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Abstract 

Background To successfully replicate within the host cell, Toxoplasma gondii employs several mechanisms to over‑
come the host cell defenses and mitigate the harmful effects of the free radicals resulting from its own metabolic pro‑
cesses using effectors such as thioredoxin proteins. In this study, we characterize the location and functions of a newly 
identified thioredoxin in T. gondii, which was named Trx4.

Methods We characterized the functional role of Trx4 in T. gondii Type I RH and Type II Pru strains by gene knock‑
out and studied its subcellular localization by endogenous protein HA tagging using CRISPR‑Cas9 gene editing. The 
enzyme‑catalyzed proximity labeling technique, the TurboID system, was employed to identify the proteins in prox‑
imity to Trx4.

Results Trx4 was identified as a dense granule protein of T. gondii predominantly expressed in the parasitophorous 
vacuole (PV) and was partially co‑localized with GRA1 and GRA5. Functional analysis showed that deletion of trx4 
markedly influenced the parasite lytic cycle, resulting in impaired host cell invasion capacity in both RH and Pru 
strains. Mutation of Trx domains in Trx4 in RH strain revealed that two Trx domains were important for the parasite 
invasion. By utilizing the TurboID system to biotinylate proteins in proximity to Trx4, we identified a substantial 
number of proteins, some of which are novel, and others are previously characterized, predominantly distributed 
in the dense granules. In addition, we uncovered three novel proteins co‑localized with Trx4. Intriguingly, deletion 
of trx4 did not affect the localization of these three proteins. Finally, a virulence assay demonstrated that knockout 
of trx4 resulted in a significant attenuation of virulence and a significant reduction in brain cyst loads in mice.

Conclusions Trx4 plays an important role in T. gondii invasion and virulence in Type I RH strain and Type II Pru strain. 
Combining the TurboID system with CRISPR‑Cas9 technique revealed many PV‑localized proximity proteins associ‑
ated with Trx4. These findings suggest a versatile role of Trx4 in mediating the processes that occur in this distinctive 
intracellular membrane‑bound vacuolar compartment.
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Background
Toxoplasma gondii is an obligate protozoan capable of 
thriving inside nearly all nucleated eukaryotic cells [1, 2]. 
While T. gondii infection is often symptomless in indi-
viduals with a competent immune system, it can pose 
significant health risks to the immunocompromised indi-
viduals [3, 4]. Toxoplasma gondii infection can also have 
severe adverse consequences for pregnant women and 
can lead to miscarriage or stillbirth [5–7].

When T. gondii tachyzoites invade the host cell, they 
establish a specialized intracellular compartment known 
as a parasitophorous vacuole (PV) [8]. The PV serves as 
a protective niche where the tachyzoites reside and rep-
licate [9]. Within the PV, the parasites are shielded from 
host immune responses and can exploit the host cell’s 
machinery to their advantage [10, 11]. The PV not only 
provides a physical barrier that protects the tachyzoites 
from the host cell’s defenses but also plays a crucial role 
in nutrient acquisition to support the parasite growth and 
replication [12–14]. Additionally, the metabolic waste 
products generated by the parasites are transported out 
of the PV, preventing the accumulation of toxic sub-
stances that could harm the parasites [14].

