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Micronemal protein 13 contributes to the optimal growth
of Toxoplasma gondii under stress conditions
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Abstract
Toxoplasma gondii is a ubiquitous parasitic protozoan infecting humans and a wide variety of animals. Fast-replicating
tachyzoites during acute infection and slowly growing bradyzoites during chronic infection are the two basic forms of
T. gondii in intermediate hosts. Interconversion between the two contributes to the transmission and pathogenesis of this parasite.
Secretory micronemal proteins are thought to mediate interactions with host cells and facilitate parasite invasion, therefore the
majority of them are highly expressed in tachyzoites. Micronemal protein 13 (MIC13) is unique in that its expression is low in
tachyzoites and is upregulated under bradyzoite-inducing conditions. Previous attempts to disrupt this gene were not successful,
implying that it may play critical roles during parasite growth. However, in this study,MIC13was successfully disrupted in type 1
strain RH and type 2 strain ME49 using CRISPR/Cas9-mediated gene disruption techniques. Consistent with its low expression
in tachyzoites and increased expression under stress or bradyzoite-inducing conditions, MIC13-inactivated mutants displayed
normal growth, host cell invasion, intracellular replication, and egress, as well as acute virulence at the tachyzoite stage.
However, under stress conditions, such as high pH or oxygen limitation, MIC13-disrupted parasites showed significantly slower
growth rates compared to the parental strains, suggesting that it is required for optimal parasite growth under bradyzoite-inducing
or stress conditions. This is the first micronemal protein reported to have such expression pattern and function modes, which
expands our understanding of the diverse functions of micronemal proteins.
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Introduction

Toxoplasma gondii is an obligate intracellular protozoan in-
fecting humans and almost all warm-blooded animals. As an
opportunistic pathogen, its infection in healthy individuals is
often asymptomatic (Elmore et al. 2010). However, congenital

infections may lead to abortion, stillbirth, or abnormal fetus
developments in both humans and animals, leading to great
economic losses and social problems (Dubey et al. 2012;
Hirdes et al. 2012). In addition, people with compromised
immune functions, such as AIDS patients and those on immu-
nosuppressant medication, are at high risk of toxoplasmosis
(Montoya and Liesenfeld 2004). T. gondii has a complicated
life cycle, one unique feature is that it can be transmitted
between intermediate hosts, without the involvement of defin-
itive hosts cats. There are two forms of T. gondii parasites in
intermediate hosts: fast-replicating tachyzoites that cause the
clinical symptoms during acute infections, and slowly grow-
ing bradyzoites that are responsible for lifelong chronic infec-
tions. Depending on the environments and growth conditions,
the parasites can interchange between these two forms and
such interconversion plays critical roles in the pathogenesis
and transmission of T. gondii (Lyons et al. 2002).

To some extent, bradyzoite formation can be viewed as a
stress response in parasites experiencing adverse environ-
ments. In vitro, bradyzoites can be induced by a variety of
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conditions, including extreme pH (6.6–6.8 or 8.0–8.2), high
temperature (43 °C), nutrition starvation, and metabolic inhib-
itors (Ferreira da Silva Mda et al. 2008; Skariah et al. 2010;
Soete et al. 1993). These treatments reduce the growth and
slow down the cell cycle progression of the parasites, and
induce the expression of bradyzoite-specific genes. In vivo,
pressure from hosts’ immune clearance is thought to be the
primary driven force of bradyzoite formation and cyst devel-
opment (Hunter and Sibley 2012), but the underlying mecha-
nisms are largely unknown. Cysts are commonly found in
brain and muscle tissues (Remington and Cavanaugh 1965).
Reactivation of bradyzoites to tachyzoites occurs when the
immune functions of chronically infected individuals are com-
promised, which can lead to severe acute toxoplasmosis, even
death. A significant portion of human toxoplasmosis cases are
caused by reactivation of chronic infection (Jr and Jeffers
2012). The molecular mechanisms controlling the intercon-
version between tachyzoites and bradyzoites are major issues
to be addressed in the T. gondii pathogenesis research field;
however, currently, very little is known. A group of transcrip-
tion factors (called ApiAP2) with sequence homology to the
plant APETALA2/ethylene responsive factors (AP2/ERF) are
shown to be involved in the regulation of bradyzoite differen-
tiation and cyst development (White et al. 2014). However,
different ApiAP2 factors seem to have different working
modes. For example AP2IX-9 and AP2IV-4 suppress the ex-
pression of bradyzoite-specific genes at the tachyzoite stage
(Radke et al. 2013; Radke et al. 2018), whereas AP2XI-4
activates the expression of such genes during bradyzoite tran-
sition (Walker et al. 2013). Transcriptomic analyses using mi-
croarray and RNA-Seq techniques have identified hundreds of
differentially regulated genes between tachyzoites and
bradyzoites (Pittman et al. 2014). But the biological signifi-
cance of these genes in the life cycle of T. gondii is still poorly
understood.

