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ABSTRACT Toxoplasma gondii is a ubiquitous pathogen infecting one third of the world’s
population and diverse animals. It has a complex life cycle alternating among different de-
velopmental stages, which contributes to its transmission and pathogenesis. The parasite
has a sophisticated gene regulation network that enables timely expression of genes at
designated stages. However, little is known about the underlying regulatory mechanisms.
Here, we identified an AP2 family transcription factor named TgAP2X-4, which was crucial
for parasite growth during the acute infection stage. TgAP2X-4 deletion leads to reduced
expression of many genes that are normally upregulated during the M phase of the cell
cycle. These include genes that encode rhoptry neck proteins that are key for parasite inva-
sion. As a result, the Dap2X-4 mutant displayed significantly decreased efficiency of host
cell invasion. Transcriptomic analyses suggested that TgAP2X-4 also regulates a large group
of genes that are typically induced during chronic infection, such as BAG1 and LDH2. Given
the diverse impacts on gene expression, TgAP2X-4 inactivation results in severely impaired
parasite growth, as well as drastic attenuation of parasite virulence and complete inability
to form chronic infection. Therefore, TgAP2X-4 represents a candidate for antitoxoplasmic
drug and vaccine designs.

IMPORTANCE Toxoplasma gondii has a complicated gene regulation network that allows
“just in time” expression of genes to cope with the physiological needs at each stage dur-
ing the complex life cycle. However, how such regulation is achieved is largely unknown.
Here, we identified a transcription factor named TgAP2X-4 that is critical for the growth
and life cycle progression of the parasite. Detailed analyses found that TgAP2X-4 regu-
lated the expression of many cell cycle-regulated genes, including a subset of rhoptry
genes that were essential for the parasites to enter host cells. It also regulated the expres-
sion of many genes involved in the development of chronic infection. Because of the
diverse impacts on gene expression, TgAP2X-4 inactivation caused reduced parasite
growth in vitro and attenuated virulence in vivo. Therefore, it is a potential target for drug
or vaccine designs against Toxoplasma infections.

KEYWORDS AP2 factor, AP2X-4, virulence, rhoptry neck protein, invasion, bradyzoite
differentiation cell cycle

T oxoplasma gondii is a parasitic protozoan belonging to the phylum Apicomplexa,
which contains many pathogenic species that are of great medical and veterinary

importance, such as Plasmodium parasites that cause malaria and Cryptosporidium spe-
cies that cause diarrhea. Pregnant women and individuals with compromised immune
functions are at high risk to T. gondii infection because it often leads to abortion,
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stillbirth, or even death (1–4). In addition, T. gondii is also a big threat to livestock hus-
bandry. Pigs and sheep are highly susceptible. In European countries, it was estimated
that 11 to 23% of sheep abortions are caused by Toxoplasma infection (5). Like all other
apicomplexan parasites, T. gondii has a complex life cycle that alternates among different
developmental stages. The transmission between intermediate hosts is a unique property
that distinguishes the life cycle of Toxoplasma from those of other apicomplexans (6).
Tachyzoites during the acute infection phase and bradyzoites during chronic infection are
the main forms of parasites in intermediate hosts. Tachyzoites actively invade host cells,
replicate within them in a membrane-bound structure called parasitophorous vacuole
(PV), and then egress from host cells when the PV grows big enough. The invasion-replica-
tion-egress steps form a lytic cycle of tachyzoites, and each cycle takes about 48 h. Within
one lytic cycle, the parasites undergo 6 to 8 rounds of divisions through endodyogeny,
giving rise to 64 or more parasites from one. At different phases of the lytic cycle and dif-
ferent stages of the cell cycle (G1, S, M, and C stages), the biological activities and gene
expression of the parasites are quite different (7, 8).

Toxoplasma tachyzoites are able to infect all nucleated host cells, partially because
they use a sophisticated and active invasion process to enter host cells (9). The inva-
sion machinery is quite complex, consisting of proteins from both parasites and host
cells (9, 10). Secretory proteins released from different organelles of Toxoplasma play
key roles during invasion. Micronemal proteins MIC2 and AMA1 are required for close
interaction with host cells, as well as for the formation of moving junction, a structure
through which the parasite enters the host cell (11–14). Rhoptry proteins, particularly
rhoptry neck proteins like RON2, RON4, RON5, and RON8, are also key for moving junc-
tion formation and therefore are critical for parasite invasion (13). These microneme
and rhoptry proteins are stored in the secretory organelles called micronemes and
rhoptries, respectively, which are unique organelles in apicomplexan parasites and
have roles fundamental to the parasitic life style. During the initiation of invasion,
micronemal proteins are released to the parasite’s surface from micronemes, whereas
rhoptry neck proteins are secreted into host cells and form a complex at the cell pe-
riphery (10). AMA1 on parasite membrane and RON2 on host cell membrane interact
with each other and form the key connection that drives moving junction establish-
ment and facilitates parasite invasion (15–17). Invasion is a fast process and is com-
pleted within tens of seconds. This means that proteins involved in invasion are
needed only during a very short period of the lytic cycle. Consistent with this, expres-
sion of many secretory proteins shows periodic changes during the cell cycle of the
parasites (8, 18).