A substantial body of research revealed the crucial 
roles of PV-localized proteins in the parasite survival, 
including their contribution to parasite fitness and 
immune modulation within the PV in the infected cell. 
For instance, GRA7 binds to Irga6 and promotes its mul-
timerization, subsequently facilitating its breakdown 
into monomers and possibly dimers, which may undergo 
phosphorylation by ROP18 [15–17]. GRA7 is also an 
allosteric activator of ROP18 [18]. ROP5 is an important 
virulence factor in mice via regulating the catalytic activ-
ity of ROP18 through forming an active complex with the 
kinases ROP18 and ROP17 [19–21]. This complex hin-
ders IRG recruitment to the PVs and protects the para-
sites from elimination in IFN-γ activated macrophages 
[21]. The pseudokinase ROP5 also binds to mouse Irga6 
and Irgb6 and prevents their loading onto the T. gondii-
containing PV [19, 20], Interestingly, ROP5 and ROP18 
do not have a marked impact on the parasite survival in 
IFN-γ-activated human cells because of the lack of the 
immunity-related GTPase (IRG) system [20]. ROP18 
phosphorylates IRGs and results in their inactivation and 
detachment from the PV [15, 16]. ROP39 interacts with 
Irgb10 and inhibits homodimer formation of GTPase, 
resulting in an overall decrease of IRG protein load on 
the parasite vacuole membrane (PVM) [22]. GRA60 
contributes to the virulence of RH strain [23]. RH strain 
lacking GRA60 can recruit Irgb10 and Irga6 to the PVM, 
which is consistent with observations in RHΔrop5 strain 
[23]. MYR complexes are essential for the transport of 
effector GRA16 and upregulate human c-Myc and cyclin 

E1 in infected cells [24]. PPM3C possesses a PP2C-class 
serine/threonine phosphatase domain and interacts with 
MYR1, which contributes to the export of effector into 
the host cells [24, 25]. The deletion of PPM3C impairs the 
parasite’s ability to form plaques and export GRA16 and 
GRA28 [25]. GRA39 was first identified in the proxim-
ity proteins of GRA17 using enzyme-catalytic proximity 
labeling technique (BioID system) [26]. GRA39 plays a 
pivotal role as a virulence factor in Type II Pru strain, and 
its deletion causes growth defects, lipid accumulation in 
the PV and the accumulation of amylopectin granules in 
the cytoplasm [26]. In malaria parasites, the Plasmodium 
translocon of the exported proteins (PTEX) is located in 
the PV and serves as the translocon for the exported pro-
teins [27]. PTEX consists of various components, includ-
ing Hsp101, PTEX150, EXP2, PTEX88 and thioredoxin 
(Trx) 2. PfTrx2 that was localized in the PV of malaria 
parasites expanded the function of Trx to include protein 
translocation [28].

The thioredoxin system is found in prokaryotes and 
eukaryotes. This system comprises thioredoxin (Trx), 
thioredoxin reductase (TrxR) and nicotinamide adenine 
dinucleotide phosphate (NADPH) [29]. Trx interacts with 
proteins to maintain them in a relatively stable reduced 
state. After reducing the target protein, Trx becomes 
oxidized. It is then restored to its reduced form via the 
action of electrons provided by TrxR and NADPH, ena-
bling it to carry out its normal biological functions [30]. 
The Trx domain consists of five beta folds and four alpha 
helices, forming a spherical structure with a hydropho-
bic center. The classical active site sequence, -Cys-Gly-
Pro-Cys-, is located in the Trx domain [30]. Trxs are 
antioxidant enzymes which play a role in the resistance 
to oxidative stress in organisms and contribute to other 
biological processes, such as protein folding, DNA syn-
thesis, regulation of apoptosis and protein transportation 
[30–32].

Two Trxs, namely ATrx1 and ATrx2, have been identi-
fied in the apicoplast in T. gondii. Conditional knockdown 
of ATrx1 or ATrx2 resulted in severe defects in parasite 
survival, with a few plaque formations [32]. CTrp26 and 
CTrx1 are two other Trxs of T. gondii, located in the 
cytoplasm of the parasite; however, neither CTrp26 nor 
CTrx1 plays a key role in parasite growth and virulence 
[33].

In this study, we performed a comprehensive charac-
terization of a previously unknown thioredoxin named 
Trx4 (TGME49_224060) in T. gondii. Trx4 was found to 
be localized in the PV. In addition, parasites lacking Trx4 
exhibited a marked impairment in growth with a limited 
ability to invade host cells, and Trx domains were found 
to play a role in the parasite invasion. Furthermore, we 
employed the TurboID technique to biotinylate proteins 
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located in close proximity to Trx4. Most of the identified 
proximity proteins were localized in the PV, and three 
novel proximity proteins were characterized. The dele-
tion of trx4 significantly attenuated the virulence of T. 
gondii in mice. Our data show that Trx4 plays a pivotal 
role in T. gondii growth and serves as a virulence factor.