Micronemes are unique secretory organelles in
apicomplexan parasites, which include T. gondii. The majority
of proteins stored in and secreted by micronemes are involved
in various steps of host cell invasion (Carruthers and
Boothroyd 2007; Frénal et al. 2017). Apical membrane anti-
gen 1 (AMA1), the most extensively studied micronemal pro-
tein, mediates moving junction formation along with rhoptry
neck protein 2 (RON2) to initiate invasion (Bargieri et al.
2013; Krishnamurthy et al. 2016). A handful of micronemal
proteins (MICs) contain adhesive motifs, such as chitin
binding-like (CBL), microneme adhesive repeat (MAR), and
thrombospondin like domains, to facilitate host cell interac-
tions. MICs often contain transmembrane (TM) domains or
glycosylphosphatidylinositol (GPI) anchors to allow surface
localization after being released frommicronemes (Carruthers
and Tomley 2008). But there are exceptions, MIC1 and MIC3
do not have TM motifs or GPI modification; instead, they
form complexes with MIC4/MIC6 and MIC8 respectively to

achieve surface localization (Brecht et al. 2001; Matthias et al.
2001; Meissner et al. 2002). Both adhesive motifs and surface
exposure are critical for the proper function of MICs during
parasite invasion.

Due to their roles in promoting parasite invasion, expres-
sions of the majority of MICs peak at the tachyzoite stage.
However, in analyzing the gene expression datasets deposited
in ToxoDB, we found that expression of MIC13 was very
different than other MICs. It was significantly upregulated
during chronic infection in vivo, and during stress-induced
bradyzoite formation in vitro. MIC13 contains microneme
adhesive repeat (MAR) domains to recognize and bind sialic
acids on host cell surface. It does not contain TM motifs or
GPI anchors. Previous attempts to knock out MIC13 in RH or
Δku80 strains were not successful, implying that it played
critical roles and was refractory to inactivation (Friedrich
et al. 2010). Nonetheless, using the most recent CRISPR/
Cas9-mediated gene editing techniques, we successfully
disrupted MIC13 in both type 1 and type 2 strains.
Phenotypic analysis suggested that it did not play significant
roles in tachyzoite invasion or growth; instead, it contributed
to optimal parasite growth under stress conditions.

Material and methods

Experimental animals, parasite strains, and growth
conditions

Seven-week-old female ICR mice were purchased from the
Center of Disease Control and Prevention in Hubei Province,
and were maintained under standard conditions according to
the regulations specified by Administration of Affairs
Concerning Experimental Animals. All animal experiments
were approved by the Ethical Committee of Huazhong
Agricultural University (permit no. HZAUMO-2017-023).

All genetically modified strains used in this study were
generated from the parental strains ME49 or RH Δhxgprt
(RH), which were maintained by growth in human foreskin
fibroblast (HFF) cells (purchased from ATCC, Manassas, VA,
USA) cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 2% fetal bovine serum (Life
Technologies, Inc., Rockville, MD, USA), 10 U/ml penicillin
and 100μg/ml streptomycin. Tachyzoites of other strains were
grown in the same way.

Plasmids construction

All primers used in this study are listed in Table 1. TheMIC13
targeting CRISPR plasmid was constructed by replacing the
UPRT targeting guide RNA (gRNA) in pSAG1::CAS9-
U6::sgUPRT (Addgene #54467) with a MIC13 targeting
gRNA by site-directed mutagenesis, as described previously
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(Shen et al. 2014). To generate the 5H-DHFR-3H homologous
templates for replacing MIC13 with the selectable markers
DHFR*-TS, 5′- and 3′-homologous arms of MIC13 were am-
plified from genomic DNA of RH Δhxgprt strain and the
DHFR mini gene cassette was amplified from the plasmid
pUPRT-DHFR-D (Shen et al. 2014). Subsequently, these frag-
ments were then ligated together by overlapping PCR to gen-
erate 5H-DHFR-3H, which was used as template in further
PCR amplifications (use U5MIC13-Fw and U3MIC13-Rv
as primers, Table 1) to obtain enough amount of homologous
templates for transfection. Plasmid and homologous templates
were sequenced before use.

