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Summary

Intracellular microbes have evolved efficient strate-
gies for transitioning from one cell to another in a
process termed intercellular transmission. Here we
show that host cell transmission of the obligate intra-
cellular parasite Toxoplasma gondii is closely tied to
specific cell cycle distributions, with egress and rein-
vasion occurring most proficiently by parasites in the
G1 phase. We also reveal that Toxoplasma undergoes
marked changes in mRNA expression when transi-
tioning from the extracellular environment to its intra-
cellular niche. These mRNA level changes reflect a
modal switch from expression of proteins involved in
invasion, motility and signal transduction in extracel-
lular parasites to expression of metabolic and DNA
replication proteins in intracellular parasites. Host
cell binding and signalling associated with the dis-
charge of parasite secretory proteins was not suffi-
cient to induce this switch in gene expression,
suggesting that the regulatory mechanisms respon-
sible are tied to the establishment of the intracellular
environment. The genes whose expression increased
after parasite invasion belong to a progressive
cascade known to underlie the parasite division cycle
indicating that the unique relationship between the
G1 phase and invasion effectively synchronizes
short-term population growth. This work provides
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new insight into how this highly successful parasite
competently transits from cell to cell.

Introduction

Successful infection by intracellular pathogens critically
depends on their ability to efficiently transition from one
host cell to another in a process termed intercellular trans-
mission (Harth et al., 1993). In preparation for this transi-
tion, many intracellular pathogens enter a state of growth
arrest accompanied by significant changes in gene
expression designed to enhance transmissibility (Ham-
merschlag, 2002; Samuel etal., 2003; Molofsky and
Swanson, 2004). For example, during the late stages of
intracellular replication when nutrients become limiting,
Legionella pneumophila enters stationary phase and acti-
vates genes responsible for cell exit, motility, environmen-
tal resilience and intracellular survival upon infection of a
new macrophage (Molofsky and Swanson, 2003). After
entry into a new host macrophage, L. pneumophila down-
regulates transmissibility genes and activates genes
involved in nutrient utilization and bacterial replication
(Dalebroux et al., 2010).

Although much is known about bacterial transcriptional
reprogramming associated with intercellular transmission,
less is known about whether intracellular protozoan para-
sites also co-ordinate gene expression with the transition
from one host cell to another. Toxoplasma gondii is an
obligatory intracellular protozoan parasite that causes life-
threatening encephalitis in immunocompromised individ-
uals such as AIDS patients and persons undergoing
immunosuppressive therapy after organ transplantation
(Carruthers, 2002). The parasite is classified in the
phylum Apicomplexa that includes pathogens of medical
and veterinary importance such as Plasmodium spp.,
Cryptosporidium spp. and Eimeria spp. (Dubey, 1998; Hill
and Dubey, 2002). Apicomplexan parasites divide by
unusual processes that often involve multinuclear division
where the scale of nuclear reduplication is a species
characteristic (Gubbels et al., 2008). Despite a diversity in
counting in each replication scheme, daughter formation
is held to the end of the division cycle where daughter
parasites are formed internally, ultimately consuming the



mother cell (Striepen et al., 2007). Apicomplexa daughter
cell maturation involves the de novo biosynthesis of a
complex invasion apparatus required for motility and
egress that replaces the mother cell structures (Nishi
etal., 2008). Precisely how this occurs is unknown,
although it is reasonable to speculate that parasite inva-
sion efficiency could be affected during the ‘switch over’
from mother to daughter.

Compared with many apicomplexans, Toxoplasma
tachyzoite division is quite simple, being composed of
single G1, S, mitosis (M)/cytokinesis (C) phases with
infectious daughters formed following each nuclear cycle
(Radke et al., 2001). Consequently, replicating T. gondii
parasites, which can divide five to six times in a single
host cell, are continuously infective when mechanically
liberated from host cells. It is not known if tachyzoites are
more or less infective at particular phases of its cell cycle,
nor is it known if they preferentially exit host cells during a
specific cell cycle stage. Toxoplasma tachyzoites are able
to finish budding extracellularly (2 N resolves to 1 N) (Hu
et al., 2004), but are not able to reinitiate a second round
of chromosome replication outside the host cell. The
development of cellular markers has enabled the timing of
specific events in the Toxoplasma tachyzoite cell cycle to
be determined. Golgi replication begins in the G1 phase
(Pelletier et al., 2002; White et al., 2005) and progresses
to late G1 with migration of the centrosome to the basal
side of the nucleus (Hartmann et al., 2006). Similar to
other eukaryotes, duplication of the centrosomes coin-
cides with S phase entry (Gubbels et al., 2008) and is
associated with a basal to apical relocalization of the
centrosomes that is functionally not understood (Hart-
mann et al., 2006). An unusual distribution of late S phase
tachyzoites is observed in asynchronous populations with
parasites having 1.8 N average DNA content just before
entering mitosis (Radke et al., 2001; White et al., 2005).
This novel cell cycle subpopulation could reflect a parasite
checkpoint associated with the initiation of daughter cell
budding (Gubbels et al., 2008). During mitosis, T. gondii
chromosomes do not substantially condense and the
nuclear envelop remains intact as daughter cells form by
de novo synthesis of the inner membrane complex (IMC),
a laminate of membrane and cytoskeleton that demar-
cates the new progeny (Gubbels etal., 2004; 2006).
During budding, organelle partitioning is completed prior
to consolidation of the mother cell plasmalemma into the
mature daughters (Gubbels et al., 2008; Hu, 2008; Nishi
et al., 2008). Although parasites that share a parasito-
phorous vacuole divide relatively synchronously (Hu
et al., 2004) co-ordination of parasite cell cycles does not
extend beyond individual infected host cells. Therefore
establishing methods to achieve population synchrony
have followed a strategy of reversible inhibition of para-
sites in specific cell cycle phases (Conde de Felipe et al.,
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2008; Behnke et al., 2010). While effective, these proto-
cols require in some cases a specialized transgenic strain
and suffer from mild drug toxicity.