Over the past 20 years, numerous transcriptomic analyses have revealed the gene
expression differences among different developmental stages or different phases of the lytic
or cell cycle (19). Tight regulation leads to “just in time” expression of genes when their func-
tions are needed. However, little is known about how such regulation is achieved.
Historically, few transcription factors (TFs) have been identified in apicomplexan parasites,
partially due to the low sequence similarity between parasite TFs and the TFs in model
organisms. The paradox of sophisticated gene regulation and the paucity of recognizable
TFs was partially solved with the discovery of ApiAP2 (apicomplexan AP2) factors in these
parasites (20). These factors contain one or more AP2 domains that have sequence similarity
to the Apetala2/ethylene response factor (AP2/ERF) integrase DNA-binding domain present
in many plant TFs. AP2 domains are about 60 amino acids in length and form defined struc-
tures to bind DNA motifs in promoter regions of target genes to regulate their expression
(21–23). AP2 factors are greatly expanded in apicomplexan parasites, with 27 in Plasmodium
falciparum and 67 in T. gondii (24). Functional studies have shown that AP2 factors are
indeed involved in gene expression regulation during parasite growth and development. A
number of AP2s in Plasmodium, including AP2-G, AP2-O, and AP2-Sp, are found to play key
roles for the progression of parasite life cycle. They regulate the expression of genes that
control gametogenesis, ookinete maturation, oocysts formation, sporozoites production,
and more (25–29). Similar findings have also been reported in Toxoplasma, but the majority
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of work has been focused on the function of AP2s during cell cycle progression and brady-
zoite differentiation. Quite a few AP2s, including AP2IX-9, AP2IV-4, AP2IX-4, AP2IV-3, and
AP2XI-4, suppress or activate the expression of specific genes during the transition from
tachyzoites to bradyzoites (30–34). As such, they have a profound impact on the establish-
ment of chronic information. In addition to binding to the promoter regions of target genes
to directly regulate their expression, Toxoplasma AP2s may also interact with epigenetic fac-
tors to regulate gene expression. Four TgAP2s (IX-7, XI-2, X-8, and XII-4) were coimmunopre-
cipitated with the histone acetyltransferase GCN5b, which is crucial for parasite survival (35).
At least 10 TgAP2s were found to interact with MORC, which recruits histone deacetylase
HDAC3 to repress the expression of sexual-stage-specific genes at other stages (36).
Therefore, TgAP2s also control the commitment to sexual development. In addition,
TgAP2X-5 and TgAP2XI-5 were found to interact with each other and regulate the expres-
sion of genes that contribute to parasite virulence (37, 38). Most of the AP2s characterized
so far do not play significant roles in tachyzoite growth in vitro. However, a recent genetic
screen showed that a large number of AP2s do contribute to parasite fitness, the loss of
which would result in reduced parasite growth (39). No AP2s of this type have been studied
in detail so far. In this study, we found that TgAP2X-4 is such a factor. It regulates the expres-
sion of many cell cycle- and life cycle-regulated genes. In its absence, the parasites grow
poorly in vitro and become avirulent in mice. This work further illustrated the function diver-
sities of AP2s in apicomplexan parasites.

RESULTS
AP2X-4 is a Coccidia-specific AP2 factor localized to a parasite’s nucleus. The

full-length AP2X-4 (TGME49_224050) protein from T. gondii contains 896 amino acids.
Homology-based sequence analyses found four recognizable domains in TgAP2X-4,
including a med15 domain at the N terminus (Fig. 1A), which is commonly found in
the mediator complex and is an important molecular recognition site to facilitate the
assembly of protein complexes involved in transcriptional regulation (40). It contains
two AP2 domains in the center and one ACDC domain at the C terminus (Fig. 1A). The
ACDC domain is present in a number of AP2 factors in apicomplexan parasites, but its

FIG 1 Domain structure and subcellular localization of TgAP2X-4. (A) Positions of the three recognizable domains in
TgAP2X-4. ACDC, AP2-coincident domain mainly at the C terminus. (B) Diagram illustrating the insertion of a Ty tag to
the endogenous locus of TgAP2X-4 in ME49, using CRISPR/Cas9-mediated homologous recombination. The blue bar
indicates the CRISPR targeting site. PCR1 and PCR2 are used to identify the tagging clones. (C) Immunofluorescent
staining of indicated strains using antibodies against Ty and TgALD. (D) Expression of AP2X-4 during the cell cycle of
Toxoplasma tachyzoites, as determined by IFA examination of the ME49 AP2X-4-Ty strain.
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function remains to be explored (41). A BLAST search indicated that AP2X-4 is present
only in cyst-forming coccidian parasites such as Neospora, Besnoitia, and Cyclospora.

To examine the subcellular localization of TgAP2X-4 in parasites, a Ty epitope tag
was fused to its C terminus at the endogenous gene locus (Fig. 1B). After diagnostic
PCRs that identified the correct clones, immunofluorescence assays (IFA) were per-
formed. In the transgenic parasites (AP2X-4-Ty), AP2X-4 was clearly localized to the par-
asite’s nucleus, as demonstrated by the colocalization of Ty staining signal with that of
Hoechst (Fig. 1C). This is consistent with AP2X-4 being a putative transcription factor
(20). The expression of a number of AP2 factors was reported to fluctuate during the
cell cycle of Toxoplasma tachyzoites. To check whether the same occurred to TgAP2X-
4, its expression at different stages (as indicated by IMC1 or Centrin1 costaining with
AP2X-4-Ty) of the cell cycle was examined by IFA. The results showed that there was
no obvious change across the cell cycle (Fig. 1D), suggesting that it is constitutively
expressed in tachyzoites.