MIC13 inactivation mutants construction

To make the MIC13 deletion mutant in RH, 7.5 μg MIC13
targeting CRISPR/Cas9 plasmid and 1.5 μg homologous tem-
plate (5H-DHFR-3H) were co-transfected into RH Δhxgprt,
selected with 1 μM pyrimethamine and single cloned by lim-
iting dilution in 96-well plates seeded with HFF monolayers.
To disruptMIC13 inME49 by insertional mutagenesis, 7.5 μg
MIC13 targeting CRISPR/Cas9 plasmid and 1.5 μg selectable
markers DHFR*-TS (amplified from pUPRT-DHFR-D) were
transfected into freshly egressed ME49, selected and single
cloned as above. Single clones were identified by diagnostic

PCRs, and the expression of MIC13 in these mutants was
further examined by qRT-PCR.

Plaque assay

Freshly egressed tachyzoites were purified by filtration
through 3.0-μm polycarbonate membranes and counted with
a hemocytometer under a Nikon Eclipse TS100 phase contrast
microscope (Nikon Inst ruments , Tokyo, Japan) .
Subsequently, parasites were inoculated into six-well plates
(200 tachyzoites/well) seeded with confluent HFF mono-
layers, and allowed to grow for 8 (RH strains) or 12 days
(ME49 strain days) without disturbance at 37 °C with 5%
CO2. Then the samples were fixed with 4% paraformaldehyde
and stained with 1% crystal violet. Plaques were imaged with
a scanner and the numbers and sizes of plaques were analyzed
as previously described (Shen and Sibley 2014).

Virulence tests in mice

Freshly egressed tachyzoites were purified and used to infect
7-week-old female ICRmice (10 mice/strain, 100 tachyzoites/
mouse) by intraperitoneal injection. Then the symptoms were
recorded daily and the mice were euthanized when signs in-
dicative of irreversible death were first observed. Cumulative
mortality was graphed as Kaplan-Meier survival plots and

Table 1 Primer used in this study

Primer Sequence Used for

gRNA-MIC13-Fw 5′-CGCAACGCATGCGTCATGGCGTTTTAGAGCTA
GAAATAGC

To construct the MIC13-specific CRISPR plasmid

gRNA-Rv 5′-AACTTGACATCCCCATTTAC To construct gene-specific CRISPR plasmids

DHFR-Fw 5′‐CAGGCTGTAAATCCCGTGAG Amplification of DHFR fragment

DHFR-Rv 5′‐GATTCCGTCAGCGGTCTGTC Amplification of DHFR fragment

U5MIC13-Fw 5′-CCCGCGCATCTTGCCACTGA Amplification of 5′-homology of MIC13 for 5H-DHFR*-3H
construction

U5MIC13-Rv 5′-CTCACGGGATTTACAGCCTGCAAAGTTGTGCT
TTCATGAC

Amplification of 5′-homology of MIC13 for 5H-DHFR*-3H
construction

U3MIC13-Fw 5′-GACAGACCGCTGACGGAATCCTCAACTACTTG
ACAGTCCG

Amplification of 3′-homology of MIC13 for 5H-DHFR*-3H
construction

U3MIC13-Rv 5′-CACACTACGCACAGTATCGA Amplification of 3′-homology of MIC13 for 5H-DHFR*-3H
construction

5′-UpU5MIC13 5′-GGCAGCCACGACACAGAAAG PCR1 of Δmic13
3′-InDHFR 5′-CAAGACGCAGACGCATACAA PCR1 of Δmic13
5′-InDHFR 5′-CGCACGGACGAATCCAGATG PCR2 of Δmic13
3′-DnU3MIC13 5′-GTTCCAGAAGCCATGTGATC PCR2 of Δmic13
In-MIC13-Fw 5′-TCACGTACGAGGCTAGATCC PCR3 of Δmic13
In-MIC13-Rw 5′-GACTTCCATCTGTTCGACAG PCR3 of Δmic13
RT-tubulin-Fw 5′-CACTGGTACACGGGTGAAGGT β-tubulin-based qPCR

RT-tubulin-Rv 5′-ATTCTCCCTCTTCCTCTGCG β-tubulin-based qPCR

RT-MIC13-Fw 5′-AACTGCGGCGGTGAAATA MIC13-based qPCR

RT-MIC13-Rv 5′-GCAAATTGGTGGGTTGATGG MIC13-based qPCR
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analyzed in Prism 5 (GraphPad Software Inc., La Jolla, CA,
USA).