Here we show that Toxoplasma tachyzoites preferen-
tially egress and invade in the G1 phase of the parasite
cell cycle, thus demonstrating functional co-ordination
between the cell cycle and intercellular transmission. We
also show that the parasite rapidly alters the expression of
hundreds of mMRNAs soon after cell invasion, reflecting a
modal transition from invasion to intracellular replication.
Finally, we establish that it is possible to partially synchro-
nize Toxoplasma cultures in vitro by limiting the time of
invasion, thereby providing a new tool to study parasite
replication.

Results
Toxoplasma tachyzoites egress efficiently in G1 phase

To initially determine if Toxoplasma preferentially exits
from host cells at a specific stage in the cell cycle, we
used flow cytometry to analyse the DNA content of newly
egressed tachyzoites. As illustrated in Fig. 1A (top panel),
asynchronously dividing tachyzoites harvested by forced
passage revealed two dominant populations based on
genomic DNA content representing G1 and early S phase
under a broad 1 N average peak and late S and mitotic
subpopulations with DNA contents ranging from 1.6to 2 N
in a second peak (Radke and White, 1998; Radke et al.,
2001). The 1 N population was more abundant in these
populations, consistent with the G1 phase comprising at
least half the total cell cycle length (Radke et al., 2001). In
contrast, newly egressed parasites collected from late-
stage lytic cultures at 1 h intervals showed a dominant,
and very narrow 1 N peak devoid of early S phase para-
sites along with a smaller but similarly well-defined peak
centred at ~1.8 N (Fig. 1A, middle panels). Mitotic para-
sites containing a diploid (2 N) genomic content were not
detected in these egressed populations. Parasites that
had not yet egressed in the late stage cultures also
showed a DNA content profile strikingly similar to that of
newly egressed parasites and distinct from asynchronous
cultures harvested mechanically (Fig. 1A, bottom panel).
Together, these findings suggest that Toxoplasma egress
is not random with respect to the cell cycle, and that
the cell cycle distributions of late-stage vacuoles may be
the source of these unusual 1N/1.8 N egressed
subpopulations.

To further investigate the cell cycle dependence of
egress, we performed induced egress experiments using
synchronized populations of a transgenic strain express-
ing EGFP-TgCentrin2 (Hu, 2008). TgCentrin2 is an EF
hand containing Ca?"-binding protein associated with the
juxtanuclear centrosome along with additional apical
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Fig. 1. Parasites preferentially exit host cells in the G1 phase of their cell cycle.

A. Newly egressed tachyzoites have 1 N or 1.8 N nuclear content. Freshly egressed parasites were allowed to invade HFF cells for 4 h and
non-invaded parasites were removed by washing. Intracellular parasites were further incubated at 37°C for 44 h when the monolayer was
again washed to remove any parasites that had egressed. Newly egressed parasites were collected at 1 h intervals for 2 h (i.e. at 45 h and
46 h post infection) and intracellular parasites that had not yet egressed at 46 h were mechanically liberated and filter purified. The DNA
content was determined by flow cytometry using the SYTOX Green dye. The DNA content distribution of asynchronous growing population
(Async) harvested from a control culture at 36 h. No gates were used in collecting fluorescent results and the cell size examined (based on
forward scatter) exceeds the average tachyzoite size by 20-fold. The data shown are representative of two independent experiments. At least
10 000 events were collected for each sample with all fluorescence results shown in the histograms.

B. Markers of cell cycle status. The cell cycle stage of parasites was determined by analysing the status of TgIMC1 and EGFP-TgCentrin2. In
early G1, EGFP-TgCentrin2 (a marker for the centrosome) is anterior to the nucleus while in late G1 it migrates to the distal end of the
nucleus. Parasites in S phase contain duplicated centrosomes. The M/C phases were identified based on formation of new daughter IMCs,
while newly formed daughter cells were identified by phase-contrast microscopy. Arrows indicate the centrosome(s).

C. Toxoplasma tachyzoites are more egressive in G1 phase of the cell cycle. Parasites grown in eight-well chamber slides were synchronized
with PDTC treatment for 6 h, resulting in arrest within early G1 phase. The cell cycle block was released by washing cultures with drug-free
medium. Intracellular parasites at different points post drug release and hence in different stages of the cell cycle were assessed for egress
efficiency by treating with calcium ionophore A23187 for 2 min at 37°C. The slides were immediately fixed and stained with DAPI and
antibodies to TgGRA7. Images of 18 random sites within each well were captured at 600x magnification and the total numbers of intact and
ruptured vacuoles were enumerated for each well to determine the percentage of egressed vacuoles. Data are compiled from three
independent experiments, each with duplicate samples. Error bars represent SEM.

structures, and hence serves as a excellent marker to
assess the occurrence of S phase entry and mitotic pro-
gression (Hu, 2008). In early G1, a single centrosome is
anterior to the nucleus (Fig. 1B). During mid- to late G1
the centrosome migrates to the posterior side of the
nucleus where it duplicates at the onset of S phase and
migrates back to an anterior position (Nishi et al., 2008).