Methods
Parasite and cell culture
Strains of T. gondii and human foreskin fibroblast (HFF) 
cells were maintained in Dulbecco’ modified Eagle’s 
medium (DMEM) supplemented with 2% fetal bovine 
serum (FBS), penicillin (100 U/ml) and streptomy-
cin (100  μg/ml), under 37 ℃ and 5%  CO2 atmosphere. 
RHΔku80 and PruΔku80 were used to construct C-ter-
minal strains and knockout strains.

Construction of C‑terminal, knockout and complemented 
strains
To generate C-terminal strains, a 6 × HA tag or a Tur-
boID-4Ty tag containing a 42-bp short homologous 
arm was amplified from pLIC-6 × HA-DHFR or pLIC-
TurboID-4Ty-DHFR, respectively. A single guide RNA 
(SgRNA) was designed in proximity to the STOP codon 
of the trx4 gene. The SgRNA for the C-terminal strain 
and the 6 × HA fragment or TurboID-4Ty tag fragment 
were introduced into the parental parasite via electropo-
ration. Positive strains were selected via screening using 
3  μM pyrimethamine and limiting dilution. Confirma-
tion of successful integration was achieved using DNA 
sequencing, indirect immunofluorescence assays (IFA) 
and Western blotting.

To generate knockout strains, 5′- and 3′-homologous 
arms of trx4 amplified from the genomic DNA of the 
wild-type (wt) parasites were cloned into the pUC19 
plasmid with DHFR fragment. The 5′UTR-DHFR-3’UTR 
fragment and SgRNA targeting trx4 were transfected into 
parental parasites by electroporation. Stable strains were 
selected as mentioned above.

To generate complemented strains containing Trx4 
fused with a 6 × HA tag at the C-terminus, the comple-
mented fragment was amplified from the complemented 
ptrx4-Trx4-6HA-dhfr-ter plasmid, which contains Trx4 
promoter, trx4 cDNA fused with a 6 × HA tag, a DHFR 
terminator and a CAT marker. To construct a com-
plemented strain with Trx4 but without a fusion tag, a 
complemented fragment was amplified from the com-
plemented ptrx4-Trx4-trx4-ter plasmid, which contains 
Trx4 promoter, trx4 DNA, a Trx4 terminator and a CAT 
marker. This complemented fragment and SgRNA tar-
geting uprt were transfected into RHΔtrx4 or PruΔtrx4 
strain. To investigate the role of the Trx domain, the 
first and/or second Trx domains were deleted from the 

ptrx4-Trx4-trx4-ter plasmid using the Q5 site-directed 
mutagenesis kit (New England Biolabs). Stable strains 
were selected by chloramphenicol and 5-fluorodeoxyur-
idine. Positive clones were confirmed by DNA sequenc-
ing, IFA and Western blotting. All primers used are listed 
in Additional file 1: Table S1.

Indirect immunofluorescence analysis and Western 
blotting
For IFA, tachyzoites were allowed to infect HFF cells 
for 24  h. Subsequently, the parasites were fixed with 
4% paraformaldehyde (PFA) and permeabilized using 
0.1% Triton X-100 solution. Primary antibodies used 
were mouse anti-SAG1 (1:1000), rabbit anti-HA (1:500), 
mouse anti-HA (1:500), rabbit anti-IMC1 (1:500), mouse 
anti-IMC1 (1:500), rabbit anti-MIC2 (1:500), rabbit anti-
ACP (1:500), rabbit anti-hsp60 (1:500), mouse anti-GRA1 
(1:500), rabbit anti-GRA5 (1:500) and mouse anti-Ty 
(1:1000).

For Western blotting, the pellets of tachyzoites were 
treated with RIPA buffer supplemented with protease 
inhibitor cocktail and EDTA. The supernatant of lysate 
was used for SDS-PAGE analysis and transferred to 
PVDF member. Primary antibodies used in Western blot-
ting were rabbit anti-HA (1:1000), mouse anti-Ty (1:1000) 
and rabbit anti-aldolase (1:500).