Invasion assay

Freshly egressed parasites were purified by a 3-μmmembrane
filtration, counted, and then used to infect HFF monolayers
seeded on coverslips (5 × 106 tachyzoites per coverslip in 24-
well plates) for 20 min at 37 °C. Subsequently, the coverslips
were quickly washed with PBS and fixed with paraformalde-
hyde for immunofluorescent analysis. Invaded (extracelluar)
vs non-invaded (intracellular) parasites were distinguished by
a two-color staining protocol described previously (Huynh
et al. 2003). Extracellular parasites were stained with swine
anti-Toxo and total parasites were stained with rabbit anti-
TgALD. Primary antibodies were detected by FITC-
conjugated goat anti-swine IgG and Alexa 594-conjugated
goat ant i - rabbi t IgG secondary ant ibodies (Li fe
Technologies, Inc., Rockville, MD, USA). Samples were then
analyzed by fluorescent microscopy, using a BX53 Olympus
microscope (Olympus Life Science, Tokyo, Japan). Invasion
efficiency was determined as: number of invaded parasites
divided by the number of hose cell nuclei. The invasion effi-
ciency of the parental strains was artificially set as 100% and
corresponding mutants were normalized accordingly.

Intracellular replication assay

Parasites pretreated with standard tachyzoite growth condi-
tions for 2 days, or bradyzoite-inducing (pH = 8.2, ambient
CO2) conditions for 4 days, or 3% oxygen for 3 days, were
purified and used to infect HFF monolayers seeded on cover-
slips (Xia et al. 2018). After 1-h invasion, extracellular para-
sites were washed awaywith phosphate buffered saline (PBS).
The invaded parasites were cultured for another 24–36 h un-
der the corresponding pretreatment conditions. Then the sam-
ples were fixed for immune fluorescence analysis as described
in the above BInvasion assay^ section. The parasitophorous
vacuoles (PVs) that were stained red only were included for
analysis. PVs containing 1, 2, 4, 8, 16, or more parasites were
counted and analyzed. At least 200 PVs were examined for
each strain in each experiment, and each strain was tested
three times independently.

Induced egress

Confluent HFF monolayers seeded on coverslips in 24-well
plates were infected with 106/well purified tachyzoites and
cultured at 37 °C for 32 h. Then extracellular parasites were
washed away with PBS. Intracellular parasites were then treat-
ed with 1% DMSO or 2 μM calcium ionophore A23187
(Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China) at 37 °C for 2 min (Daher et al. 2010).

Samples were fixed and stained with mouse TgSAG1 mono-
clonal antibody DG52 (a gift from Dr. David Sibley at
Washington University in St Louis), followed by Alexa 488-
conjugated goat anti-mouse IgG secondary antibody to visu-
alize the integrity of PVs. The number of both egressed and
intact vacuoles was counted, and egress efficiency was deter-
mined by dividing the number of egressed vacuoles by the
number of total vacuoles. Each strain was tested three times
independently.

Bradyzoite differentiation

Tachyzoites were allowed to infect HFF cells in T25 flasks
and cultured under bradyzoite-inducing conditions (alkaline
media with pH = 8.2, ambient CO2) for 4 days (Ueno et al.
2009). The induced parasites were then allowed to infect con-
fluent HFF monolayers and induced for another 3 days.
Subsequently, the samples were subject to immunofluorescent
analysis. Bradyzoites were stained with mouse anti-TgBAG1
and all parasites were stained with rabbit anti-TgALD.
Bradyzoite differentiation was determined by dividing the
number of TgBAG1+ vacuoles by that of TgALD+ vacuoles.
The experiments were repeated three times independently.

Quantitative real-time PCR

Freshly egressed tachyzoites or alkaline-induced bradyzoites
(107 per sample) were purified and collected for RNA isola-
tion using the trizol methods (TransGen Biotech, China).
Subsequently, 2 μg total RNA of each sample was reverse
transcribed into cDNA using the PrimeScript RT reagent Kit
(Takara Bio, Japan), according to the manufacturer’s instruc-
tions. Then quantitative real-time PCR was performed to
check the MIC13 transcript levels in each sample, using the
SYBR Green method on the ViiA-7 Real-Time system (Life
Technologies, Rockville, MD, USA). Expression of the β-
tubulin was used as an internal reference (Selseleh et al. 2012).