To visualize budding we also stained parasites with an
antibody to inner membrane complex protein 1 (TgIMC1)
as an indicator of internal daughter cell formation along
with observation of newly emerged daughter cells by
phase-contrast microscopy. Intracellular parasites were
synchronized with PDTC treatment that reversibly growth
arrests parasites in early G1 phase (Conde de Felipe
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et al., 2008). Removal of the drug releases the cell cycle
block and the parasites synchronously progress into S
phase ~3 h post drug release. Parasites at different times
post drug release and hence enriched for different stages
of cell cycle were then induced to egress from host cell by
treating with the calcium ionophore A23187 (Endo et al.,
1982) for 2 min followed by immediate fixation and stain-
ing for TgGRA?7, a parasitophorous vacuolar membrane
protein that serves as a convenient marker for both
egressed and intact parasite-containing vacuoles (Sibley
et al,, 1995). Egress efficiency was determined by enu-
merating the number of intact and ruptured vacuoles. As
shown in Fig. 1C, egress was highest soon after PDTC
release when the parasite is still in G1. A significant
decline in egress was seen during S and M/C phases
before increasing again as the parasite re-entered G1.
Analysis of the cell cycle status of parasites that success-
fully egressed in S and M/C phases indicated that up to
half of the egressed parasites were actually in G1 phase
due to a window of synchrony that spans the compara-
tively shorter S and mitotic phases (Conde de Felipe
et al., 2008; Behnke et al., 2010). Collectively, our findings
suggest that Toxoplasma preferentially egresses in the
G1 phase of the cell cycle.

G1 phase tachyzoites are more invasive

To assess the invasion efficiency of tachyzoites in differ-
ent stages of cell cycle a series of experiments were
performed. In the first set of experiments, asynchronously
replicating EGFP-Tgcentrin2 parasites were harvested
and purified from host cells 24 h post infection and
allowed to invade human foreskin fibroblast (HFF) cells for
30 min before removing non-invaded parasites. The inva-
sion efficiency of different cell cycle phases was assessed
by monitoring centrosome duplication and the presence of
internal daughters before and after invasion. The results
showed that before invasion the percentage of parasites
in G1 phase (single centrosome/no internal daughters) of
cell cycle is about 40% whereas in the invaded parasites
it is 60% (Fig. 2A). Conversely, parasites that are not in
G1 (i.e. S or M/C phase parasites) show a diminished
capacity for invasion. DNA content analysis further con-
firmed that the population of newly invaded parasites is
almost exclusively comprised of 1 N tachyzoites that
increases in number but importantly does not diversify in
cell cycle distribution over time of invasion (Fig. 2B). The
lack of significant 1.6—2 N parasites in newly invaded
populations compared with the inoculum indicates that
parasites undergoing chromosome replication or mitosis
are less invasive than G1 parasites.

In the second set of experiments, EGFP-Tgcentrin2
parasites harvested at different time points after release
from PDTC arrest were allowed to invade new host cells

Toxoplasma intercellular transmission 195

for 30 min. As above, the parasite cell cycle status before
and after invasion was determined using centrosome and
daughter cell markers in addition to assessing their inva-
sion proficiency using a differential staining procedure
(Dobrowolski et al., 1997). The results showed that para-
sites are highly invasive in G1 during the first 2 h following
PDTC release before declining four- to fivefold during S
and M/C phases 3-6 h post release (Fig. 2C). Infection
proficiency is regained after cytokinesis as new daughter
parasites emerge in G1. These results further confirmed
that parasites are more efficient at invasion in the G1
phase of the cell cycle.

Tachyzoites undergo rapid changes in gene expression
after host cell invasion

Intracellular pathogens are known to regulate their
expression profile based on environmental cues such as
nutrients, pH, host defence factors etc. Similarly when
Toxoplasma invades a host cell it experiences markedly
different environment and presumably has to adjust its
complement of expressed genes to reinitiate replication
and successfully complete the intracellular cycle. To
investigate the dynamic changes in the transcriptome
profile of Toxoplasma as it transitions from an extracellular
to an intracellular form, we performed microarray analysis
of three parasite populations using the Affymetrix Toxo-
GeneChip: extracellular parasites, intracellular parasites
soon after invasion (newly invaded) and intracellular para-
sites 2 h post invasion. The most substantial changes in
mRNA expression were observed between extracellular
and intracellular 2 h parasites where the transcript
abundance of 1063 genes changed significantly (ANOVA
P<0.05 and >2.5-fold change). These included 952
genes elevated in extracellular parasites compared with
intracellular 2 h parasites and 111 genes upregulated in
intracellular 2 h parasites compared with extracellular
parasites. Interestingly, most of the regulated genes
showed intermediate abundance in newly invaded para-
sites, indicating that invasion represents a node in the
transition from high to low expression or low to high
expression (Fig. 3A). Some of the elevated mRNAs in
extracellular parasites (red or orange lines) showed the
steepest decline in newly invaded parasites and levelled
off thereafter whereas others continued to decline in intra-
cellular 2 h parasites. Genes that showed moderate
mRNA levels in extracellular parasites (yellow lines)
showed mixed fates (increase or decrease) in intracellular
2 h parasites. Conversely, low abundant mRNAs in extra-
cellular parasites tended to increase most substantially in
newly invaded parasites and remain constant in intracel-
lular 2 h parasites. Overall, these findings suggest that
significant changes in gene expression accompany inter-
cellular transmission.
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A. G1 phase parasites are more invasive than parasites in other stages of the cell cycle. Asynchronously growing intracellular parasites were
harvested 24 h post infection, purified from host cells and added onto HFF cells in eight-well chamber slides. The slides were incubated at
37°C for 30 min, washed three times to remove non-invaded parasites, fixed and stained to determine the invaded parasites per host cell. The
cell cycle stage of parasites was assessed by determining IMC and/or centrosome status before and after invasion.

B. Flow cytometry analysis of newly invaded parasites indicates that parasites are most invasive when they have 1 N nuclear content (G1).
Asynchronously replicating parasites were harvested and added onto HFF cells and the DNA content of the newly invaded parasites was
determined by staining with SYSTOX Green dye. For each plot, shown is the time post addition of parasites and the counts per second (cn/s),

reflecting the increase in invaded parasites over time.