Phenotypic analyses: plaque assay, invasion assay, 
replication assay and egress assay
For the plaque assay, approximately 200 tachyzoites of 
RH strain or Pru strain were used to infect HFF cells 
grown in 12-well tissue culture plastic plates. Parasites 
were cultured at 37 ℃ with 5%  CO2 atmosphere for 
7 days (RH strain) or 10 days (Pru strain). Then, the sam-
ples were fixed with 4% PFA and stained with 0.5% crys-
tal violet for 15 min. The plaque sizes were measured and 
analyzed by Image J software. The experiment was per-
formed three independent times.

For the parasite invasion assay, approximately 5 ×  105 
tachyzoites of wt, knockout or complemented strains 
were used to infect HFFs for 40 min (RH strain) or 1 h 
(Pru strain). After invasion, parasites were fixed with 4% 
PFA. Extracellular parasites were stained with mouse 
anti-SAG1 and Alexa Fluor 594 goat anti-mouse IgG. Fol-
lowing permeabilization with 0.1% Triton X-100, all tach-
yzoites, including extracellular and intracellular parasites, 
were stained with rabbit anti-IMC1 and Alexa Fluor 488 
goat anti-rabbit IgG. Invasion efficiency was determined 
by divining the number of intracellular parasites by the 
total number of parasites. We randomly selected five 
microscopic fields at the four corners and the center of 
the respective wells of each sample and counted at least 
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100 tachyzoites. Invasion assays were performed in bio-
logical triplicate.

For the replication assay, approximately 3 ×  105 tachy-
zoites were inoculated into HFF cells for 4 h (RH strain) 
or 5  h (Pru strain). Then, the samples were washed by 
DMEM twice to remove extracellular parasites and were 
cultured for further 20 h (RH strain) or 27 h (Pru strain). 
Parasites were fixed as above and counted under an 
inverted microscope. At least 150 PVs from three biologi-
cal replicates were examined to determine the number of 
tachyzoites per PV.

For the egress assay, approximately 2 ×  105 tachyzoites 
were used to infect HFF cells for 4 h (RH strain) or 5 h 
(Pru strain) and were washed by DMEM to remove tach-
yzoites that remained extracellular. When most of the 
PVs contained 32 tachyzoites, infected cells were treated 
with 3  μM A23187 for 3  min to induce parasite egress. 
Samples were fixed and counted under an inverted 
microscope. Egress efficiency was determined by dividing 
the number of lysed PVs by all PVs, and at least 100 PVs 
were counted. The experiments were performed inde-
pendently three times.

Enrichment of biotinylated proteins
BirA*, a biotin protein ligase with a molecular size of 
35 kDa, serves as a core component of the BioID (proxim-
ity-dependent biotin identification) system. This system 
catalyzes the biotinylation of proteins in close proxim-
ity to the target protein [34]. The BioID system utilizes 
non-toxic biotin as its sole substrate, rendering it suitable 
for a wide range of in  vitro applications [35]. However, 
the slow kinetics of BirA poses a limitation, requiring 
18–24 h for full protein biotinylation, which is not ideal 
for transient screening [36]. To address this limitation, 
the TurboID system was developed as an advanced ver-
sion of BioID, enabling high-efficiency labeling within 
a shorter biotinylation time (< 10 min) [34]. TurboID is 
particularly advantageous for identifying proximity pro-
teins in the mitochondrial matrix and endoplasmic retic-
ulum lumen [37].

In this study, we employed the TurboID system to 
investigate the proximity proteins of Trx4. Endogenous 
Trx4 was C-terminally fused with a TurboID-4Ty tag. 
Upon addition of biotin, a substrate of the TurboID 
enzyme, the proximity proteins of Trx4 were labeled with 
biotin. These biotin-labeled proteins can be detected 
using antibodies such as streptavidin-horseradish per-
oxidase conjugate (Strep-HRP) and can be captured by 
streptavidin beads for subsequent mass spectrometry 
analysis.