Statistical analysis

Statistical analyses were performed in Prism 5(GraphPad
Software Inc., La Jolla, CA, USA) using Student’s t tests or
two-way analysis of variance, as indicated in figure legends.

Results

Domain structure and expression pattern of T. gondii
MIC13

Available gene expression data suggests that most micronemal
proteins are well expressed in tachyzoites and do not show
obvious changes during interconversion between tachyzoites
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and stress-induced bradyzoites in vitro (Fig. 1a, data from
ToxoDB). TgMIC13 is unique in that its expression is rela-
tively low in tachyzoites and is significantly upregulated in
bradyzoites induced in vitro (Fig. 1a). This was also true
in vivo, expression of TgMIC13 was found to be much higher
at chronic infection stage than acute infection stage (the
Pittman RNA-Seq dataset in ToxoDB). To further confirm
the expression patterns of TgMIC13, total RNA isolated from
tachyzoites and alkaline (medium with pH = 8.2, ambient
CO2)-induced bradyzoites was reverse transcribed and subject
to quantitative RT-PCR analysis. Using β-tubulin as an inter-
nal reference, the results showed that alkaline induction led to
over 30-fold increase in TgMIC13 expression (Fig. 1b). Taken
together, these results suggested that TgMIC13 expression
was increased under stress or bradyzoite-inducing conditions.

Consistent with TgMIC13 being a secretory micronemal
protein, it has a signal peptide (Fig. 1c), as predicted by the
program SignalP 4.1. Homology-based sequence analysis
suggested that TgMIC13 contained three MAR (micronemal
adhesive repeat) domains with sialic-acid binding activities
(Fig. 1c). In addition, proteins with significant similarities to
TgMIC13 can be found in other coccidian parasites, including
Neospora caninum , Hammondia hammondi , and

Cystoisospora suis (Fig. 1d), indicating a conserved role of
MIC13 in this group of parasites.

Disruption of MIC13 in type 1 and type 2 T. gondii
strains

To study the biological functions ofMIC13 in T. gondii, it was
disrupted in type 1 strain RH and type 2 strain ME49 by two
different strategies. TgMIC13 was completely knocked out in
RH by CRISPR/CAS9-mediated homologous gene replace-
ment with the pyrimethamine-resistant marker DHFR*
(Fig. 2a). After co-transfecting the MIC13 targeting CRISPR
plasmid and the homology template (5H-DHFR*-3H) into
RH Δhxgprt, transfectants were selected with pyrimethamine
and single clones were obtained by limiting dilution.
Diagnostic PCRs were used to examine the disruption of
MIC13 (Fig. 2a). TgMIC13 null mutants were easily obtained
and diagnostic PCRs on one such clone were shown in
Fig. 2b: the presence of a 1387-bp PCR1 product and a
1662-bp PCR2 product indicated the correct integration of
DHFR* into the TgMIC13 locus. The absence of a 1020-bp
PCR3 product derived from the TgMIC13 gene further con-
firmed the complete disruption of this gene (Fig. 2b). In

Fig. 1 Expression and Domain structure of TgMIC13. a Expression
changes of selected micronemal proteins during alkaline-induced
bradyzoite differentiation in vitro. Microarray gene expression profiles
deposited in ToxoDB (dataset: bradyzoite differentiation (3-day time se-
ries)) were used to generate the graph. b Relative expression levels of
TgMIC13 in Toxoplasma tachyzoites and alkaline-induced bradyzoites
in vitro. Parasites were collected to extract total RNAwhich was reverse
transcribed into cDNA later. Using β-tubulin as an internal reference,
quantitative real-time PCR was used to estimate the transcript levels for

TgMIC13 in each sample. Data from four independent experiments, *p <
0.05, Student’s t test. c Domain structure of TgMIC13 predicted by
Motifscan using the PFAM database, which suggest that it has three
MAR (micronemal adhesive repeat) domains with sialic acid binding
activities. The numbers indicate the amino acid positions. d
Phylogenetic relationship between TgMIC13 and related proteins from
other parasites. Protein sequences were subject to BLAST search on
NCBI and the tree was constructed by Mega
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addition, quantitative RT-PCR analysis using total RNA ex-
tracted from RH Δmic13 suggested that the expression of
MIC13 in the mutant was below the detection limit of RT-
PCR (Fig. 2c), further supporting the loss of MIC13 in the
mutant.