AP2X-4 is critical for tachyzoites growth in vitro. In order to test the biological
functions of TgAP2X-4, we tried to knock out the coding gene by CRISPR-Cas9-assisted
homologous gene replacement in ME49. Despite multiple trials, we were not able to
obtain single clones with TgAP2X-4 replaced by the selection marker DHFR*, which
conferred pyrimethamine resistance to transgenic parasites. This indicated that
TgAP2X-4 might have critical roles for tachyzoite growth, consistent with its low phe-
notype score (23.71) in a genome-wide fitness screen (42). Alternatively, we used the
loxP-Cre approach to modify the TgAP2X-4 locus. First, the endogenous TgAP2X-4 was
replaced with the coding sequence of TgAP2X-4 (tagged with Ty at the C terminus)
that was flanked by two loxP sites, resulting in an intermediate strain called ME49/
loxP-AP2X-4 (Fig. 2A). Then, a Cre recombinase-expressing plasmid was introduced

FIG 2 Construction of TgAP2X-4 deletion and complementation strains. (A) Diagram illustration of the two steps used to construct the TgAP2X-4 deletion
strain ME49 Dap2X-4. First, a CRISPR/Cas9-assisted homologous recombination was used to generate the intermediate strain ME49/loxP-X-4, in which the
endogenous TgAP2X-4 was replaced with AP2X-4 flanked by loxP sites. Then, a Cre recombinase-expressing plasmid was introduced into the ME49/loxP-X-4
strain to induce recombination between the two loxP sites, leading to the removal of TgAP2X-4. The complementation strain ME49 ComX-4 was
constructed by inserting the complementing construct into the ME49 Dap2X-4 mutant and selected with chloramphenicol. Ter, terminus of DHFR; CAT,
chloramphenicol acetyltransferase. (B) Diagnostic PCRs on one ME49/loxP-X-4 clone. (C) IFA showing the expression of TgAP2X-4 in indicated strains. The
sample “48 h post Cre” was a mixed population after transfecting the Cre-expressing plasmid into the ME49/loxP-X-4 strain. The rest are clonal strains.
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into the ME49/loxP-AP2X-4 strain and selected for yellow fluorescent protein-positive
(YFP1) parasites, which were TgAP2X-4 deletion mutants. Cre-mediated recombination
between two loxP sites removed the TgAP2X-4 gene and, meanwhile, brought the YFP-
coding sequence to the Tub8 promoter, which then activated the expression of YFP.
As such, YFP expression was an indication of TgAP2X-4 deletion. The ME49/loxP-AP2X-
4 strain was readily obtained, as indicated by diagnostic PCR on single clones and
nuclear localization of the Ty signal (Fig. 2B). After transfection of the Cre-expressing
plasmid, a fraction of the parasites started to express YFP and lost the Ty signal (Fig. 2B
and C). Single clones (ME49 Dap2X-4) that were YFP positive and TgAP2X-4 negative
were isolated (Fig. 2B and C), suggesting that TgAP2X-4 was not essential for parasite
survival, although it was indeed crucial for parasite growth (see below). To facilitate
the subsequent phenotypic analyses, we also constructed a complementation strain
(ME49/ComX-4) by reexpressing an HA-tagged TgAP2X-4 in the ME49 Dap2X-4 mutant
(Fig. 2B).

To estimate the role of TgAP2X-4 during parasite growth, a 14-day plaque assay
was performed. Although the ME49 Dap2X-4 mutant was viable in tissue culture, it did
not form any visible plaques in the 14-day plaque assay, whereas the parental strain
ME49, loxP-AP2X-4, and the complement strain ComX-4 all formed big plaques (Fig. 3A
to C). These data suggest a severe growth defect of the Dap2X-4 mutant. We also did
an intracellular replication assay to estimate the propagation rates of parasites after
successful invasion. Similar to the plaque assay, the ME49 Dap2X-4 mutant had a signif-
icant reduction in replication efficiency compared to that of AP2X-4-expressing para-
sites (Fig. 3D).

Given the crucial role of AP2X-4 for parasite growth, we also tested its function
using a conditional protein depletion approach. For this purpose, the endogenous
AP2X-4 was tagged with an indole-3-acetic acid (IAA)-inducible degradation domain
(mAID, which itself contained a triple HA tag) at the C terminus (Fig. 4A). Without IAA

FIG 3 Impaired parasite growth caused by TgAP2X-4 deletion. (A) A 10-day plaquing assay comparing the overall growth
of indicated strains. (B) Sizes of plaques obtained from panel A, which were measured in Adobe Photoshop and
expressed as pixel units. Over 80 plaques were analyzed for each strain. (C) Number of plaques in panel A; each strain
was independently tested three times, each with triplicates. Means 6 standard deviation (SD) were plotted. (D)
Intracellular replication assay of indicated strains. Successfully invaded parasites were allowed to replicate for 36 h before
determination of the number of parasites in each PV. Means 6 standard error of the mean (SEM) of three independent
experiments, ***, P , 0.001, two-way ANOVA.
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treatment, TgAP2X-4 was expressed and the parasites grew normally (Fig. 4B). Upon
IAA induction, TgAP2X-4 was quickly degraded, as determined by the disappearance
of HA 48 h after IAA treatment (Fig. 4B). Western blotting analyses suggest that AP2X-4
was degraded to undetectable levels within 1 h of IAA treatment (Fig. 4C). To assess
the functional consequences of TgAP2X-4 depletion, plaque and intracellular replica-
tion assays were performed in the presence or absence of IAA. Similar to the ME49
Dap2X-4 mutant, conditional depletion of TgAP2X-4 also blocked plaque formation
and reduced parasite proliferation (Fig. 4D and E). Therefore, both gene deletion and
protein depletion results pointed out a critical role of TgAP2X-4 in the lytic cycle of
tachyzoites.

