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a b s t r a c t

Toxoplasmosis is characterized by fast lytic replication cycles leading to severe tissue lesions. Successful
host cell invasion is essential for pathogenesis. The division cycle of Toxoplasma gondii is characterized by
an unusual cell cycle progression and a distinct internal budding mechanism. To identify essential genes
involved in the lytic cycle we devised an insertional gene trapping strategy using the Tet-transactivator
system. In essence, a random, active promoter is displaced with a tetracycline regulatable promoter,
which if in an essential gene, will result in a conditionally lethal phenotype upon tetracycline addition.
We isolated eight mutants with growth defects, two of which displayed modest invasion defects, one of
which had an additional cell cycle defect. The trapped loci were identified using expression microarrays,
exploiting the tetracycline dependent expression of the trapped genes. In mutant 3.3H6 we identified
TCP-1, a component of the chaperonin protein folding machinery under the control of the Tet promoter.
However, this gene was not critical for growth of mutant 3.3H6. Subsequently, we identified a sup-

pressor gene encoding a protein with a hypothetical function by guided cosmid complementation. In
mutant 4.3B13, we identified TAF250, an RNA polymerase II complex component, as the trapped, essen-
tial gene. Furthermore, by mapping the plasmid insertion boundaries we identified multiple genomic
rearrangements, which hint at a potential replication dependent DNA repair mechanism. Furthermore,
these rearrangements provide an explanation for inconsistent locus rescue results observed by molecular
biological approaches. Taken together, we have added an approach to identify and study essential genes

in Toxoplasma.

. Introduction

Infection with the apicomplexan parasite Toxoplasma gondii is
ssociated with severe disease in immunocompromised patients
nd with a variety of birth defects when infection is contracted
ongenitally. Clinical toxoplasmosis is characterized by the acute or
eemerging fast-replicating tachyzoite life stage, which is defined
y lytic infection rounds destroying cells of the host in the process
1]. The mechanics of the intracellular division process are dramati-

ally different from the mammalian host, however the ultimate cell
ycle progression control mechanisms are similar to those found in
ll eukaryotes [2–4].

∗ Corresponding author. Tel.: +1 617 552 8722; fax: +1 617 552 2011.
E-mail address: gubbelsj@bc.edu (M.-J. Gubbels).
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© 2010 Elsevier B.V. All rights reserved.

The critical components in the division process have been dif-
ficult to study in these haploid organisms because inactivation of
these genes results in lethal phenotypes. However, in recent years
several approaches have been developed to study essential genes in
T. gondii. Most of these require candidate gene approaches, where a
gene of interest is cloned in a conditional expression system, either
on the transcriptional level using the Tet-transactivator [5] or Tet-
repressor system [6,7], or at the post-translational level using a
small molecule to stabilize a destabilization domain to regulate pro-
teasomal turnover [8]. On the other hand, random mutagenesis to
generate temperature sensitive mutants in which the mutated gene
is subsequently identified through wild-type genetic cosmid com-
plementation allows the unbiased identification of essential genes
[9]. Stage specific essential genes have been successfully studied by
insertional mutagenesis based signature mutagenesis [10]. In this

study we set out to combine the strengths from conditional expres-
sion of candidate genes with the unbiased approach of insertional
mutagenesis.

The approach we followed exploits the high random integra-
tion frequency while directing the insertion event by a promoter

dx.doi.org/10.1016/j.molbiopara.2010.10.007
http://www.sciencedirect.com/science/journal/01666851
mailto:gubbelsj@bc.edu
dx.doi.org/10.1016/j.molbiopara.2010.10.007
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rap with a drug-selectable marker, simultaneously resulting in
eplacement of the promoter of the trapped gene with a condi-
ional Tet-transactivator promoter. As such, if an essential gene
s trapped, the addition of anhydrotetracycline (ATc) will result
n down regulation of gene expression and produce a condition-
lly lethal phenotype. Several conditional mutants were isolated
ith tachyzoite growth defects using this conditional trapping
ethod. Two mutants were analyzed in greater detail. To iden-

ify the trapped genes we identified differentially expressed genes
pon ATc addition using the Affymetrix GeneChip available for T.
ondii. For both mutants we successfully identified the trapped and
onditionally expressed genes, although only in one case the locus
esponsible for growth arrest could be confirmed. Taken together,
he methodology described here combines various recently devel-
ped technologies and adds an additional tool to identify and study
ssential genes in T. gondii.

. Materials and methods

.1. Parasites

RH strain parasites and transgenic derivatives were used
hroughout this study. Parasites were maintained in human
oreskin fibroblasts as previously described [11]. Transactivator
xpressing parasites, the Ta-Ti strain, were kindly provided by
omique Soldati [5]. Additionally, the Ta-Ti strain was stably trans-

ected with plasmid ptubYFP2/sagCAT [12] and cloned by limiting
ilution to produce the Ta-Ti-YFP2 parent line.

.2. Plasmids

All primer sequences are provided in supplementary Table S1.
lasmid tub-H2b-mRFP/sagCAT has been described previously [13].
lasmid DHFRTet7sag4-SpeI was constructed by PCR amplification
f the Tet7sag4 promoter [5] using the primers TetSag4Xba and
etSag4Not and cloned XbaI/NotI into plasmid pDHFR-TSC3ABP
14]. Subsequently, plasmid Tet7sag4DHFR-Sfi was cloned by PCR
mplification of the DHFR ORF using primers DHFR-ORF-for and
HFR-3UTR-Asc and cloning XbaI/PacI into pDHFRTet7sag4-SpeI.
ext, plasmid Tet7sag4DHFR-Xba-Kan was cloned by pDONR2.1
igestion with AvaI and PstI and T4 DNA polymerase end-
lling. Tet07sag4DHFR-Sfi was digested with NotI/PacI/ScaI and
he ends were filled and both fragments blunt-end ligated. Sub-
equently, plasmid Tet7sag4-HX3UTR-DHFR-Xba-Kan was cloned
y PCR amplification of the HXGPRT 3′UTR with XhoI and
baI flanking primers HX-3UTR-XX-F and HX-3UTR-Xba-R and
loned XbaI in Tet07sag4DHFR-Xba-Kan. Finally, plasmid Tet7sag4-
X3UTR-3STOP-DHFR-Xba-Kan was cloned by PCR amplification of

he HXGPRT 3′UTR from Tet7sag4-HX3UTR-DHFR-Xba-Kan using
rimers HX-3UTR-XX-F and 3xSTOP-UTR-AgeI; the amplicon was
loned NdeI/AgeI into the parent plasmid.