Inactivation of TgMIC13 in type 2 strain ME49 was
achieved by inserting the selection marker DHFR* into the
fourth exon of TgMIC13 genomic sequence, by CRISPR/
CAS9-mediated site-specific insertion (Fig. 2a). The presence
of a 4.3-kb PCR3 product suggested the correct insertion of
DHFR* into TgMIC13 (Fig. 2d), whereas the same PCR on
wild-type strains produced a 1020-bp product. Similarly,
quantitative RT-PCR analysis also confirmed the loss of
TgMIC13 expression in the insertional mutant (Fig. 2e).
Successful disruption of TgMIC13 in both RH and ME49
strains suggested that this gene was not required for parasite
growth, which indicated that previous failures in inactivating
this gene were likely due to technical issues.

Characterization of the growth of TgMIC13
inactivation mutants in vitro

Although TgMIC13 was not essential in the parasites, we still
wanted to test whether it contributed to parasite growth at all.
To do that, plaque assay was performed to assess the overall
fitness of the TgMIC13 mutants. After 8 days of growth in

confluent HFF monolayers, RH Δmic13 produced very sim-
ilar number of plaques as the parental strain RH (Fig. 3a). In
addition, when the sizes of plaques were analyzed, there were
no noticeable differences between the mutant and the wild-
type strain either (Fig. 3b). Same results were also observed in
ME49 strains after 12 days of plaque development, ME49
Δmic13 produced similar number and size of plaques as the
parental strain ME49 (Fig. 3a, b). Together, these results sug-
gested that TgMIC13 played very little role in parasite growth
in vitro.

To further check the impact of TgMIC13 on parasite fitness,
we compared the invasion, intracellular replication, and egress
efficiencies of the TgMIC13 mutants to that of wild-type par-
asites, using ME49 strains grown under standard growth con-
ditions. Over a 15-min invasion course, tachyzoites of the
ME49 Δmic13 displayed very similar invasion efficiency as
ME49 (Fig. 4a), suggesting that TgMIC13was not required for
tachyzoite invasion. Intracellular replication assays were per-
formed to assess the contribution of TgMIC13 to parasite rep-
lication under standard growth conditions in vitro. After suc-
cessful invasion, parasites were allowed to replicate in HFF
cells for 24 h, a time point when more than half of the PVs
of the ME49 strain contained 8 or more tachyzoites (Fig. 4b).
The size distribution of PVs in the ME49Δmic13 mutant was
very similar to that of the parental ME49 strain, suggesting that
TgMIC13 did not have an active role in parasite replication

Fig. 2 Generation of TgMIC13 disruption mutants. a Schematic
illustration of TgMIC13 disruption by CRISPR/CAS9-mediated homol-
ogous gene replacement in RH or site-specific insertion of DHFR select-
able cassette insertion in ME49. PCR1/PCR2/PCR3-F/R denotes the
primer designs of diagnostic PCRs used in (b) and (d). PCR1 and
PCR2 check the 5′ and 3′ integration of the selection marker, whereas

PCR3 examines the integrity of the TgMIC13 gene. The open arrow
indicates the CRISPR/Cas9 targeting site. (b) and (d) Diagnostic PCRs
for TgMIC13 disruption mutants in RH and ME49 respectively. (c) and
(e) RT-PCR examining the transcript levels of TgMIC13 in tachyzoites of
indicated strains, as done in Fig. 1B. ***p < 0.0001, **p < 0 .001,
Student’s t test
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under these settings. To test the egress efficiency, tachyzoites
were grown until the majority of PVs containing 16 or more
parasites. Then egress was artificially induced by the addition
of calcium ionophore A23187 and egress was monitored by
checking the integrity of PVs. As shown in Fig. 4c, A23187
induction led to egress of over 90% of the PVs in both ME49
andME49Δmic13 (Fig. 4c), indicating that TgMIC13was not
required for tachyzoite egress either.

Virulence of TgMIC13 mutants in mice

To evaluate the acute virulence of Δmic13 mutants in vivo,
they were used to infect ICR mice by intraperitoneal injection.
Corresponding parental strains were included as controls and
the survival of mice was monitored daily after infection. Mice
infected with RH showed signs of irreversible death within
8 days and RH Δmic13–infected mice displayed similar sur-
vival kinetics (Fig. 5a). Same is true for ME49 strains, ME49
Δmic13 showed almost the same virulence as the parental
ME49 (Fig. 5b). Together, these results suggested that
TgMIC13 does not contribute to parasite virulence in mice.