To further examine the role of TgAP2X-4 in other strains, we constructed a TgAP2X-4
deletion mutant in the type I strain RH-DiCre (43), which expressed a split Cre recombinase
that could be reconstituted by rapamycin. The intermediate strain DiCre/loxP-AP2X-4 was
constructed in a way similar to that described above for ME49/loxP-AP2X-4. Then, rapamy-
cin was added and YFP-expressing TgAP2X-4 deletion parasites were selected and verified.
Both plaque and intracellular assays demonstrated that the growth of the TgAP2X-4 dele-
tion mutant was greatly impaired, similar to what was observed in the type II strain ME49
(Fig. S1A to D). In addition, the RH Dap2X-4 mutant also displayed significantly reduced
invasion efficiency and virulence, which could be fully restored by AP2X-4 complementa-
tion (Fig. S1E and F). Together, these results suggest that AP2X-4 is critical for Toxoplasma
growth in diverse strains, although it is not absolutely essential.

AP2X-4 controls the expression of cell cycle-regulated genes and is required
for efficient invasion into host cells. To understand the molecular mechanisms
underlying the poor growth of the Dap2X-4 mutant, we sought to estimate the genes
that might be regulated by AP2X-4. First, we tried chromatin immunoprecipitation
sequencing (ChIP-Seq) to assess the binding sites of AP2X-4 in the parasite genome as
a way to infer the direct targets of AP2X-4. Both the AP2X-4-Ty and the AP2X-4-mAID
strains (using Ty and HA antibodies for precipitation, respectively) were used for this
purpose. Unfortunately, these experiments were not successful since very few specific

FIG 4 Estimation of the role of TgAP2X-4 in parasites through a conditional protein depletion approach. (A) Strategy used
to insert an mAID domain to the C terminus of the endogenous TgAP2X-4. Red triangle indicates the CRISPR targeting
site. PCR1 and PCR2 were used to screen single clones. (B) IFA analysis on a selected AP2X-4-mAID clone in the presence
or absence of IAA, which induced the degradation of TgAP2X-4 as indicated by the HA staining signal. (C) Western
blotting checking the degradation of AP2-X-4 by IAA treatment. The ME49 AP2X-4-mAID strain was treated with IAA for 0,
1, or 3 h and then probed with an anti-HA antibody. TgALD was included as a loading control. (D) Plaque assay showing
the growth of strains with or without 500 mM IAA treatment. (E) Intracellular replication of the parental strain ME49-TIR1
or the ME49 AP2X-4-mAID strain in the presence or absence of IAA. Means 6 SD of three independent experiments, ***,
P , 0.001, two-way ANOVA.
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DNA fragments could be enriched in the experimental group compared to those in the
control group (using mouse IgG for precipitation). The exact reason for this lack of
DNA enrichment is currently unknown. Alternatively, RNA-Seq analysis was used to
determine the gene expression changes upon TgAP2X-4 inactivation in ME49. The
results showed that, consistent with TgAP2X-4 being a putative transcription factor, its
deletion resulted in expression changes of 1,479 genes (Table S2), among which 349
genes (besides TgAP2X-4 itself) were significantly downregulated (transcript level
decreased more than 2-fold; P , 0.05). A close look at the downregulated genes found
that over 200 (;57%) of them were cell cycle-regulated in wild-type tachyzoites
(Fig. 5A), with significant mRNA abundance differences between the M phase and G1

phase. Moreover, among the downregulated genes, there are more than 20 rhoptry
protein-encoding genes, including rhoptry neck proteins such as RON2, RON5, and
RON8, as well as canonical rhoptry proteins like ROP2A (Fig. 5B). Expression changes of
these rhoptry proteins was further confirmed by real-time PCR (RT-PCR) (Fig. 5C), which
reported a 2- to 4-fold reduction for the mRNA levels of these rhoptry proteins after
TgAP2X-4 deletion. RT-PCR also found downregulation of rhoptry proteins in the RH
Dap2X-4 mutant, which was restored by AP2X-4 complementation (Fig. S2).
Interestingly, all these rhoptry proteins have very similar periodic expression pattern
during the cell cycle, which peaked at late S and early M/C phases and bottomed at
the G1 phase (Fig. 5D).