C. Invasion of cell cycle synchronized parasites. Parasite cultures were synchronized with PDTC treatment for 6 h to arrest the population in
early G1. The cell cycle block was released by removal of PDTC and intracellular parasites were harvested at different time points post drug
release (hence at different stages of cell cycle) and added onto HFF cells in eight-well chamber slides. After incubating at 37°C for 30 min,
non-invaded parasites were removed and slides were fixed and stained to determine the invasion efficiency. Data are compiled from three
independent experiments, each with duplicate samples. Error bars represent SEM.

Functional categorization of the genes regulated in con-
junction with cell invasion revealed a conspicuous trend
(Fig. 3B). Genes with elevated mRNA levels in extracellu-
lar parasites tended to be either directly involved in cell
invasion (invasion proteins, surface proteins, cytoskeletal
proteins including the motor system) or indirectly involved
in the process (protein trafficking and transport, signal
transduction). In contrast, the mRNAs increased in intrac-
ellular 2 h parasites encoded genes that were principally
devoted to parasite replication (DNA repair and replication,
metabolism). Extracellular and intracellular 2 h parasites
showed approximately equal representation of genes
involved in transcription and translation (i.e. gene expres-
sion), reflecting the role of such genes in the expression
changes that accompany cell invasion. Comparison of the
gene expression changes observed during intercellular
transmission with the recently established cell cycle tran-

scriptome for Toxoplasma (Behnke et al., 2010) revealed
an alignment between genes elevated in extracellular
parasites and the S/M subtranscriptome and the induction
of the intracellular mRNA profiles with the late G1 subtran-
scriptome (see Fig. S1 and Tables S1-S4 for details). Alto-
gether, 16% of the ~8000 protein-coding genes in T. gondii
are significantly regulated during intercellular transmis-
sion, indicating that the parasite co-ordinates a substantial
fraction of its mRNA pool with host cell invasion.

In addition to the aforementioned genes that changed
significantly between extracellular and intracellular 2 h
parasites, 226 genes were either upregulated (25 genes)
or downregulated (201 genes) in newly invaded parasites
compared with extracellular or intracellular 2 h parasites
(Fig. S2A). Peak expression of these genes is scattered
throughout the cell cycle with a slight enrichment in those
that peak in G1 (Fig. S1).

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 192—-204
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Fig. 3. Parasites exhibit marked gene expression changes during
intercellular transmission.

A. Genes that were up- or downregulated in extracellular parasites
compared with intracellular 2 h parasites. (For a list of these genes
see Table S5). Each line represents one gene. Genes that are
upregulated in extracellular parasites are coloured red to yellow
and those upregulated in intracellular 2 h are coloured yellow to
blue.

B. Genes upregulated in extracellular or intracellular 2 h parasites
were classified into nine categories based on known or implied
function. The data are displayed as stacked column graphs
representing the proportion of genes in each category. Category
assignments are listed in Table S5.

Promoter activation of genes upregulated after invasion

To validate the expression profiles of parasites obtained
by microarray experiments, we used quantitative reverse-
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assays. For gRT-PCR analysis, RNA was purified from
extracellular and intracellular 2 h parasites and mRNA
levels of four genes each in extracellular (59.m03398,
59.m07778, 80.m02181 and 76.m01659) and intracellular
2 h parasites (55.m10326, 541.m01207, 31.m00940 and
44.m02820) were analysed. The results of the gqRT-PCR
revealed similar fold changes as obtained by microarray
analysis (Fig. 4).

We also used a dual luciferase reporter assay to
determine if promoter activation is responsible for the
increased expression of mRNAs after cell invasion. We
cloned 5" genomic flanking regions including 5" untrans-
lated regions of two constitutively expressed genes,
o-tubulin (583.m000220), GAPDH (80.m000030), and
two genes upregulated 2 h after invasion, UPRT (583.
mO00018) and thymidylate kinase (TK; 542.m0023),
upstream of firefly luciferase (Fig. 5A). The reporter con-
structs were independently co-transfected into parasites
with the control vector that expresses renilla luciferase
driven by the constitutive o-tubulin promoter (TUB-REN).
Transfected parasites were allowed to invade cells
derived from skin (HFF), cervix (HelLa) or kidney (Vero)
and were analysed for luciferase activity. As shown in
Fig. 5B, UPRT-firefly and TK-firefly expression increased
after invasion of all three types of host cells while TUB-
firefly and GAPDH-firefly levels did not change. These
data indicate that transcriptional mechanisms are likely
responsible for the increased mRNA levels during para-
site invasion.

To confirm that promoter activation is responsible for
increased expression after invasion, we created a series
of 5’ sequential deletion mutants within the UPRT pro-
moter in the firefly luciferase construct. Activation of the
UPRT promoter after invasion was observed in the first
seven deletion constructs up to —303 bp upstream of the
transcriptional start site (Fig. 5C). However, deletion of an
additional 24 bp to —279 bp abolished UPRT promoter
activation to basal levels that were also seen for the

transcriptase PCR (qRT-PCR) and promoter-based subsequent deletion constructs (-255 bp, —165 bp and
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+54 bp). Interestingly, the 24 bp segment that is neces-
sary for UPRT promoter activation contains a putative
apicomplexan AP2 (ApiAP2) binding site (TGCATGC).
ApiAP2 family proteins are DNA-binding proteins found in
apicomplexan parasites that are related to AP2/ERF
(Apetala2/ethylene response factor) transcription factors
of plants (Balaji ef al., 2005; De Silva et al., 2008).