For IFA, the RHTrx4-TurboID* strain was incubated 
in a cell dish for 22 h. Subsequently, the culture medium 
was replaced with 2% DMEM containing 200  μM 

D-biotin, and the incubation continued for an additional 
2 h. Hereafter, the samples were prepared for IFA. In the 
IFA procedure, antibodies employed included mouse 
anti-Ty (1:1000) and streptavidin-Alexa Fluor 594 conju-
gate (Strep-594).

For Western blotting analysis of the biotinylated pro-
teins, RH strain or RHTrx4-TurboID* strain was cultured 
in a 25T flask with or without the addition of 200  μM 
D-biotin. The four kinds of freshly egressed parasites (RH 
strain incubated with or without D-biotin and RHTrx4-
TurboID* strain incubated with or without D-biotin) 
were collected by centrifugation and washed with PBS. 
The pellet containing the tachyzoites was treated with 
RIPA buffer supplemented with a protease inhibitor 
cocktail and subsequently subjected to SDS-PAGE anal-
ysis. The detection of the bands was achieved by using 
mouse anti-Ty (1:1000) antibodies and Strep-HRP.

For mass spectrometry analysis of the biotinylated pro-
teins, the RHTrx4-TurboID* or RH parasites were cul-
tured in a 175  T flask containing 200  μM D-biotin for 
approximately 40 h. RH parasites were used as negative 
control. Prior to egressing from host cells, the parasites 
were harvested and washed with chilled PBS. The result-
ing pellet of tachyzoites was subjected to treatment 
with RIPA buffer supplemented with a protease inhibi-
tor cocktail for 40 min on ice. The lysate was incubated 
with streptavidin beads at 4 ℃ overnight. The streptavi-
din beads were then washed three times with RIPA buffer 
and once with chilled PBS. Finally, they were resus-
pended in PBS and stored at − 80 ℃ for LC–MS analysis 
as previously described [38].

Bradyzoite differentiation in vitro
Approximately 2 ×  105 tachyzoites of Pru or PruΔtrx4 
strain were inoculated into cell culture dishes contain-
ing monolayer of HFF cells and incubated at 37 ℃ with 
5%  CO2 atmosphere for 5 h. Then, samples were washed 
by DMEM twice to remove non-attached parasites and 
were divided into two groups. One group was cultured 
with differentiation medium (pH = 8.2, ambient  CO2) 
for 2 days; the other group was cultured at 5%  CO2 and 
37 ℃ for 2 days. Subsequently, the samples were used to 
perform IFA, and all parasites were stained with rabbit 
anti-IMC1 primary antibody and goat anti-rabbit Alexa 
 Fluor® 594 secondary antibody, and the tissue cysts were 
stained with FITC-conjugated Dolichos biflorus aggluti-
nin (DBA). The samples were imaged and counted using 
Leica confocal microscope [39]. The experiment was 
repeated three independent times.

Virulence assay
Six- to 7-week-old female SPF Kunming mice were pur-
chased from the Center of Laboratory Animals, Lanzhou 
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Veterinary Research Institute. Mice were housed under a 
12-h light/12-h dark cycle in separate cages and fed with 
fresh water and a standard chow diet. The mice were 
euthanized when they reached their humane endpoint. 
For the acute infection assay, mice were intraperito-
neally (i.p.) infected by 200 tachyzoites of RH, RHΔtrx4 
or RHΔtrx4C. The survival rate and clinical signs were 
recorded for 30  days. For the chronic infection assay, 
mice were infected i.p. by a low dose (2 ×  102 tachyzoites) 
or high dose (2 ×  104 tachyzoites) of the Pru strain. The 
surviving mice were confirmed to be infected by serologi-
cal testing. To assess the cyst-forming ability of PruΔtrx4, 
mice that survived were euthanized at 30 days post infec-
tion, and the brain cyst burdens were measured.

Statistical analysis
GraphPad Prism 5.0 (GraphPad Software) was used for 
statistical analysis and to generate the graphs. Student’s 
t test was used to evaluate the intergroup differences. 
Survival curves of mice were analyzed by Gehan-Bres-
low-Wilcoxon test. The differences were considered sta-
tistically significant when the p value was < 0.05. The 
experiments were performed at least three independent 
times.