FIG 5 TgAP2X-4 disruption leads to altered expression of cell cycle-regulated genes and causes reduced host cell invasion. (A) Venn
diagram showing the overlap of genes whose expressions are upregulated during the M phase (green) and those whose expressions
are decreased upon TgAP2X-4 deletion (orange). Data for gene expression changes during the cell cycle were from ToxoDB (data set of
Cell Cycle Expression Profiles [RH] [7]), and those for TgAP2X-4 deletion were obtained by RNA-Seq in this study. (B) Rhoptry genes
with significantly reduced expression after AP2X-4 inactivation, as determined by RNA-Seq. (C) Expression changes of selected rhoptry
genes in tachyzoites of ME49 after AP2X-4 deletion were verified by RNA-Seq. (D) Transcription of many rhoptry genes is cell cycle
regulated. Data from ToxoDB, GRA17 is included as a control. (E) Efficiencies of host cell invasion by tachyzoites of indicated strains
were determined by a two-color assay that distinguishes intracellular and extracellular parasites. Mean 6 SEM of three independent
experiments, ***, P , 0.001, one-way ANOVA with Bonferroni’s post test.
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Among the rhoptry proteins whose expressions are influenced by TgAP2X-4, rhoptry
neck proteins like RON2, RON5, and RON8 play crucial roles during parasite invasion, as they
are required for the establishment and proper function of the moving junction. As such, we
sought to determine the impact of TgAP2X-4 deletion on the efficiency of host cell invasion.
The results showed that the invasion efficiency decreased 60% upon TgAP2X-4 deletion
(Fig. 5E), which was fully restored by TgAP2X-4 complementation. Together, these results
suggest that inactivation of TgAP2X-4 causes reduced expression of rhoptry neck proteins,
which in turn resulted in decreased invasion.

AP2X-4 affects the expression of many developmentally regulated genes. RNA-
Seq analyses revealed over 1,000 genes whose expression was significantly increased
upon AP2X-4 deletion. Among the upregulated genes, 743 genes (;65.8%) are devel-
opmentally regulated, with higher expression in bradyzoites or merozoites than in
tachyzoites in wild-type strains (Fig. 6A). Similarly, among the 350 genes that are
downregulated after AP2X-4 disruption, 215 (;61.4%) are developmentally regulated,
with lower expression in bradyzoites or merozoites than in tachyzoites (Fig. 6B). A pre-
vious transcriptomic study compared the gene expression differences between ME49
tachyzoites and alkaline (pH = 8.2) induced bradyzoites and identified 168 genes
whose expression increased more than 5-fold upon bradyzoite induction (ToxoDB)
(44). Of those 168 genes, 105 were upregulated (.5-fold) in tachyzoites of the Dap2X-4
mutant compared with those of ME49. Among these genes, BAG1 (594.5-fold), ENO1
(223.5-fold), and LDH2 (203.6-fold) had the most dramatic increase after AP2X-4 inacti-
vation (Fig. 6C). These results demonstrate that AP2X-4 is an important factor directly
or indirectly involved in the control of proper expression of bradyzoite and merozoite
genes in tachyzoites.

The virulence of AP2X-4 deficient mutants is drastically attenuated in vivo.
Given the complex gene regulation set by AP2X-4, as well as the crucial role of AP2X-4
for tachyzoite growth in vitro, we wanted to test whether AP2X-4 has any role in vivo
during parasite infection. ICR mice were infected with AP2X-4-expressing or AP2X-4-

FIG 6 TgAP2X-4 deletion causes increased expression of genes that are normally upregulated in bradyzoites and merozoites in the
tachyzoite stage. (A and B) Venn diagram showing the overlap of genes whose expressions are upregulated (A) or downregulated (B)
in bradyzoites (B/T of .2 or ,2, data from the ToxoDB data set Feline Enterocyte, Tachyzoite, Bradyzoite Stage Transcriptome [Hehl,
Ramakrishnan et al.]) or merozoites (M/T of .2 or ,2, data from the ToxoDB data set Tachyzoite and merozoite transcriptomes [Hehl
et al.]) and those whose expressions are upregulated upon TgAP2X-4 deletion (DX-4/WT of .2 or ,2, obtained from RNA-Seq in this
study). (C) Heat map showing the increased expression of selected bradyzoite genes in tachyzoites of the ME49 Dap2X-4 mutant. RNA-
Seq data were used to generate this graph.
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deleted parasites at different doses through intraperitoneal injection. Then, the symp-
toms and survival of infected mice were monitored daily. Consistent with the growth
defects in vitro, ME49 Dap2X-4 was severely attenuated in mice (Fig. 7A). At an infec-
tion dose of 100 tachyzoites per mouse, the parental strain ME49 killed almost all mice
within 16 days. However, for ME49 Dap2X-4, even at the dose of 5 � 106 per mouse, it
did not cause apparent symptoms or animal death, suggesting a significant attenua-
tion of virulence (Fig. 7A and B). The loss of virulence in the ME49 Dap2X-4 mutants
was partially rescued by AP2X-4 complementation (Fig. 7B), because at high infection
dose (5 � 106 per mouse), the ComX-4 strain caused 60% mortality whereas the
Dap2X-4 did not. It should be mentioned that at a low infection dose of 102 or 104 per
mouse, ComX-4 did not cause mouse death as ME49 or the LoxP-X-4 strains did
(Fig. 7C), suggesting a lack of full rescue in virulence, which is likely because the com-
plementing AP2X-4 was driven by the tubulin-a1 promoter instead of its own pro-
moter, which made it hard to achieve the wild-type level of protein expression, as well
as transcriptional regulation. Nonetheless, a nearly full rescue of growth defects in vitro
and partial rescue of virulence in mice after complementation suggest that the defects
are highly likely to be caused by AP2X-4 inactivation. Since AP2X-4 deletion affected
the expression of many bradyzoite specific genes, we also tested the cyst formation in
mice infected with ME49 Dap2X-4. As a reference, ME49 and the LoxP-X-4 strain pro-
duced about 1,000 cysts per mouse brain 30 days after infection. However, no cyst was
found in mice infected with ME49 Dap2X-4, and AP2X-4 complementation partially
restored this cyst formation defect (Fig. 7D). These results suggest that AP2X-4 is also
critical for the establishment of chronic infection.