TgMIC13 is required for optimal parasite growth
under stress conditions

Asmentioned above, expression of TgMIC13was significant-
ly increased upon stress treatments or bradyzoite induction,
indicating that it may have a role during adaptation to these
environments. To test this possibility, intracellular replication
assay was used to estimate the replication efficiency of two
independent Δmic13 mutants under stress conditions.
Parasites were first pretreated with bradyzoite-inducing con-
ditions (culture medium with pH = 8.2, CO2 starvation with
ambient CO2 supply) for 4 days and then used to infect HFF
cells and grown for another 36 h under the same conditions.
Subsequently, the replication of parasites was determined by
checking the number of parasites in PVs. As shown in Fig. 6a,
in the case of ME49, the PV population was dominated by the
ones containing 2, 4 or 8 parasites. However, for the two
Δmic13 mutants, the majority of PVs harbored only 1, 2 or
4 parasites (Fig. 6a), suggesting that the replication ofΔmic13
mutants was slower than that of the wild-type strain under
stress conditions. One possible reason for the slower growth
is higher bradyzoite transition. To test whether this is the case

Fig. 4 Invasion, intracellular replication, and egress of MIC13-deficient
tachyzoites in vitro. a Freshly egressed tachyzoites were used to invade
HFF cells for 15 min. Then a two-color staining approach was used to
distinguish invaded vs non-invaded parasites, to estimate the invasion
efficiency. The invasion efficiency of the parental strain ME49 was arti-
ficially set as 100% and that of the mutant was compared to this reference.
NS, not significant; Student’s t test. b Purified tachyzoites were used to
infect HFF monolayers for 15 min and invaded parasites were allowed to
replicate for 24 h. Subsequently, the numbers of vacuoles containing 1, 2,

4, 8, or 16 parasites were counted. At least 200 vacuoles were analyzed
for each strain, each with three independent experiments. NS, not signif-
icant; two-way ANOVA. c Egress efficiency of TgMIC13-disrupted mu-
tants. 32-h post infection of host cells by the parasites, 3 μmol ionophore
A23187 was added into culture medium to induce parasite egress. After
5 min of induction, samples were fixed with 4% formaldehyde and the
integrity of PV was determined by phase contrast microscopy. Disrupted
PV indicated successful egress. NS, not significant; Student’s t tests

Fig. 3 Normal growth of
TgMIC13-deficient mutants
in vitro. a Plaque assay
comparing the growth of
TgMIC13 mutants to that of the
parental strains in vitro. b
Relative size of plaques in Fig. 3a.
A minimum of 85 plaques was
analyzed for each strain
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for ME49Δmic13, similarly treated parasites were stained for
the expression of the bradyzoite-specific marker BAG1, to
estimate bradyzoite formation efficiency. The results showed
that ME49 Δmic13 actually displayed slightly lower rates of
bradyzoite transition (Fig. 6b), indicating that slower growth
of ME49 Δmic13 under stress conditions is not due to in-
creased bradyzoite transition. We also used oxygen restriction
(3%) as a stress condition to test the growth ofME49Δmic13.
The results showed that oxygen limitation also led to reduced
replication in theΔmic13mutant (Fig. 6c). Collectively, these
results indicate that MIC13 is required for the optimal growth
of T. gondii under stress conditions, which is consistent with
its increased expression after stress treatments.

Discussion

Unlike most other micronemal proteins that are well
expressed in the tachyzoite stage to facilitate parasite

infection of host cells, expression of TgMIC13 is relatively
low in tachyzoites but is increased significantly in
bradyzoites or under stress conditions. Previous attempts
to knock out TgMIC13 were not successful, implying that
it might have critical roles for parasite growth (Friedrich
et al. 2010). In this study, TgMIC13 was disrupted in both
type 1 and type 2 T. gondii strains to assess its functions
during parasite growth and development. Consistent with
its expression pattern, TgMIC13 did not seem to play any
role in tachyzoite invasion, replication, or egress, nor did it
contribute to acute virulence in mice. Instead, it was found
to be required for the optimal growth of parasites under
stress or bradyzoite-inducing conditions. The successful
inactivation of TgMIC13 suggested that previous failures
in TgMIC13 knockout were likely due to technical
challenges.