Results
Trx4 was localized in the PV of T. gondii
At least 15 Trxs or Trx-domain containing proteins were 
identified in the ToxoDB (https:// toxodb. org) (Additional 
file  2: Table  S2), which were predicated to have differ-
ent locations in T. gondii. In this study, the novel thiore-
doxin (TGME49_224060), named Trx4, was selected and 
studied. Phylogenetic analysis revealed that this Trx was 
widely present in the Apicomplexan parasites, including 
T. gondii (TGME49_224060), Hammondia hammondi 
(HHA_224060), Neospora caninum (NCLIV_048460), 
Besnoitia besnoiti (BESB_079560), Cystoisospora suis 
(CSUI_002634), Eimeria tenella (EPH_0016720), Cyclo-
spora cayetanensis (cyc_05007), Sarcocystis neurona 
(SN3_01700400), Cryptosporidium parvum (cgd1_800) 
and Plasmodium falciparum (PF3D7_1472600) and 
TgTrx4 was more closely related to H. hammondi Trx 
(Fig.  1a). To characterize the subcellular localization 
of TgTrx4, a 6 × HA tag was introduced at the C-ter-
minus of Trx4 using the CRISPR-Cas9 system (Addi-
tional file  3: Fig. S1). This modification was validated 
by using IFA and Western blotting (Fig.  1). The results 
of the IFA demonstrated that Trx4 was primarily local-
ized in the PV (Fig. 1b). To confirm this finding, classical 
dense granule proteins, GRA1 and GRA5, were stained 
using anti-GRA1 and anti-GRA5 antibodies in the Trx4-
6HA strain. There was evident partial co-localization 
between Trx4 and GRAs (GRA1 and GRA5), providing 

additional evidence supporting that Trx4 was a dense 
granule protein (Fig. 1c and d). RHTrx4-6HA strain was 
also stained with rabbit anti-ACP, rabbit anti-hsp60 or 
rabbit anti-MIC2 to explore the possibility of localiza-
tion in other organelles, such as TgATrx1 and TgATrx2, 
which are localized in the apicoplast [32]. The results of 
IFA revealed that Trx4 was not localized at the apico-
plast, mitochondrion or microneme (Additional file  3: 
Fig. S1). Western blotting corroborated the successful 
expression of Trx4 fused with a 6 × HA tag, with a single 
protein band detected at the expected molecular weight 
of ~ 81  kDa (Fig.  1e). Trx4 was composed of 622 amino 
acids and was predicted to contain two Trx domains 
(https:// prosi te. expasy. org/), which were located at 
amino acid positions 71–195 and 475–593, respectively 
(Fig. 1f ).

Deletion of trx4 reduced the parasite invasiveness 
in both RH and Pru strains
To investigate the fundamental role of Trx4 in T. gondii, 
trx4 gene was successfully disrupted by CRISPR-Cas9 
system to generate RHΔtrx4 strain, which was confirmed 
by diagnostic PCR (Additional file  4: Fig. S2). Plaque 
assay was used to examine the effect of deletion of trx4 
gene on the lytic cycle of parasites. The results showed 
that the size of plaques that was generated by knockout 
(KO) strain was smaller than that generated by wt strain, 
suggesting that Trx4 is important for the lytic cycle of T. 
gondii Type I strain (Fig.  2a and b). To ascertain which 
steps in the infection process were perturbed by the 
loss of trx4, we assessed the parasite invasion, intracel-
lular replication and egress. The cell invasion ability of 
wt and KO parasites exhibited a significant difference, 
indicating that the deletion of trx4 impaired the ability of 
tachyzoites of RH strain to invade the host cells (Fig. 2c). 
However, the replication of wt strain was similar to that 
of the KO strain, suggesting that Trx4 does not play a 
significant role in the endodyogeny process of T. gondii 
in RH strain (Fig.  2d). To induce parasite egress, cal-
cium ionophore was used, and the results demonstrated 
that the majority of tachyzoites from RH and KO strains 
egressed from the PVs within 3 min (Fig. 2e).