DISCUSSION

T. gondii has sophisticated strategies to regulate its gene expression to cope with
its complex life style. However, the underlying regulatory mechanisms are largely
unknown. Here, we identified and characterized an AP2 family transcription factor,
AP2X-4. Genetic analyses showed that AP2X-4 is crucial for tachyzoite growth. Mutants
lacking AP2X-4 displayed altered expression of a large number of cell cycle- and life
cycle-regulated genes, leading to reduced host cell invasion and intracellular replica-
tion in vitro, as well as attenuated virulence in vivo. This mode of action of AP2X-4 is
different from those of many other characterized AP2 factors in Toxoplasma that regu-
late bradyzoite differentiation, which are typically dispensable for tachyzoite growth
and survival. A recent genetic screen found that many ApiAP2 factors were involved in
the fitness of tachyzoites (39). As such, dissection of the function and working mecha-
nisms of AP2X-4 has important insights into the study of other ApiAP2 factors that are
implicated in tachyzoite growth and fitness.

RNA-Seq analysis found that AP2X-4 directly or indirectly regulates the expression
of life cycle- and cell cycle-regulated genes. The expression of a large number of genes
that are normally induced or specifically expressed in bradyzoites was upregulated in
tachyzoites of the Dap2X-4 mutant. These include the bradyzoite markers BAG1, LDH2,

FIG 7 The virulence of the AP2X-4 deletion mutant is significantly attenuated in vivo. (A to C) Survival of ICR mice infected with
tachyzoites of indicated strains, 102 to 106 denote the infection dose per mouse. Each strain or infection dose was tested with five mice.
(D) Number of Toxoplasma cysts in the brains of mice that survived the infection. Thirty days postinfection, tissue cysts in mouse brains
were examined by DBA-FITC staining and counted. Mean 6 SD of n = 3 or more mice for each strain.
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and ENO1. In this regard, AP2X-4 serves as a transcription repressor to suppress the
expression of bradyzoite genes in tachyzoites, which is similar to a previously reported
AP2 factor, AP2IV-4 (32). Deletion of AP2IV-4 did not affect tachyzoite growth, but it
resulted in mistiming of bradyzoite gene expression in tachyzoites. As a consequence,
it led to virulence attenuation in the type II strain PRU and loss of tissue cyst formation
in mice, which was thought to be caused by an overly activated inflammatory immune
response that eliminated the parasites during acute infection (32). Given the similar
regulation of bradyzoite genes by AP2X-4, improper activation of host immune
response by misregulated bradyzoite antigens could also be an important contributing
factor to the reduced virulence of the Dap2X-4 mutant, in addition to its poor growth
and invasion defect. In addition, AP2X-4 deletion led to decreased expression of many
rhoptry proteins. A previous gene knockout screen targeting 27 ROP gene loci identi-
fied 17 that affected cyst formation in vivo (45). Of these 17 loci, ROP5, ROP17, ROP7,
ROP2, ROP8, and ROP16 were regulated by AP2X-4 (Fig. 5C). Therefore, AP2X-4 may
affect parasite activity in vivo through these ROP proteins.

In addition, the expression of a large number of cell cycle-regulated genes is also influ-
enced by AP2X-4. Among these genes are those that encode a subset of RON proteins
that displayed decreased expression after AP2X-4 deletion. As a consequence, the effi-
ciency of host cell invasion was severely impaired in the Dap2X-4 mutant, leading to the
poor growth of the mutant in vitro. However, the expression of AP2X-4 itself does not
seem to fluctuate much during the cell cycle, as indicated by the mRNA (data from
ToxoDB) and protein levels (Fig. 1D). This suggests that additional factors may be involved
to ensure the timely expression of cell cycle-regulated genes along with AP2X-4.

AP2X-4 is involved in the regulation of multiple genes, but the exact mechanisms are
currently unknown. Accumulating evidence suggests that ApiAP2 factors may interact
with each other or with epigenetic factors such as MORC, HDAC3, and GCN5b to achieve
desired gene regulation (35, 36). In this sense, it is possible that AP2X-4 interacts with dif-
ferent partners to regulate different target genes. Interestingly, the expression of 16 AP2
factors was altered in the Dap2X-4 mutant, which includes AP2X-5 (Table S2). Previous
work has demonstrated that AP2X-5 and AP2XI-5 form a complex to regulate the expres-
sion of virulence genes that include those that encode rhoptry proteins (38). Some of the
ROPs (such as ROP15 and ROP24) targeted by AP2X-5 and AP2XI-5 are also regulated by
AP2X-4. Thus, it is possible that there is some level of cross talk between AP2X-4 and
AP2X-5/AP2XI-5 to ensure precise regulation of these rhoptry proteins. As such, a full dis-
section of the AP2X-4 interaction network will be important to understand its exact work-
ing mechanisms, which deserve further investigations.