Plasmid ptub-TCP1-YFP/sagCAT was cloned by PCR amplifica-
ion of TCP-1 from 77.m00088 using primers TCP-1-BglII-F and
CP-1-AvrII-R; the amplicon was cloned BglII/AvrII into the ptub-
FP2(MCS)/sagCAT plasmid.

Plasmid ptub-YFP-TCP1/sagCAT was cloned by PCR amplifica-
ion of TCP-1 from 77.m00088 using primers TCP-1-AvrII-F and
CP-1-SmaI-R. The amplicon was cloned AvrII/XmaI into the ptub-
FP2(MCS)/sagCAT plasmid.

Plasmid ptub-72.m00683-YFP/sagCAT was cloned by PCR

mplification of the 72.m00683 ORF from cDNA using primers
2.m000683BglIIF and 72.m000683AvrIIR. The amplicon was
loned BglII/AvrII into the ptub-YFP2(MCS)/sagCAT plasmid.

Plasmid ptub-YFP-72.m00683/sagCAT was cloned by PCR
mplification of the 72.m00683 ORF from cDNA using primers
al Parasitology 175 (2011) 133–143

72.m000683AvrIIF and 72.m000683EvoRVR; the amplicon was
cloned AvrII/EcoRV into the ptub-YFP2(MCS)/sagCAT plasmid.

2.3. Insertional mutagenesis and growth mutant screen

For insertional mutagenesis 50 �g of plasmid DNA was digested
with the selected restriction enzymes and gel purified. Transfected
Ta-Ti-YPF2 parasites were selected for pyrimethamine resistance.
Parallel plaque assays were set up immediately following muta-
genesis under the following selective conditions: no selection
(control), 1 �g/ml anhydrotetracycline (ATc; Clontech, Mountain
View, CA), 1 �M pyrimethamine and finally the combination of ATc
and pyrimethamine. To isolate ATc conditional clones, the poly-
clonal population was seeded in 384-well plates confluent with
HFF cells at a concentration of 3 parasites per well [9]. After para-
site growth for 7 days, plates were duplicated using a 5 �l pintool as
previously described into plates with optical bottom with 1 �g/ml
ATc and a plate without ATc in medium lacking phenol red [9].
After growth for 6 days, YFP fluorescence increase corresponding
with parasite growth was read on a BMG Fluostar plate reader as
previously described [12]. Corresponding wells displaying growth
without ATc, but with no YFP increase in the plate with ATc, were
picked and re-screened visually for ATc conditional growth in 24-
well plates. Positive parasite clones were picked for further study.

2.4. Growth curves

Parasite growth curves based on cytoplasmically expressed YFP
were recorded in 384-well plates in quadruplicate as described
previously [9,12]. Fluorescence was read daily with a Molecular
Dynamics M5 plate reader using 510 nm excitation and 540 nm
emission wavelength settings using a 530 nm cut off.

2.5. Invasion assays

Invasion efficiency was evaluated using the method described
by Carey et al. [15]. Briefly, parasites were grown for 30, 36 or 48 h in
the presence of 1 �g/ml ATc (or vehicle control) and mechanically
released from the host cell by passage through a 26.5 G needle. Par-
asites were incubated for 1 h with HFF cells grown in 96-well plates
at 37 ◦C. Extracellular parasites were identified by immunofluo-
rescence using mAb T51E5 (kindly provided by Dr. Jean François
Dubremetz) followed by Alexa594-conjugated goat anti-mouse IgG
(Molecular Probes).

2.6. DNA content analysis

The cell cycle stage was determined using methods described
previously to determine DNA content [9,16]. Parasites were syringe
lysed from the host cells and filtered through a 12 �m carbonate fil-
ter to include large, polyploid parasites in the analysis. A FACSCanto
cytometer (BD Franklin Lakes, NJ) was used and 50,000 events were
collected. Data were prepared for publication using FlowJo software
by gating for the parasite population based on side scatter (SSC) and
fluorescence intensity (Treestar, Ashland, OR).

2.7. Immunofluorescence

IFAs were performed as described previously [13]. The follow-
ing primary antibodies were used: rat �-IMC3 [17] and human
�-Centrin (kindly provided by Dr. Iain Cheeseman, Whitehead

Institute). DNA was stained with 4′,6-diamidino-2-phenylindole
(DAPI). Secondary goat-raised antibodies were Alexa488 or
Alexa594 conjugated (Invitrogen/Molecular Probes). Images were
collected on a Zeiss Axiovert 200M wide-field fluorescence micro-
scope equipped with standard DAPI, FITC and TRITC filter sets, a
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EOFLUAR 100×/1.3 objective and a Hamamatsu C4742-95 CCD
amera. Images were acquired and processed for presentation using
olocity Software (Improvision/Perkin Elmer, Coventry, UK).

