification and char-
acterization of two novel bradyzoite-specific proteins that ap-
pear to play a role in the tissue cyst wall. Further analyses of
these data sets will likely reveal important changes in metab-
olism and other ways in which this crucial developmental form
performs its key role in the transmission of T. gondii.
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