MATERIALS ANDMETHODS
Parasites and culture conditions. The type II strain ME49 and type I strain RH-DiCre (RH Dhxgprt

Dku80/DiCre-CAT; provided by Moritz Treeck from the Francis Crick Institute, United Kingdom) (46) were
used in this study. ME49-TIR1 was constructed by introducing the pTUB1: OsTIR1-3FLAG;CAT fragment
(amplified from Addgene plasmid no. 87258) into ME49 tachyzoites, as described previously (47). ME49
Dap2X-4, RH-DiCre Dap2X-4, their complementation strains, and ME49-TIR1/AP2X-4-mAID were con-
structed as described below. All parasites were propagated in human foreskin fibroblast (HFF) cells,
which were cultured in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum,
100 unit/mL penicillin, and 100 mg/mL streptomycin. IAA at a final concentration of 500 mM was used to
induce AP2X-4 degradation in the ME49-TIR1/AP2X-4-mAID strain, and rapamycin at a final concentra-
tion of 5 mM was used to induce AP2X-4 excision in the RH-DiCre/loxP-AP2X-4, when indicated.

Endogenous tagging of AP2X-4 with the Ty tag. CRISPR-Cas9-mediated homologous recombina-
tion was used to insert a Ty epitope tag to the C terminus of endogenous AP2X-4. A CRISPR plasmid tar-
geting the 39 end (close to the stop codon) of AP2X-4 was constructed using previously established
methods (48). Primers used are listed in Table S1. The tagging construct consists of a Ty tag and the
selection marker DHFR*, which were flanked by two homology arms (5H and 3H). The Ty tag and DHFR*
were amplified from pUC19-Ty-39-UTR-DHFR* as a single PCR product. The two homology arms were
amplified from genomic DNA of ME49. Purified amplicons were ligated into pUC19 by the ClonExpress
MultiS one-step cloning kit (Vazyme, Nanjing, China). Then, the CRISPR plasmid and tagging construct
were cotransfected into purified ME49 tachyzoites and selected with 1 mM pyrimethamine. Tagged lines
were examined by diagnostic PCRs to confirm correct integration before immunofluorescent analyses.

Construction of the AP2X-4 deletion and complementation strains. The plasmid pAP2X4::DHFR,
which contained the 59 untranslated region (59-UTR) and 39-UTR (about 1 kb in size) of AP2X-4 as homologous
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arms, as well as DHFR* as the selection marker, was used to directly knock out AP2X-4. The ME49/loxP-AP2X-4
strain was constructed by replacing endogenous AP2X-4 with a floxing construct (loxP-AP2X-4-Ty-LoxP-YFP-
DHFR*), which was generated by cloning the following fragments into pAP2X4::DHFR to replace DHFR*: the
coding sequence of AP2X-4 amplified from ME49 cDNA, the Tub8 promoter-loxP fragment and the Ty-loxP-YFP-
DHFR* fragment amplified from pLoxP-KillerRed-YFP;DHFR*, a modified version of p5RT70loxPKillerRedlox
PYFP–HX (43) (primers listed in Table S1). The floxing strain ME49/loxP-AP2X-4 was constructed in a way similar
to that of the Ty-tagging strain described above. Subsequently, the Cre recombinase-expressing plasmid pmin-
Cre-eGFP was transfected into loxP-AP2X-4, and YFP1 parasites were selected (49). Single clones (YFP1) of ME49
Dap2X-4 were then isolated, and loss of AP2X-4 was confirmed by PCR and IFA (anti-Ty). To construct the com-
plementing strain ME49 ComX-4, a PCR amplicon containing pTub:AP2X-4-HA;CAT was transfected into ME49
Dap2X-4 tachyzoites and selected with 30mM chloramphenicol. Clonal strains of ME49 ComX-4 were verified by
IFA (anti-hemagglutinin [anti-HA]) to confirm the expression of AP2X-4. The RH-DiCre Dap2X-4 and RH-DiCre
ComX-4 strains were constructed in a similar way, except that RH-DiCre was used as the parental strain and the
excision of AP2X-4 was induced by rapamycin.

Generation of the ME49-TIR1/AP2X-4-mAID strain. Similar to Ty tagging, the AP2X-4-mAID strain
was constructed by fusing an mAID construct to the C terminus of endogenous AP2X-4. The mAID construct
contained mAID-3HA-39-UTR(DHFR);HXGPRT flanked by 59 and 39 homologous arms. It was generated as
follows. The mAID-3HA-39-UTR(DHFR);HXGPRT fragment was amplified from pTUB1:YFP-mAID-3HA
(Addgene plasmid no. 87259) as a single PCR product. The 59 and 39 homologous arms were amplified from
genomic DNA of ME49 using primers listed in Table S1. Subsequently, these fragments were cloned into
pUC19 by a one-step cloning kit (Vazyme, Nanjing, China). To construct the ME49-TIR1/AP2X-4-mAID strain,
the CRISPR plasmid targeting the 39 end of AP2X-4 was cotransfected with the PCR amplicon containing the
mAID construct into ME49/TIR1 and selected with 25 mg/mL mycophenolic acid and 25 mg/mL xanthine
(Sigma-Aldrich, St. Louis, MO, USA). Single clones were screened by diagnostic PCRs. IAA at a final concentra-
tion of 500mM was used to induce AP2X-4 degradation when needed (47).