Changes in mRNA expression profiles appear to occur
only after successful host cell invasion

Since mRNAs encoding components of signal transduc-
tion pathways were elevated in extracellular parasites, we
hypothesized that signal transduction events known to
trigger protein secretion from micronemes and rhoptries

Fig. 5. Transcriptional control of genes upregulated after invasion.
A. Schematic representation of reporter constructs used in
luciferase reporter assays. Promoter regions (including 5
untranslated regions) of two constitutively expressed genes (o-TUB
and GAPDH) and two genes that are upregulated post invasion
(UPRT and TK) were cloned upstream of the reporter gene firefly
luciferase (FLU). The reporter vectors were individually
co-transfected with control vector (TUB-RLU) to generate parasite
populations stably expressing the dual reporters.

B. An invasion assay was performed as described previously for
the microarray analysis in three different host cell lines. FLU activity
was normalized to RLU activity and expressed as the fold change
of intracellular 2 h parasites compared with extracellular parasites.
The results show that UPRT-FLU and TK-FLU are upregulated 2 h
post invasion in all three types of host cells. n= 3 independent
experiments, each with triplicate samples. Error bars, SEM.

C. 5 serial deletion analysis of UPRT promoter. Promoter deletion
constructs were transfected into parasites and transfected parasites
were added onto HFF cells. Forty-eight hours after transfection,
freshly lysed parasites were subjected to a luciferase invasion
assay as described in (A). FLU activity was normalized to RLU
activity and expressed as the fold change of intracellular 2 h
parasites compared with extracellular parasites. Results show that
24 bp region between —303 and -279 contains cis-acting element
essential for transcriptional activation of UPRT after host cell
invasion. n= 3 independent experiments, each with triplicate
samples. Error bars, SEM.

might also induce changes in mRNA levels reflecting the
coupling of immediate invasion mechanisms to gene
expression regulation. To test this, we produced a trans-
genic line stably expressing UPRT-firefly and TUB-renilla
(UT-Dual Luc) and pre-treated this strain  with
mycalolide-B (Myc-B) before washing out the drug and
challenging host cells with the treated parasites. Myc-B is
an irreversible inhibitor of actin polymerization and hence
treated parasites can attach to host cells, secrete micron-
emes and rhoptries, but cannot invade (Lavine and Arriza-
balaga, 2008) (Fig. 6A). Results showed that UPRT-firefly
is not upregulated in Myc-B-treated parasites, indicating
that the activation of signalling pathways associated with
microneme or rhoptry discharge may not be sufficient to
change mRNA expression profiles (Fig. 6B). To further
validate this finding, we also used qRT-PCR to measure
the mRNA levels of four genes (55.m10326, 541.m01207,
31.m00940 and 44.m02820) that are normally upregu-
lated 2 h post invasion. As shown in Fig. 6C, expression
levels of these genes in Myc-B-treated, invasion-arrested
parasites were similar to those of extracellular parasites.
Myc-B-treated parasites also failed to show changes in
several mRNAs that are normally downregulated after
invasion (data not shown). Collectively, these findings
suggest that parasite attachment and activation of signal-
ling pathways associated with invasion is not sufficient to
the induce gene expression changes that normally
accompany invasion.

We used UT-Dual Luc parasites to investigate the kinet-
ics of altered gene expression after invasion. Human
fibroblasts were infected with UT-Dual Luc parasites cells
for 30 min followed by removal of non-invaded parasites.
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Fig. 6. Successful invasion is required for upregulation of UPRT promoter activity.

A. Myc-B-treated parasites attach to host cells and secrete micronemes and rhoptries but do not invade. A parasite clone stably expressing
UPRT-FLU and TUB-RLU (UT-DuallLuc) was treated with Myc-B and added onto HFF cells in an eight-well chamber slide. After 30 min, slides
were fixed and stained for M2AP without permeabilization. The slides were then treated with saponin, which permeabilizes the host cell
plasma membrane but not the parasite cell membrane, and then stained for ROP1.

B. UT-DualLuc parasites were treated with DMSO (vehicle control) or Myc-B and added to HFF cells for 30 min. Non-attached parasites were
gently washed and the cultures were incubated at 37°C for 2 h followed by assessment of luciferase activity as described in Experimental
procedures. UPRT-FLU is not upregulated in Myc-B-treated parasites indicating that the activation of signalling pathways associated with
microneme or rhoptry discharge are not sufficient to induce expression reprogramming. n= 3 independent experiments, each with triplicate
samples. Error bars, SEM.

C. Fresh naturally egressed RH parasites were purified, treated with DMSO (vehicle control) or Myc-B and added onto HFF cells. After
incubation at 37°C for 30 min, Myc-B-treated parasites were gently washed once to remove unattached parasites while DMSO-treated
parasites were vigorously washed thrice to remove non-attached and non-invaded parasites and the cultures were further incubated at 37°C
for 2 h. DMSO-treated parasites were incubated without HFF cells for 2 h and 30 min to serve as extracellular parasites. RNA was purified
from pellets of extracellular parasites, HFF cells with only attached parasites (Myc-B-treated) and 2 h intracellular parasites (DMSO-treated)
and analysed by qRT-PCR. n= 3 independent experiments. Error bars, SEM.

UPRT and o-tubulin promoter activity was determined by
assessing firefly and renilla luminescence, respectively,
from extracellular parasites and intracellular parasites at
different times post invasion. As shown in Fig. 7A, firefly
luciferase activity under control of the UPRT promoter
increased steadily after invasion, reaching a plateau 5 h
post invasion. Interestingly, o-tubulin promoter activity
changed minimally during the first few hours after invasion
but showed a marked increase 6-7 h post invasion con-
sistent with the cyclical pattern of this mMRNA with peak
timing in the S/M periods (Behnke et al., 2010).

Population growth is synchronous following
limited invasion

The increased UPRT-firefly and TUB-renilla expression
revealed a sequential pattern more consistent with syn-
chronous than asynchronous population growth (Behnke
et al,, 2010). To further investigate the timing of the first
cell division after invasion, parasites were allowed to
invade human fibroblasts using the limited invasion time
frame as above. Samples were fixed at 2 h intervals post
invasion and parasites were stained for TgIMC1 to visu-
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Fig. 7. Parasite cell division is synchronous following cell
invasion.