.8. Microarrays and analysis

The parent line and mutants were grown for 33 h at 37 ◦C with
nd without 1 �g/ml ATc, mechanically released by needle passage
nd washed twice with PBS by centrifugation at 24 ◦C, 1000 × g for
5 min. Total RNA was extracted with Trizol (Invitrogen), resus-
ended in DEPC treated water and treated with DNase (Ambion).
otal RNA samples were stored at −80 ◦C in the presence of RNase
nhibitor until further use. 100 ng of total RNA was converted into
rst-strand cDNA using reverse transcriptase primed by a poly(T)
ligomer incorporating a synthetic RNA sequence. Second-strand
DNA synthesis was followed by ribo-SPIA (Single Primer Isother-
al Amplification, NuGEN Technologies Inc., San Carlo, CA) for

inear amplification of each transcript. 4 �g of the resulting cDNA
as fragmented using the standard NuGen process, assessed by
ioanalyzer, and biotinylated. Biotin-labeled cDNAs were added to
ffymetrix hybridization cocktails, heated at 99 ◦C for 2 min and
ybridized for 16 h at 45 ◦C with the GeneChips (Affymetrix Inc.,
anta Clara, CA) [18]. An Affymetrix GeneChip Scanner 3000 7G
onfocal scanner was used to collect fluorescence signal after exci-
ation at 570 nm. Affymetrix Command Console v2 software was
sed to determine raw intensities and generate CEL files. Default
alues provided by Affymetrix were applied to all analysis param-
ters; border pixels were removed, and the average intensity of
ixels within the 75th percentile was computed for each probe.
he average of the lowest 2% of probe intensities occurring in each
f 16 microarray sectors was set as background and subtracted
rom all features in that sector. Global scaling was applied to allow
omparison of gene signals across multiple microarrays. RMAEx-
ress v1.00 was used to compute gene expression summary values
or Affymetrix data using the Robust Multichip Average expression
ummary.

.9. Mapping of the insertional breakpoints

To map the insertional breakpoint in locus 77.m00088 at the 3′-
nd of the inserting plasmid we used primer Tet07Sag4-F encoded
n the plasmid Tet7sag4 promoter over the HindIII site and primer
7.m00088R1, which amplified 490 bp. We also used Tet07Sag4-
in combination with primer 77.m00088R2, which amplified a

70 bp product. To map the insertional breakpoint at the 5′-end
f the inserting plasmid we used primer Tet07Sag4-R (localized
ithin the DHFR ORF) and primer 77.m00088-F to amplify a 1.2 kb

ragment. To map the insertional breakpoint in locus 64.m00349
t the 3′-end of the inserting plasmid we used primer Tet07Sag4-
and primer #5-set1R644.3, which amplified a 1360 bp product.

o map the insertional breakpoint at the 5′-end of the insert-
ng plasmid, we used primers #5-set1F644.3 and Tet07Sag4-R
o amplify a 2372 bp fragment. Sequencing reactions of TOPO
loned PCR products were performed by Operon (Huntsville,
L).

.10. qRT-PCR

TCP-1 (77.m00088) was amplified using primers qRTPCR-
7.m00088-F and qRTPCR-77.m00088-R; 149 bp were amplified.
he housekeeping gene, actin (25.m00007), was amplified using

rimers qRTPCR-Actin-F, qRTPCR-Actin-R. The housekeeping gene
APDH (80.m00003) was amplified using primers qRTPCR-GAPDH-
and qRTPCR-GAPDH-R. RNA was isolated using Trizol at 33 h for
utant 3.3H6 and parent with and without ATc. cDNA was synthe-

ized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories).
al Parasitology 175 (2011) 133–143 135

SYBR Green PCR Master Mix (2×) (Bio-Rad) was used for qRT-PCR.
A 96-well PCR plate (Bio-Rad) was used and the reaction was run
on a Realplex Thermocycler (Eppendorf). Data were analyzed using
the Realplex software (Eppendorf).

2.11. Southern blotting

Southern blotting was performed as described in Ref. [14].
Genomic DNA was digested with the following restriction enzymes:
BglII, XmnI or AgeI. Three probes were generated by PCR, a
Kan-probe (Kan-F and Kan-R primers; 675 bp), a 5′-TCP-1 probe
(5′-TCP1-F and 5′-TCP1-R primers; 552 bp) and a 3′-TCP-1 probe (3′-
TCP1-F and 3′-TCP1-R primers; 543 bp). Probes were radioactively
labeled with �-[32P]-dATP by random primer labeling (Invitrogen).

2.12. Cosmid complementation

Cosmids TOXO867 spanning gene 77.m00088 and cosmid
TOXOI78 spanning gene 64.m00349 were grown up and purified
from the arrayed cosmid library as described previously [2]. The fol-
lowing cosmids were used for complementation efforts of mutant
3.3H6: TOXO867 for gene 77.m00088, PSBLV88, PSBM403, and
PSBM924 for gene 72.m00683, TOXPG21 for gene 641.m02543,
TOXOE28 for gene 83.m01259, and TOXO854 for gene 50.m03365.
Complementations were performed in duplicate in independent
experiments using an unrelated cosmid as a negative control.

2.13. Phylogenetic analysis

TAF250 orthologs from the following species, including
database accession numbers, were used for phylogenetic anal-
ysis: Neospora caninum, NCLIV 006970; Plasmodium falciparum,
PFL1645w; Plasmodium knowlesi, PKH 145120; Theileria annu-
lata, XP 954404.1; Babesia bovis, XP 001610355.1; Cryptosporidium
parvum, XP 625669.1; Arabidopsis thaliana, NP 174552.1; Oryza
sativa, Q67W65.1; Danio rerio, NP 001038250.1; Caenorhabditis
elegans, NP 493426.2; Mus musculus, Q80UV9.2; Homo sapi-
ens, EAX05291.1. Sequences were aligned using default setting
on ClustalW [19] and analyzed by the neighbor-joining and
bootstrap analysis algorithms in the MEGA4 software package
[20].

3. Results

3.1. Conditional gene trapping by insertional mutagenesis

The strategy to generate conditional mutants by trapping essen-
tial genes under the control of the tetracycline inducible promoter,
Tet7sag4, using the Tet-off system is outlined in Fig. 1. The par-
asite line (Ta-Ti-YFP2) used for insertional mutagenesis with the
trapping plasmid already expresses the Tet-dependent transac-
tivator [5]. In addition, this parasite line was stably transfected
with a cytoplasmic, tandem YFP expressing plasmid, which enables
automated screening for growth mutants using the increase in cyto-
plasmic YFP fluorescence as a read-out for parasite growth [9,12].
We designed an insertional trapping plasmid that, upon lineariza-
tion with restriction enzymes, on the 5′-end harbors a promoterless
DHFR-TSm2m3 gene endowing resistance to pyrimethamine and
on the 3′-end a Tet7sag4 promoter (Fig. 1A). Exploiting the high
frequency of random genomic integration of plasmid DNA trans-

fected into the parasite [21], an insertion in a gene between the
promoter and the start codon would result in a pyrimethamine
resistant parasite with the trapped gene conditional upon ATc addi-
tion. Consequently, only trapping of essential genes will result in
conditionally lethal phenotypes.
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ig. 1. Schematic outline of insertional trapping with the Tet7sag4 conditional pro
estriction site flanked linker is 439 bp long. (B) Strategy of mutant generation. The
deI and ApaI and purified by gel electrophoresis. To avoid in-fusion insertion in in