Immunofluorescence assays. Parasite-infected HFF cells were fixed with 4% paraformaldehyde for
15 min and then subjected to immunostaining following previously described protocols (50). Primary anti-
bodies used include mouse anti-Ty monoclonal antibody, rabbit anti-TgALD polyclonal antibody, rabbit anti-
TgIMC1 polyclonal antibody, mouse anti-HA monoclonal antibody (Medical & Biological Laboratories Co.,
Beijing, China), and rabbit anti-YFP polyclonal antibody (Proteintech, Chicago, USA). Primary antibodies were
detected by Alexa-488- or Alexa-594-conjugated secondary antibodies (Life Technologies, CA, USA). Samples
were visualized under the Olympus BX53 microscope (Olympus Life Science, Tokyo, Japan) equipped with
an AxioCam 503 mono camera (Zeiss, Oberkochen, Germany).

Tachyzoite growth and replication assays. The overall fitness and growth of tachyzoites were esti-
mated by plaque assays in HFF seeded 6-well plates, as described previously (50). The efficiencies of in-
tracellular propagation after successful invasion were determined by replication assays, which allowed
invaded parasites to replicate for 36 h before the number of parasites in each vacuole were counted. For
both plaque and replication assays, each strain was tested at least three times independently.

Invasion assay. A classic two-color assay was used to estimate the invasion efficiency of different
strains (51). Briefly, freshly egressed tachyzoites were allowed to invade HFF monolayer seeded on cov-
erslips (106 tachyzoites per well) at 37°C for 1 h. Then, the slides were washed three times to remove
noninvaded parasites, fixed, and blocked for immunostaining. Extracellular parasites were stained with
mouse anti-SAG1 antibody before permeabilization, whereas intracellular parasites were stained with
rabbit anti-ALD antibody after Triton X-100 permeabilization. Alexa-conjugated secondary antibodies
were used to visualize SAG11 or ALD1 parasites. Parasites that were SAG11 and ALD1 were attached
but failed to invade. SAG12 and ALD1 parasites were those that successfully invaded. Invasion efficiency
was expressed as the number of invaded parasites per host nucleus.

Induced egress assay. Parasites were cultured in HFF monolayers seeded on coverslips in 24-well
plates for 32 h. Then, the cultures were washed with prewarmed phosphate-buffered saline (PBS) and
treated with 2 mM calcium ionophore A23187 at 37°C for 2 min (or 1% dimethyl sulfoxide [DMSO] as the
control). Subsequently, the samples were fixed and stained with mouse anti-SAG1 antibody after perme-
abilization with 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA). Alexa 488-conjugated goat anti-
mouse IgG was used as a secondary antibody to visualize the integrity of parasitophorous vacuoles
(PVs). The number of both egressed and intact PVs was counted, and the egress efficiency was calcu-
lated by comparing the number of egressed PVs to that of total PVs.

RNA-seq and real-time PCR to compare gene expression levels. Freshly egressed tachyzoites
were collected and purified through polycarbonate membranes with a pore size of 3 mm. Samples were
washed with PBS, and total RNA was extracted using the TRIzol methods according to the manufac-
turer’s instructions (TransGen Biotech, Beijing, China). Three samples were independently prepared for
each strain. Then, RNA libraries were constructed using the TruSeq RNA sample preparation kit (Illumina,
San Diego, CA, USA) and sequenced with the Illumina HiSeq X Ten sequencer.

The raw sequencing reads were trimmed and quality controlled by SeqPrep and Sickle. Then, clean
reads were mapped to the reference genome ME49 (downloaded from ToxoDB) using TopHat. To iden-
tify differentially expressed genes, the transcript level for each gene was calculated according to the
fragments per kilobase of exon per million mapped reads (FPKM) method and then compared.

To validate the gene expression changes revealed by RNA-Seq, RNA samples were also subjected to
quantitative RT-PCR analysis using the Fast SYBR method (Vazyme Biotech Co., Nanjing, China). Primers
used are listed in Table S1. Expression of target genes was normalized to that of b-tubulin and then
compared. Each sample was independently analyzed three times, each in triplicate.
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Virulence assay and cyst counting. Seven-week-old female ICR mice were infected with freshly
egressed tachyzoites by intraperitoneal injection. Each strain or infection dose was tested by 5 mice.
Symptoms and survival of infected mice were monitored daily for 30 days. At the conclusion of the viru-
lence test, mice that survived the infections were euthanized and the number of Toxoplasma cysts in the
brains was determined by Dolichos biflorus agglutinin-fluorescein isothiocyanate (DBA-FITC; Vector
Laboratories, Burlingame, CA, USA) staining. All animal work was approved by the Ethical Committee of
Huazhong Agricultural University (permit no. HZAUMO-2019-039).

Statistical analyses. All statistical analyses were performed in GraphPad Prism (GraphPad Software,
La Jolla, CA, USA), using Student’s t test, one-way analysis of variance (ANOVA), or two-way ANOVA, as
indicated in figure legends.

Data availability. The RNA-Seq data generated in this study have been deposited to the Gene
Expression Omnibus (GEO) database with the accession number GSE193779.
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