A. UT-DualLuc parasites were allowed to invade HFF cells for

30 min followed by removal of non-invaded parasites. UPRT-FLU
and TUB-RLU activity was determined for extracellular parasites
(parasites incubated without HFF cells for 30 min) and intracellular
parasites at different time points 0—10 h post invasion. UPRT-FLU
and TUB-RLU activity for intracellular parasites at different points
post invasion was normalized to the respective UPRT-FLU and
TUB-RLU values of extracellular parasites to determine the fold
changes. n= 3 independent experiments, each with triplicate
samples. Error bars, SEM.

B. UT-DualLuc parasites were allowed to invade HFF cells for

30 min and non-invaded parasites were removed. Extracellular and
intracellular parasites were fixed and stained for TgIMC1 at 2 h
intervals post invasion. n= 3 independent experiments, each with
single samples. Error bars, SEM.

C. Parasites stably expressing EGFP-TgCentrin2 were allowed to
invade HFF cells for 30 min and non-invaded parasites were
removed. Extracellular and intracellular parasites were then fixed
and examined for location and duplication status of centrosome at
various time points before and after invasion. n=3 independent
experiments, each with single samples. Error bars, SEM.

alize daughter cell formation. Results showed that daugh-
ter cell formation initiates at 6 h post invasion and peaks
at 8 h when 40% of the parasites show daughter parasites
developing therein (Fig. 7B). Within 10 h post invasion,
~70% of the intracellular parasites completed their first
cell division. This level of population synchrony is com-
parable to that achieved with either of the previously
reported synchrony methods (Radke and White, 1998;
Conde de Felipe et al., 2008).

In cultures of EGFP-TgCentrin2 parasites subjected to
limited invasion we examined the location and duplication
status of the centrosome as extracellular parasites and at
various time points after invasion. Results showed that
extracellular and intracellular parasites at 0 h post inva-
sion have similar centrosome status, i.e. that of G1
(Fig. 7C). At 6 h post invasion, ~55% parasites have dupli-
cated their centrosome coinciding with initiation of DNA
replication (S phase) and hence these findings are in
agreement with o-tubulin kinetics and IMC formation post
invasion. Altogether these results demonstrate that when
tachyzoites are provided a short window of time for inva-
sion the effective selection of G1 parasites leads to an
intracellular population that replicates synchronously for
at least one cell division.

Discussion

In this study we showed that the intercellular transmission
of Toxoplasma is closely linked to its cell cycle, with para-
site egress and invasion principally occurring when para-
sites are in G1 phase. We also found that parasite
transition from the extracellular to intracellular niche
involves marked changes in gene expression, and that
completion of invasion is necessary to activate the regu-
latory mechanisms involved. Finally, we established that
the cell cycle bias in invasion might be exploited to experi-
mentally achieve growth synchrony in potentially any
parasite strain.

Several factors probably dictate the high efficiency of
parasite egress and invasion in G1 phase. First, invasion
secretory organelles including the micronemes and rhop-
tries are formed late in the parasite cell cycle and are
ready for use in G1 phase parasites. In contrast, these
organelles are being dismantled in the mother cell during
the early stages of daughter cell formation (M/C phase)
creating a vulnerable time during the functional switch
from mother to daughter (Nishi et al., 2008). Similarly, the
mother cell IMC and motility apparatus, the glideosome, is
disassembled during M/C phase, thereby compromising
its ability to actively depart an expiring cell and enter a
new target cell. Second, egress and invasion are both
energy-dependent events that require ATP. G1 phase
parasites can direct ATP pools to motility for invasion and
egress, while parasites in S, M or C phases may have
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limited energy reserves due to consumption for anabolic
processes associated with daughter cell formation.
Finally, the parasite has a small girth during G1 phase
(Conde de Felipe etal, 2008), particularly as they
emerge from the previous cell cycle. Manifested by a
waist-like constriction around its girth, the parasite
appears to squeeze through host cell membranes and
cytoskeletal structures during egress and invasion; hence
narrow parasites probably have a selective advantage in
completing these events.

Transcriptional profiling revealed that Toxoplasma para-
sites undergo significant changes in gene expression as
they gain entry into host cells. In extracellular parasites,
mRNAs encoding invasion and motility genes are
elevated and hence the parasite appears to be optimally
primed for cell invasion. Conversely, DNA replication and
metabolic genes are increased after entry, indicating a
switch to replication mode. It is interesting to note that
among top 20 categorized mRNAs that are most elevated
in extracellular parasites, six encode invasion and cytosk-
eleton proteins, and another six are related to transcrip-
tion and translation. This suggests that the extracellular
parasites are utilizing the transcription and translation
machinery to actively replenishing the proteins involved in
cell invasion and gliding. Indeed, extracellular parasites
readily incorporate %S methionine and cysteine into inva-
sion proteins (Parussini et al., 2010), indicating ongoing
synthesis of such proteins in G1 phase despite having
peak synthesis normally in late S and M/C phases
(Behnke et al., 2010). In intracellular parasites, 13 of the
top 20 mRNAs increased are related to metabolic pro-
cesses including proteolysis. Interestingly two of the pro-
teases that are upregulated after invasion are
uncharacterized subtilisin-like serine proteases. Their
increased expression after invasion could indicate that
they play novel roles in metabolism and/or replication.