.2. Identification of growth mutants

As described above, linearized trapping plasmid was transfected
nto the Ta-Ti-YPF2 parasite line to randomly trap promoters. Upon
election for stable pyrimethamine resistance, the parasite popula-
ion was seeded into 384-well plates at a density of 3 parasites per
ell. Parasites in plates were grown up for a week and then replica-
lated into one plate with and one plate without ATc. Following
rowth for 6 days, wells containing conditional mutants were iden-
ified using the cytoplasmically expressed YFP as a measure for
arasite growth. In total, we isolated 8 mutants with the desired
onditional phenotype from four independent transfections (a total
f forty 384-well plates was screened). Mutants isolated from
he same transfection were considered independent when their
rowth kinetics showed different profiles. Growth curves of three
epresentative mutants and the parent line are shown in Fig. 2. Most
utants shut down completely in the presence of ATc (e.g. indepen-

ent mutants 3.3H6 and 4.3B13), whereas other mutants displayed
reduced growth (e.g. mutant 3.3G21, which was isolated from the
ame mutagenesis as mutant 3.3H6). Importantly, none of these
utants are conditionally resistant to pyrimethamine, indicating

he insertional event took place such that the promoter of the
rapped gene drives DHFR-TSm2m3 expression and the Tet7sag4
romoter drives expression of the trapped gene.

.3. Phenotypic analysis

Since growth defects can be due either to an intracellular devel-
pment defect or to defects in host cell invasion, we tested these
wo different aspects. First we determined the potential defects in
ost cell invasion employing the ‘red-green’ invasion assay [15].
ig. 3A shows that after 24 h in the presence of ATc (phenotype
nduced) the host cell invasion capacity of mutants 3.3H6 and

.3B13 is strongly inhibited compared to the wild-type parent line:
6% and 29% of the parasites remain extracellular, respectively,
ompared to only 11% of the parent parasites. None of the other
utants displayed a reduction in invasion efficiency compared to

he wild-type (data not shown). For these two apparent invasion

ig. 2. Growth kinetics of representative mutants. Growth curves of the parent line (A)
utants enter growth arrest when ATc is in the medium, whereas the parent line grows u
384-well plate assay [12]. Error bars denote standard deviation of four replicates.
. (A) Map of trapping plasmid. The plasmid is 5351 bp long, whereas the ApaI/NdeI
terminator of HXGPRT is removed before transfection by restriction digestion with
the DHFR ORF is preceded by stop-codons in the three reading frames.

mutants we additionally determined whether or not these mutants
displayed a cell cycle defect. This was measured by DNA content
analysis using flow cytometry after various times of ATc induction.
The parent line displayed the typical cell cycle distribution pat-
tern for randomly cycling parasites (Fig. 3B) [9,22]. Note that the
population with a DNA content with more than 2N is due to using
a large filter pore size (12 �m) in preparation of the samples and
the relaxed gating to enable detection of large, polyploid parasites.
These results are comparable to a previous study [16]. For mutant
3.3H6, upon ATc incubation an increasing population with nuclear
contents larger than 2N was observed (Fig. 3C). Such a profile sug-
gests the development of an uncoupling phenotype wherein DNA
replication progresses in the absence of cell division [2,9,16]. To
validate this assessment we analyzed the parasites by immunoflu-
orescence using two markers for intracellular development; IMC3,
which outlines the cortical cytoskeleton of the parasite and addi-
tionally marks the internally budding daughter cytoskeletons, and
an antibody marker for the centrosome, which duplicates at the
start of S-phase [23] (Fig. 3E). As expected, in addition to normal
appearing parasites (Fig. 3F) we observed the appearance of par-
asites with larger than normal nuclei associated with more than
2 centrosomes in the absence of internal budding, which is con-
sistent with the uncoupling phenotype (Fig. 3G and H). For mutant
4.3B13 the DNA content profiles at all time points reflected the par-
ent line (Fig. 3D). Analysis of the parasites by immunofluorescence
did not identify any defects in parasite morphology or daughter
budding (Fig. 3I). However, it is possible that specific defects could
be detected by studying other phenotypic features. Together with
the growth kinetics (Fig. 2C), these data indicate that mutant 4.3B13
growth arrests between 36 and 48 h after addition of ATc which
can occur at any stage randomly in the cell cycle without obvious
morphological changes.
3.4. Gene 77.m00088, encoding a TCP1 chaperonin component, is
trapped and conditionally expressed in mutant 3.3H6

We reasoned that mapping the locus trapped by the inserting
plasmid could be identified using the Affymetrix T. gondii genechip

and mutants 3.3H6 (B), 4.3B13 (C) and 3.3G21 (D) under various drug pressures.
ndisturbed. Cytoplasmically expressed tandem YFP was used as a daily read-out in
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Fig. 3. Phenotypic characterization of growth arrest of mutants 3.3H6 and 4.3B13. (A) Invasion assays of parent and mutants in absence and presence of ATc induction for
48 h. Cytochalasin D (CytD) is used as an efficient invasion blocking control. Assay essentially as in Ref. [15]. Error bars denote standard deviation of three replicates. (B–D)
Flow cytometry analysis of DNA content of the parent line (B) and mutants 3.3H6 (C) and 4.3B13 (D). Profiles after 0, 24, 36 and 48 h of ATc induction are shown in yellow, red,
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re indicated along the x-axis; rfu denotes relative area fluorescence units. (E–I) Imm
.3B13 at various time points with and without ATc induction as indicated. (For in
eb version of the article.)