A handful of micronemal proteins are extensively studied
to be involved in parasite invasion of host cells (Cérède et al.
2005; Huynh and Carruthers 2006; Kessler et al. 2008). Many

Fig. 6 Decreased replication of MIC13-deficient mutants under stress
conditions. a Intracellular replication assay of parasites under
bradyzoite-inducing conditions. WT and two independent mic13::DHF
mutants were first treated by alkaline (pH = 8.2, ambient CO2) growth
conditions for 4 days; subsequently, they were used to infect HFF cells
and grown for another 36 h under the same alkaline conditions. Parasite
replication was determined as in Fig. 4b. ***p < 0.0001, two-way
ANOVA. b Bradyzoites conversion assay. Parasites were induced to
bradyzoites with the above alkaline media for 7 days. Subsequently, the

samples were fixed and stained with goat anti-ALD (to stain total para-
sites) and mouse anti-BAG1 (to stain bradyzoites). Conversion rates were
calculated by the number of BAG1+ vacuoles by that of ALD+ vacuoles.
**p < 0 .01, Student’s t tests with three independent experiments. (c)
Intracellular replication under 3% oxygen. Parasites were cultured with
3%oxygen for 3 days and then used to infect HFFmonolayers. After 24-h
growth under 3% oxygen, parasite replication was determined in the same
way as Fig. 4b. *p < 0.05, two-way ANOVA

Fig. 5 Acute virulence of MIC13 mutants in mice. TgMIC13-deficient
mutants, as well as the corresponding parental strains, were used to infect
ICR mice (100 tachyzoites per mouse, 10 mice for each strain) by

intraperitoneal injection, and the survival of mice was monitored daily.
(a) and (b) Survival curves of mice infected with RH Δmic13 and ME49
mic13::DHFR, respectively
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of these proteins contain adhesive domains such as intergrin
A–like domains, PAN/apple domains, and galectin-like do-
mains, to mediate protein-protein and protein-carbohydrates
interactions (Carruthers and Tomley 2008). TgMIC13 is sim-
ilar to these micronemal proteins in that it also contains adhe-
sivemotifs. Sequence analysis indicated that it contained three
microneme adhesive repeat (MAR) domains with sialic acid
binding activities. MARs are also found in other micronemal
proteins such as MIC1, which is able to form complex with
MIC4 and MIC6 and bind to host cell surface (Brecht et al.
2001; Matthias et al. 2001). MIC1 plays important roles during
parasite invasion and the binding of its MAR domains to
sialylated glycoconjugates contributes to efficient invasion
(Blumenschein et al. 2007; Friedrich et al. 2010).
Nevertheless, although MIC13 contains three MARs, it does
not seem to contribute to parasite invasion. MIC13-disrupted
mutants had normal invasion efficiencies as the parental strains.
In addition, sequence analysis did not predict the presence of
transmembrane domain or glycosylphosphatidylinositol motif
in TgMIC13 (Friedrich et al. 2010). Therefore, unless it forms
complex with other surface-anchored proteins, it is not able to
localize to parasite surface. This may be another reason why
TgMIC13 functions differently than other micronemal proteins.

Our quantitative RT-PCR analysis, as well as existing
gene expression data generated by others, all showed that
expression of TgMIC13 was increased under stress or
bradyzoite-inducing conditions (Fritz et al. 2012). This is
unusual for a micronemal protein and in fact is the only
micronemal protein known so far to have such expression
pattern. Upregulation of TgMIC13 expression under stress
conditions suggests that it might have a role in this process.
Indeed, the TgMIC13 knockout strain displayed slower
replication than wild-type parasites if treated with alkaline
medium in combination with CO2 starvation or oxygen
limitation. The slower growth of the Δmic13 mutants un-
der these conditions was not due to increased bradyzoite
transition; therefore, the underlying mechanisms are still to
be determined. We also tried to estimate whether TgMIC13
contributed to bradyzoite formation in vivo in the mouse
infection model; however, all infected mice eventually died
before reliable cyst counting can be done, even with ME49
strains. Therefore, to test this role of TgMIC13, corre-
sponding mutants may need to be made in even lower
virulent strains, such as type 3 strains.

In conclusion, our study showed that expression of the
micronemal protein TgMIC13 was upregulated during
stress and bradyzoite-inducing conditions. Using mutants
lacking MIC13, it was found that TgMIC13 was not re-
quired for parasite growth or invasion under standard
tachyzoite growth conditions. However, it contributed to
the optimal growth of parasites under stress conditions.
This is the first micronemal protein described so far with
such expression and function patterns.
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