Recent studies have revealed that gene regulation in
apicomplexan parasites such as Plasmodium falciparum
is mediated by stage-specific expression of ApiAP2 family
transcription factors (De Silva et al., 2008). These groups
of transcription factors are also conserved in other
members of the phylum including Toxoplasma (Balaji
et al., 2005; De Silva et al., 2008; Behnke et al., 2010).
The presence of the TGCATGC putative ApiAP2 DNA
binding motif within the 24 bp region of UPRT promoter
essential for transcriptional activation suggests that cell
cycle-specific expression may also involve ApiAP2 pro-
teins in Toxoplasma. This motif is found in hundreds of T.
gondii promoters (van Poppel et al., 2006) and is particu-
larly enriched in the promoters of genes activated in G1
phase (Behnke et al., 2010). The TGCATGC motif is also
recognized by a conserved G1-specific ApiAP2 factor in P.
falciparum (De Silva et al,, 2008). We used the FIRE
(Finding Informative Regulatory Elements) algorithm
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(Elemento et al., 2007) to determine if promoter regions
(2 kb upstream) of genes with regulated expression
during invasion are enriched in putative regulatory
elements. This analysis revealed that promoters of genes
that are elevated in extracellular parasites are enriched in
a motif (GCGTCNC) that was previously described as
being essential for expression of microneme genes in
Toxoplasma (Mullapudi et al.,, 2009). Interestingly, FIRE
analysis also revealed that the TGCATGC G1-specific
motif is under-represented in genes that are upregulated
in extracellular parasites, supporting the notion that the
transcriptional profile of extracellular parasites reflects the
cell cycle at or prior to the G1 phase checkpoint when late
G1 genes are activated (Behnke et al., 2010).

During transmission from one cell to another, intracel-
lular microbes experience radical environmental changes
that they often use as cues to trigger developmental
changes for departure, re-entry and initial survival in a
new cell. For example, in response to waning amino acid
availability inside infected macrophages, L. pneumophila
undergoes marked gene expression changes to induce
phagocyte necrosis, bacterial motility, environmental resil-
ience and intracellular survival upon re-entry. After inva-
sion, Mycobacterium, Salmonella and Legionella use
intracellular environmental cues such as pH, nutrients and
host defence factors to trigger expression of genes
involved in intracellular replication (Eriksson et al., 2003;
Molofsky and Swanson, 2004; Rohde et al., 2007). It is
unknown to what extent Toxoplasma is sensitive to envi-
ronmental cues that could beneficially adapt their tran-
scriptome to changing extracellular conditions. Since
resumption of vegetative growth after entry is a key event,
Toxoplasma may integrate multiple intracellular cues to
initiate replication and further expand the infection. With
the principal gene expression transitions now identified it
may be possible to exploit this information to explore
axenic conditions for parasite growth.

Experimental procedures
Parasite cultures

Toxoplasma gondii tachyzoites were maintained by passage
through HFF in a humidified incubator at 37°C with 5% CO,.
The normal growth medium consisted of DMEM supple-
mented with 10% fetal bovine serum, 10 mM HEPES, 2 mM
L-glutamine and 50 pug ml™" penicillin streptomycin. EGFP-
TgCentrin2 parasites (kindly provided by Dr. Ke Hu, Indiana
University, Bloomington) were propagated without drug
selection. Purification of parasites was performed according
as described previously (Harper et al., 2006).

Cell cycle synchronization

Parasite cultures were synchronized with PDTC (ammonium
pyrrolidine dithiocarbamate, Sigma-Aldrich, St. Louis, MO)
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treatment as described previously (Conde de Felipe et al.,
2008). Briefly, parasites were serially passaged twice every
24 h to obtain mid-log cultures (four to eight parasites per
vacuole). Infected host cells were then scraped, purified,
inoculated onto HFF monolayers and incubated at 37°C for
1 h to allow invasion. Non-invaded parasites were removed
by washing thrice with growth medium followed by incubation
at 37°C for 10 h. Intracellular parasites were then treated with
60 uM PDTC for 6 h to arrest parasites in early G1 stage of
cell cycle. The cell cycle block was released by washing
cultures three times with pre-warmed growth medium.

Invasion assays for asynchronous and
synchronized parasites

Invasion assays were performed in eight-well chamber slides
as described previously (Dobrowolski et al., 1997) with the
following modifications. EGFP-Tgcentrin2 parasites were
added onto HFF monolayers (1 x 107 parasites well™") and
incubated at 37°C for 30 min. Slides were then washed three
times to remove non-invaded parasites, fixed, blocked and
stained with monoclonal antibody 11-132 (Argene) against
SAG1 without permeabilization. After 1h, slides were
washed and secondary antibody, Alexa Fluor-594-conjugated
goat anti-mouse (Molecular Probes) and DAPI (1 ug ml™;
Sigma) were added. After 1h, slides were washed and
mounted using Mowiol (Sigma-Aldrich). Parasites that were
both GFP- and Alexa Fluor 594-positive were identified as
extracellular whereas those that were GFP-positive but not
Alexa Fluor 594-positive were identified as intracellular.
Images of 18 random sites within each well were captured at
600x magnification and total number of intracellular parasites
and host cell nuclei were enumerated.