rray since expression of the trapped gene is expected to shut down
pon addition of ATc [18]. Therefore, we collected total RNA from
he parent and mutant parasite lines grown in either the absence
r presence of ATc for 33 h to allow reduction of the transcript and
ybridized these samples to the genechip array. Only one gene

n the parent line expressed an over 2-fold difference in inten-
ity upon ATc addition: a 2.13-fold reduction for gene 148.m00016,
hich encodes a DNA polymerase (Fig. S1). For mutant 3.3H6 gene

7.m00088 displayed a 12-fold repression upon ATc (Fig. 4A–C),
ith the next best candidate (gene 642.m00040) only displaying

.9-fold suppression (Fig. 4B). We independently validated the con-
itional expression of gene 77.m00088 at the same incubation time
ith ATc (33 h) for both parent and mutant by qRT-PCR. In the
arent line the expression level of gene 77.m00088 was 1.6-fold
igher by gene-chip and 2-fold higher by qRT-PCR (Fig. 4C and D).

n mutant 3.3H6 we detected a 15-fold down-regulation by qRT-
CR (Fig. 4D), which closely matches and validates the gene-chip
ata (12-fold).

To demonstrate that the observed differential expression is
ndeed due to integration of the conditional promoter trap plasmid

e mapped the genomic insertion site. Since the trapping method
s designed to insert directly in front of the start codon, we designed
sense primer hybridizing to the Tet7sag4 promoter and two dif-

erent anti-sense primers 300 bp apart, one in the promoter and
ne right behind the start codon. Using the anti-sense primer in

he promoter we successfully amplified a 490 bp product spanning
he 3′-breakpoint in gene 77.m00088 (Fig. 4E). A similar approach
as taken to PCR amplify the 5′-end of the insertion site. When

′- and 3′-end breakpoints were mapped onto the chromosome a
lean break without a single nucleotide loss was mapped. On the
arious cell cycle stages as a function of ATc induction time. Population definitions
uorescence assays with �-IMC3 and �-centrin co-stained with DAPI for 3.3H6 and
tation of the references to color in this figure legend, the reader is referred to the

plasmid side of the insertion 2 nucleotides were lost on the 3′-end
of the NdeI site (Fig. 4E). The 5′-end of the plasmid clearly identi-
fied the beginning of the DHFR-TS open reading frame including
two remaining base pairs of the ApaI site. However, an additional
stretch of 303 bp was identified, which corresponded with three
different fragments of the trapping plasmid: the first 143 bp cor-
responding with the promoter driving the KanR gene; the next
90 bp corresponding with part of the T1 and T2 terminators from
the pDONR2.1 plasmid used as the bacterial plasmid backbone;
and the last 70 bp derived from the DHFR-TS 3′UTR. The complete
sequence and annotation is provided in Fig. S2. This data indicated
that dramatic rearrangements have occurred at the site of plasmid
integration. Taken together, we mapped the exact insertion site
between nucleotide position 78952 and 78953 on chromosome V,
in the promoter of gene 77.m00088 (Fig. 3E) and we detected irreg-
ularities suggestive of rearrangements at the 5′-end of the insertion
site in the genome.

The protein encoded by gene 77.m00088 is highly conserved
across evolution and is part of the eukaryotic type II chaperonin
family. The type II chaperonins are cytoplasmic hetero-oligomeric
protein complexes forming a ring structure named the TCP-1 ring
complex or TRiC (TCP-1 stands for Tailless Complex Polypeptide
1) [24,25]. Two rings form a mature chaperonin to form a cavity
wherein non-native proteins are folded correctly driven by ATP
hydrolysis. The TRiC is composed of eight different but paralo-

gous subunits called CCTs, which stands for chaperonin containing
TCP1. The Toxoplasma gene we identified is an ortholog of subunit
CCT�, known as CCT8 in Saccharomyces cerevisiae. TgCCT� shows
17.9% homology and 42.5% identity with human CCT� (GenBank
acc. no. NP 006576.2). Expression of YFP tagged CCT� plasmids
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Fig. 4. Identification and mapping of the trapped gene in mutant 3.3H6. (A) Affymetrix chip expression by expression profiling of mutant 3.3H6 with or without 33 h of
ATc induction: gene 77.m00088 displays the highest differential expression. (B) Overview of the top 10 genes with the highest relative differential expression pattern. The
size of differential signal decreases from left to right. Data for parent and mutant 3.3H6 are shown. Underlined, bold gene names were validated by individual cosmid
complementation (* 642.m00040 is not annotated as a gene anymore in the latest version of ToxoDB). (C) Affymetrix expression profiling detected a 12-fold ATc-dependent
conditional expression of gene 77.m00088 in mutant 3.3H6, whereas no variation is detected in the parent. (D) By qRT-PCR a 15-fold ATc-dependent conditional expression
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ene 77.m00088 on chromosome V identified by PCR and sequencing. At the 5′-en
hree non-continuous fragments of the trapping plasmid. See Supplementary Fig. S

n the parasite resulted in cytoplasmic localization (data not
hown).

To validate whether CCT� was responsible for the invasion and
rowth phenotype observed for mutant 3.3H6 we attempted to
omplement the mutant with a cosmid containing the wild-type
llele of gene 77.m00088 [9]. Cosmid TOXO867 spans the entire
enomic locus of CCT� and was transfected into mutant 3.3H6. The
ntegrity of cosmid TOXO867 was checked by restriction enzyme
nalysis (results not shown). Growth restoration was selected by
rowth in the presence of ATc. Unexpectedly, repeated attempts
id not result in growth restoration. Subsequent attempts to com-
lement with either N- or C-terminal YFP fusion plasmids of gene
CT� driven by the constitutive �-tubulin promoter also did not
esult in growth restoration. The YFP signal in both cases local-
zed to the cytoplasm when expressed in wild-type parasites (not
hown). These results strongly suggest that CCT� is not essential
or the phenotype observed in mutant 3.3H6.

.5. Identification of a suppressor in 3.3H6

The genomic insertion site of the trapping plasmid in gene
7.m00088 suggests rearrangements at the insertion site provid-

ng evidence for three independent segments on the insertional
lasmid. These results could hint at tandem plasmid integrations.
e sought to find additional evidence for potential rearrangement

y Southern blotting. Fig. 5A shows a genetic map based on the
equence data at the 5′- and 3′-flanks for the insertion, compared

o the wild-type locus. Restriction enzymes were selected to high-
ight the flanks as well as the structure of the inserting plasmid.
orresponding probes were designed on both flanks of the plas-
id insertion (5′- and 3′-probe) as well as within the plasmid

KAN probe). As shown in Fig. 5B, the DNA fragment sizes match
parent. Levels are relative to actin and data were averaged over five independent
per experiment. (E) Schematic overview of the plasmid insertion breakpoints in

akpoint an unexpected 303 bp insertion was identified of which corresponds with
he complete sequence and annotation.

the predicted sizes with exception of the 5′-probe/AgeI combina-
tion. The ∼7 kb size of the observed band was significantly larger
than the expected 4.6 kb band. This suggests additional insertions
and/or rearrangements took place at the 5′-end of the inserting
plasmid outside the region amplified by PCR to map the break-
point (Fig. 4E). The KAN probe, detecting the insertional plasmid,
showed a more complex profile, which dependent on the restriction
enzyme, showed either 2 or 3 bands. Regardless of the restric-
tion enzyme, the expected band was detected in all cases. One of
the additional bands across the three restriction enzymes closely
matches a head-to-tail insertion as it matches the size of the full-
length plasmid, 4906 bp after removal of the linker. The intensity
of the band at this size in the XmnI digested appears to have dou-
ble intensity which either reflects a multiple tandem, or more
likely, reflects an independent insertion coincidentally generating
an ∼5 kb band upon XmnI digestion. Either way, this leaves at least
one additional band with the KAN probe unaccounted for, which
indicates an additional independent insertion event elsewhere in
the genome. Taken together, the Southern blot data largely con-
firms the PCR mapping while also providing evidence for additional
rearrangements at the 5-end of the 77.m00088 locus, a tandem
insertion, as well as at least one additional and possibly two plasmid
insertions elsewhere in the genome.

Additionally, independent trapping plasmid insertions suggest
that one of these plasmids could have trapped and controlled
expression of an essential gene in an ATc dependent fashion. To
identify the essential gene responsible for the 3.3H6 phenotype we

considered the 4 genes with the next highest differential expres-
sion levels (Fig. 4B). We selected cosmids spanning the wild-type
loci of these 4 genes and attempted to complement the growth phe-
notype of mutant 3.3H6 with these individual cosmids under ATc
selection. Cosmid PSBLV88 spanning gene 72.m00683 did confer
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Fig. 5. Characterization of gene 77.m00088 and the Tet7sag4 insertion in mutant 3.3H6 by Southern blot. (A) Schematic of the 77.m00088 locus in wild-type and mutant
3.3H6 genomes. Plasmid insertion represented by grey-shaded box. Restriction sites of BglII, XmnI and AgeI used for the Southern blots are indicated with the expected
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estriction fragment sizes. Probe localizations are indicated by black boxes. (B) Sou
utant 4.3B13 is included in the KAN probe hybridization. The 5′-probe cross-react

robe demonstrates at least 2, but possibly 3, independent insertions in 3.3H6, whe
he 3.3H6 mutant is approximately 3 kb longer than expected; all other band sizes

rowth restoration, strongly suggesting this gene is responsible for
he 3.3H6 phenotype. This gene only shows a 2.3-fold differential
xpression level in response to ATc with very low absolute expres-
ion levels (Fig. 6A). Confirmation that this locus is indeed able to
estore growth was provided by two additional cosmids PSBM403
nd PSBM924 spanning 72.m00683, which both conferred growth
estoration (Fig. 6B). In addition, we used a PCR amplified genomic
egion spanning the 72.m00683 ORF and its promoter, which also
onferred growth restoration as shown by growth curves (Fig. 6C).
ubsequently, we tried mapping the insertion site by overlapping
CR primer pairs, which amplify 1–2 kb fragments from wild-type
enomic DNA (Fig. 6B). However, if the 5 kb insertional plasmid
nserted in the region spanned by the primer pair, then no product
r a much larger product would be expected which would indi-
ate the location of the plasmid insertion site. We tested a region
panning the two adjacent genes, but all primer pairs amplified in
mplification of bands consistent with the wild-type locus in both
he parent and mutant line (Fig. 6D). These results suggest that
ene 72.m00683 acts as a suppressor of the 3.3H6 phenotype. In

eneral, suppressors work by bypassing the actual mutated gene
r pathway by overexpression of the suppressor gene. We have not
ormally assessed whether this applies to 72.m00683.

Gene 72.m00683 is annotated as a hypothetical protein of 187
mino acids and is also present in N. caninum. Otherwise this gene
blots hybridized with the 5 -probe, the KAN probe and the 3 -probe as indicated.
another, unknown fragment in the genome (bands marked with asterisk). The KAN
insertions are detected in 4.3B13. The AgeI fragment recognized by the 5′-probe in
expected.

is not conserved and provides no significant hits when BLASTP
searched against the NCBI Nr database. In addition, no conserved
domains were identified for this open reading frame when searched
against the Pfam and SMART databases. Expression of a YFP-tagged
72.m00683 gene resulted in co-localization with a red fluorescent
histone 2b fusion protein reporter in the nucleus (Fig. 6E). The
YFP-tagged gene was able to functionally restore growth of mutant
3.3H6 under ATc indicating nuclear localization of the YFP-tagged
gene is functional.