RNA isolation and microarray analysis

A number of precautionary measures were exercised in
obtaining fresh naturally egressed parasite populations. The
medium was changed 40 h post infection to remove any
extracellular parasites. When the parasites were harvested
8 h later, some host cell debris was still visible but there were
no intact vacuoles. These fresh, naturally egressed RH para-
sites were gently pipetted, sequentially syringed with 20- and
23-gauge needles, filtered (3.0 uM, Whatman) and resus-
pended in invasion medium (DMEM containing 4.5g "
glucose, L-glutamine, sodium pyruvate supplemented with
20 mM HEPES and 3% FBS) and were either incubated
without HFF cells at 37°C for 2 h 30 min (extracellular para-
sites) or allowed to invade HFF cells for 30 min. After 30 min,
non-invaded parasites were removed by washing thrice with
warm medium and were either incubated at 37°C for 2 h
(intracellular 2 h parasites) or subjected to RNA isolation
(newly invaded parasites). Total RNA was purified from
pellets of extracellular parasites, HFF cells with newly
invaded parasites and HFF cells with intracellular 2 h para-
sites using Qiagen RNeasy kit according to manufacturer’s
instructions (Qiagen, Valencia, CA). RNA quality was
assessed using Agilent Bioanalyzer 2100 (Santa Clara, CA).
A total of 3ug of RNA was used to make cRNA with
an Affymetrix One-Cycle kit (Affymetrix, Santa Clara, CA).
Fragmented cRNA (5 ug) was hybridized to the T. gondii

Affymetrix microarray (http://ancillary.toxodb.org/docs/Array-
Tutorial.html) according to previously described protocols
(Behnke et al., 2008). Two samples harvested from indepen-
dent experiments were hybridized for each sample type.
Hybridization data were pre-processed with Robust Multi-
array Average (RMA), normalized using per chip and per
gene median polishing and analysed using software package
Gene Spring 7.2 (Agilent Technologies, Santa Clara, CA). A
total of 1289 genes were found to be differentially regulated
between the three sample types using the combination of two
filtering criteria; ANOVA P < 0.05 and genes with > 2.5-fold
expression difference in at least one sample. Expression data
have been submitted to the Gene Expression Omnibus
(GEO) database under series GSE20480.

Quantitative reverse-transcriptase PCR

Total RNA purified from extracellular, newly invaded and
intracellular 2 h parasites was transcribed into cDNA using
Superscript  First-Strand Synthesis System (Invitrogen)
according to the manufacturer’s protocol. qRT-PCR was per-
formed in 25 ul volume reaction mixture containing 2x SYBR
Green PCR master mix (Stratagene), 10 uM gene-specific
primer and 0.1 ug of cDNA. Target genes were amplified
using an Mx3000P thermal cycler (Stratagene). Melting curve
analysis was used to confirm a lack of primer dimers or
genomic DNA contamination of reagents. The relative gene
expression levels were determined using 22T method
(Livak and Schmittgen, 2001). a-Tubulin (583.m00022) and
EF1-0 (76.m00016) genes were used as controls. Primers
used for qRT-PCR are listed in Table S6.

Plasmid constructs

To generate firefly luciferase expression constructs, promoter
regions of Toxoplasma genes: o-tubulin (583.m00022),
GAPDH (80.m000030), UPRT (583.m00018) and TK (542.
m00223) were amplified by PCR using primers (Table S7)
and cloned into DEST-p-firefly (Behnke etal, 2008) as
described previously. Briefly the promoter fragments were
first cloned into entry vector pPDONR221 (Invitrogen) via the
BP reaction (Invitrogen) and confirmed by DNA sequencing.
The promoter fragments were then moved into the destina-
tion vector DEST-p-firefly via the LR reaction (Invitrogen) that
resulted in insertion of promoter fragment upstream of the
reporter gene, firefly luciferase. UPRT promoter deletion con-
structs were also generated using BP and LR cloning tech-
niques as described above using primers listed in Table S8.
The transfection control plasmid DEST-p-renilla-o-tubulin
that contains a-tubulin promoter upstream of reporter gene
renilla luciferase has been described previously (Behnke
et al., 2008).

Transfection and selection

Toxoplasma tachyzoites were electroporated according to
established protocols (Soldati and Boothroyd, 1993) with a
combination of DEST-p-firefly promoter construct of choice
(50 ug), control vector DEST-p-renilla-o-tubulin (50 ug) and
plasmid TUB-DHFR (10 pg) and added onto HFF monolayer.
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Parasite populations stably expressing both reporter genes
firefly and renilla luciferase were selected by culturing trans-
fected parasites in presence of 1 uM pyrimethamine. A single
parasite clone stably expressing UPRT-firefly and TUB-renilla
was obtained by limiting dilution.

Luciferase assays

Luciferase reporter assays were performed in 96-well plates
using Dual-Glo™ Luciferase Assay System (Promega) with
following modifications. Freshly egressed tachyzoites were
harvested, filter purified and resuspended in growth medium
without phenol red. Parasites were added onto HFF mono-
layers and incubated at 37°C for 30 min to allow invasion.
After 30 min, non-invaded parasites were removed by
washing thrice with growth medium and further incubated for
2 h at 37°C (for extracellular parasites, filter purified tachyzoi-
tes in invasion medium were incubated without host cells for
2 h, 30 min). Dual-Glo Luciferase Reagent (Promega) equal
to the culture medium was then added to each well, mixed
and incubated at room temperature for 10 min. Firefly lumi-
nescence was determined using a plate luminometer. There-
after, Stop & Glo ® reagent (Promega) equal to the original
culture volume was added to each well, mixed and incubated
at room temperature for 10 min before measuring
luminescence. Firefly luminescence readings were normal-
ized using TUB-renilla luminescence readings and the nor-
malized firefly luciferase reporter activity was compared
between extracellular parasites and intracellular parasites to
determine the fold changes.

Immunofluorescence

Fluorescent staining was performed according to previously
described protocols (Harper etal., 2006; Brydges etal.,
2008) using primary antibodies: rabbit anti-TgGRA1, rabbit
anti-TgIMC1, rabbit anti-TgM2AP and mouse anti-TgROP1
(monoclonal Tg49). Secondary antibodies were: Alexa Fluor-
594- or Alexa Fluor-488-conjugated goat anti-mouse or goat
anti-rabbit (Molecular Probes). Slides were viewed using an
Axio observer Z1 (Zeiss) inverted wide-field fluorescent
microscope, and digital images were captured and analysed
using an AxioCam MRm (Zeiss) charge-coupled device
camera and Axiovision software (Zeiss).
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