3.6. Identification of TAF250 as the gene responsible for the
4.3B13 defect

Gene expression profiling of mutant 4.3B13 identified gene
64.m00349 with a 9.4-fold reduction expression as the strongest
candidate to be trapped by the Tet7sag4 promoter (Fig. 7A). We
used cosmid complementation to validate whether this gene was
responsible for the growth defect. Transfection of cosmid TOXOI78
spanning the wild-type locus of gene 64.m00349 into mutant

4.3B13 provided robust growth restoration under ATc (Fig. 7B).
Cosmid TOXOI78 contains a 38 kb insert and includes one com-
plete gene (64.m00350) and one partial gene (64.m00351), both
upstream of 64.m00349. No complementation was observed using
an unrelated cosmid. Subsequently, we designed a series of five
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Fig. 6. Identification of gene 72.m00683 as a suppressor of mutant 3.3H6. (A) Affymetrix expression profiling detected a 2.3-fold ATc-dependent conditional expression of
gene 72.m00683 in mutant 3.3H6, whereas no variation is detected in the parent. (B) Schematic overview of chromosome VIIa region containing gene 72.m00683. Three
cosmids spanning gene 72.m00683 were used to validate its complementation competence, narrowing down the region of interest to the light yellow box. Subsequent PCR
amplification of the genomic region marked by the dark yellow box restricted the region to only gene 72.m00683. In red 11 different primer pairs are indicated that were
used to map the site of the trapping plasmid insertion. (C) Growth curve of mutant 3.3H6 stably complemented with gene 72.m00683 showing growth restoration in the
p nted w
i nomic
t ith a
r the a

o
a
i
u
p
fi
D
r
p
b
c
m
p
i
p
c
i
T
F
i
n
f
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ndicated in panel B show that all amplify the band sizes corresponding with the ge
ubulin promoter driven C-terminal YFP fusion of gene 72.m00683 co-transfected w
eferences to color in this figure legend, the reader is referred to the web version of

verlapping primer pairs to amplify 1–2 kb sections around the
nnotated translational start site of gene 64.m00349 to map the
nsertion site (Fig. 7C). We were unable to obtain a PCR prod-
ct using primer pair 5 from mutant 4.3B13, whereas a robust
roduct was obtained from the parent line (Fig. 7D). Subsequent
ne mapping of the insertion site using the Tet7sag4 sense and
HFR anti-sense primer in combination with the primer pair 5

everse and forward primers, respectively, resulted in strong PCR
roducts. Sequencing of these products identified the 5′- and 3′-
reakpoints between chromosome and plasmid (Fig. 7C). In this
ase, plasmid insertion resulted in a 2 bp deletion in the chro-
osome. On the 3′-end of the insertion a 7 bp deletion from the

lasmid was mapped. At the 5′-end we again detected abnormal-
ties, in this case a 999 bp insertion consisting of 82 bp encoding
art of the kanamycin resistance gene followed by an 11 nucleotide
omposed mostly of cytosidine residues and finally 906 bp encod-
ng a central part of the DHFR-TS cDNA, in opposite orientation.

he complete inserted sequence and annotation is provided in
ig. S3. The plasmid insertion within the 64.m00349 gene is not
n front of the predicted ATG start codon suggesting that this is
ot the start codon being used in the insertional mutant. However,

our alternative in-frame ATG codons are present within the first
ith ATc (black line) are included as well. (D) PCR products with the 11 primer pairs
locus. As such, no trapping plasmid insertion could be detected. (E) Expression of a
H2b-mRFP fusion proteins identifies nuclear localization. (For interpretation of the
rticle.)

exon behind the insertion site and could function as de facto start
codons (Fig. 7C). Gene 64.m00349 encodes a 2648 amino acid open
reading frame and is annotated as a bromodomain-containing pro-
tein. Further sequence analysis and database searching revealed
this gene is highly conserved. As recently reported, this gene is
the most likely candidate for the TAF250 ortholog [26], which is
a subunit of the RNA polymerase II TFIID protein complex [27].
Reciprocal BLASTP searches of ToxoDB with the human TAF250
orthologs (isoforms a, b, c, d, and e; GenBank acc. no. EAX05291.1,
EAX05292.1, EAX05293.1, EAX05294.1, EAX05295.1, respectively)
identifies gene 64.m00349 as the top hit (e−18 P-value). Phylo-
genetic analysis of TAF250 orthologs of various Apicomplexa and
other eukaryotes shows clustering of the Apicomplexa species with
very high bootstrap support (Fig. 7E). Overall, the tree branches
with high bootstrap values along the expected eukaryotic lineage
relations.
4. Discussion

We successfully developed a system to generate conditional
mutants by random gene trapping and promoter replacement with
a tetracycline regulatable promoter (Figs. 1 and 2). The two mutants
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Fig. 7. Identification and validation of the mutated gene in mutant 4.3B13. (A) Affymetrix chip expression profiling analysis of mutant 4.3B13. Relative expression data
were collected after 33 h of ATc induction or un-induced control; gene 64.m00349 is the obvious outlier. (B) Growth curves of mutant 4.3B13 growth restoration with
cosmid TOXOI78 encoding gene 64.m00349 (red line). Un-induced complemented (green line) and uncomplemented with ATc (black line) are included as well. (C) Schematic
overview of chromosome III containing gene 64.m00349 and mapping of the plasmid insertion. The insertion was mapped by the 5 PCR primer pairs indicated in red. Primer
pair 5 did not amplify from the 4.3B13 mutant and indicated the insertion is within the annotated ORF. Four in-frame ATG start codons are present within the first exon
at positions 75,598, 75,640, 76,140, 77,706 and 77,719. The 5′-insertion site contains an unexpected 999 bp sequence consisting of two different fragments of the trapping
plasmid as indicated. A short polyC segment of unknown origin separates these two regions. See Supplementary Figure S3 for the complete sequence and annotation. (D)
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s referred to the web version of the article.)

e analyzed in detail showed that the plasmid insertions local-
ze roughly between promoter and start codon, which is what the
lasmid was designed to do (Figs. 4E and 7C). Fine mapping of the
reakpoints between chromosome and plasmid did identify sig-
ificant rearrangements at the 5′-breakpoint where we identified
nexpected stretches of DNA. Moreover, we provide evidence for
andem integration in at least the TCP-1 locus in mutant 3.3H6
Fig. 5). Given these insertions, it is unlikely that the DHFR-Tsm2m3
ene providing pyrimethamine resistance is indeed driven by the
ndogenous promoter of the trapped gene as intended. Two scenar-
os could explain pyrimethamine resistance; inserted stretches of
NA at the 5′-end can serve as promoters and drive DHFR-TSm2m3
xpression, or independent insertions in other genomic loci directly
rive DHFR-TSm2m3 expression. Feasibility of the latter scenario

s provided by several independent genomic insertions in mutant
.3H6 and 4.3B13 by Southern blot (Fig. 5). Either way, the Tet7sag4
romoter inserted in front of TCP-1, and TAF250 displayed strong
Tc dependent behavior, with over and just around 10-fold dif-

erential regulation, respectively (Figs. 4 and 7). Both these genes
ncode housekeeping genes with moderate expression levels (e.g.
ig. 4D and results not shown) and likely constitutive expression
atterns in wild-type parasites. Although we only have two inde-
endent observations, the nature of the trapped genes together
ith the nature of the minimal sag4 promoter might suggest that

ur strategy is pre-disposed to preferentially trap genes with ubiq-

itous, non-cyclical expression profiles. Theoretically, genes with
ther types of expression profiles can be trapped using this method
y generating minimal promoters fused to the Tet-operators. This
ight allow fine-tuning of the type of genes that will be trapped,

ince genes functioning in specialized processes tend to have coor-
) and 4.3B13 mutant (M) DNA as template. Primer pair 5 does not amplify from the
the indicated species. Human TAF250 was used as outgroup. Bootstrap values are
r site. (For interpretation of the references to color in this figure legend, the reader

dinated expression profiles in Plasmodium [28,29] and Toxoplasma
[30].

The benefit of insertional mutagenesis strategies over chemi-
cal mutagenesis is that the plasmid insertion marks the mutated
locus. Theoretically, this would allow for straightforward identifi-
cation of the mutated locus. Multiple strategies, such as plasmid
rescue, inverse PCR, vectorette [31,32] and TraSH [33] are avail-
able to map such insertion sites. The most widely used approach
in Toxoplasma is plasmid rescue although other methods have
been used as well [34–36]. However, in our experience and those
of others, the success rate of identifying insertional loci is quite
low. Notably, the insertion sites of both the mutants described
in this paper could not be identified using plasmid rescue. Since
our mutants originate in an ATc-dependent gene expression,
we applied the Toxoplasma Affymetrix gene expression chips to
successfully identify the trapped genes. With the advent and con-
tinuous improvements of next generation sequencing, mapping
insertional loci is expected to bypass the current challenges in the
future.

Recent genome-wide studies in human and mouse regarding
naturally occurring structural and copy number variations in the
genome identified many duplications and rearrangements at the
breakpoints [37,38]. This data led to models with new variants on
the non-homologous end joining (NHEJ) DNA break repair path-
ways related to DNA replication [37]. The types of duplications and

rearrangements we observe in our two mutants are most consis-
tent with the microhomology-mediated break-induced replication
(MMBIR). In this scenario additional plasmid copies present in the
parasite after transfection are used as the microhomology template
following the MMBIR model. Future work will be needed to further
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ur understanding of the underlying rearrangement mechanisms
n Toxoplasma.

In mutant 3.3H6 we mapped a conditional CCT� allele, a com-
onent of the CCT chaperonin protein folding machinery. The
est-studied in vivo substrates of CTT are actin and tubulin [39,40].
ot surprisingly, defects in these proteins lead to cell cycle arrests
nd cytoskeleton deformations [25,40]. Toxoplasma cell division
equires microtubules, whereas host cell invasion requires actin
o support motility as well as an intact cytoskeleton containing

icrotubules [41,42]. As such, the cell division and invasion phe-
otype of mutant 3.3H6 is consistent with this mutation (Fig. 3).
owever, our complementation efforts of mutant 3.3H6 with var-

ous CCT� constructs did not result in restoration of the wild-type
henotype. The same validation approaches tried here were effec-
ive in complementing and validating candidate genes in over two
ozen temperature sensitive mutants [9] and therefore it is unlikely
he conditional CCT� allele is responsible for the 3.3H6 invasion
nd growth defect. Most likely another gene is trapped in mutant
.3H6, which is essential. In this case, the CCT� reduction in expres-
ion is likely not zero, and enough protein is present to allow
roper protein folding to a level enough to sustain viability. Since
e demonstrated more than one plasmid insertion in the genomic
NA of mutant 3.3H6 (Fig. 5), a second trapped locus of an essen-

ial gene is the most logical explanation of the data. Efforts to map
his second locus did not identify the trapped locus but identified
suppressor of the phenotype which expression was conditional
pon ATc (Fig. 6). The identified gene is unique to Toxoplasma and
eospora whereas no functional domains could be identified. We
id demonstrate the gene product localizes to the nucleus (Fig. 6E).
ow the suppressor gene contributes to the phenotype cannot be
educed from the available data.

The bromodomain containing protein identified in mutant
.3B13 was indeed ATc conditional and responsible for the
bserved phenotype (Fig. 7). This protein is the Toxoplasma ortholog
f TAF250 [26], a component of the TFIID component of the RNA
olymerase II complex and is involved in DNA recognition [27,43].
s such, the growth phenotype of mutant 4.3B13 is likely very
asal due to a defect in transcription. The modest invasion defect is
robably a secondary effect that originates in a more general tran-
criptional defect (Fig. 3A). The absence of an arrest at a particular
tage in development (Fig. 3I) or the cell cycle (Fig. 3D) are consis-
ent with a defect in a basic mechanism such as transcription which
s crucial at all stages of the cell cycle.

Taken together, we established a forward genetic method to
enerate conditional mutants by insertional mutagenesis that
xpands the genetic toolbox available for Toxoplasma. However,
hen the low incidence of mutant isolation is offset against other
ethods to generate mutants and when also taking into account

hat the trapped gene should be compatible with the Tet-promoter,
he method described here would not be the first choice. Further-

ore we demonstrated that genome-wide expression profiling is
n excellent tool to map the insertional events due to the condi-
ional gene transcription of the mutants. Analysis of the insertional
reakpoints provides evidence for rearrangements that explain
he generally low efficiencies seen to map insertional events in T.
ondii. Finally, the identification of TAF250 as the conditional gene
n mutant 4.3B13 demonstrates TAF250 is essential for T. gondii
rowth. This parasite mutant provides a great tool to study tran-
cription, which will be the focus of future experiments.
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