We attempted to generate complemented strains to 
confirm the phenotype observed in RHΔtrx4 strain. 
Unfortunately, the complemented strain RHΔtrx4C-6HA 
with Trx4 fused with a 6 × HA tag at the C-terminus and 
a DHFR terminator only restored the expression of Trx4 
(Additional file 4: Fig. S2) but did not restore its function 
(Additional file 4: Fig. S2). This lack of functional resto-
ration may be attributed to potential alterations in the 
function of Trx4 caused by the presence of the HA tag 
or the heterologous terminator. To amend this defect, 
we generated a new complemented strain RHΔtrx4C 

https://toxodb.org
https://prosite.expasy.org/
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without 6 × HA Tag, and the self-terminator was used; 
interestingly, RHΔtrx4C exhibited a restored function 
(Fig. 2a–c), suggesting that the expression of Trx4 fused 
with a 6 × HA tag or the heterologous terminator affects 
its function. Alternatively, we generated new trx4 knock-
out strains using a different guide RNA (gRNA) and a 
distinct homology repair template, which was confirmed 

by diagnostic PCR (Additional file 4: Fig. S2). This newly 
generated strain exhibited plaque formation and invasion 
defects comparable those observed in the original line 
(Additional file 4: Fig. S2).

Furthermore, a Type II PruΔtrx4 strain was generated 
using the CRISPR-Cas9 system. Phenotypic analyses 
revealed that deletion of trx4 impaired the ability of the 

Fig. 1 The subcellular localization of Trx4 in Toxoplasma gondii. a Phylogenetic analysis of Trx4 proteins in T. gondii (TGME49_224060), Hammondia 
hammondi (HHA_224060), Neospora caninum (NCLIV_048460), Besnoitia besnoiti (BESB_079560), Cystoisospora suis (CSUI_002634), Eimeria tenella 
(EPH_0016720), Cyclospora cayetanensis (cyc_05007), Sarcocystis neurona (SN3_01700400), Cryptosporidium parvum (cgd1_800) and Plasmodium 
falciparum (PF3D7_1472600). The phylogenetic tree was constructed by the neighbor‑joining method. b IFA revealed that Trx4 was localized 
in the PV. c and d Trx4 co‑localized with GRA1 (c) or GRA5 (d). Green, rabbit anti‑HA, mouse anti‑GRA1 or rabbit anti‑GRA5; red, mouse anti‑IMC1, 
rabbit anti‑HA or mouse anti‑HA. Scale bar: 3 μm. e Western blotting confirmed that Trx4‑6HA strain was successfully generated, and a single 
protein band was visualized. HA, rabbit anti‑HA; ALD, rabbit anti‑aldolase. f Trx4 was predicted to have two Trx domains, located at amino acid 
positions 71–195 and 475–593, respectively, as indicated by (https:// prosi te. expasy. org/)

https://prosite.expasy.org/
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Pru strain to generate plaques and to invade the host 
cells (Additional file 5: Fig. S3). On the other hand, trx4 
disruption did not affect the ability of the Pru strain 
to replicate and egress from the host cells (Additional 
file  5: Fig. S3). The PruΔtrx4C-6HA strain only suc-
ceeded in restoring the expression of Trx4 but did not 
restore its function, whereas PruΔtrx4C successfully 
restored the defect (Additional file  5: Fig. S3). These 
findings suggest that the observed growth defects were 
primarily attributed to the loss of Trx4 and were not 
the result of off-target effects.

Trx domain was important for parasite invasion
Since Trx4 was predicted to contain two Trx domains, 
we explored whether these domains affect the functions 
of Trx4. Therefore, three Trx-domain mutants were gen-
erated, namely RHΔtrx4C-I-dele, RHΔtrx4C-II-dele or 
RHΔtrx4C-I + II-dele, which involved deleting the first 
Trx domain, second Trx domain, or both Trx domains, 
respectively (Additional file  6: Fig. S4). Plaque assays 
showed that both single and double deletions of Trx 
domains affected the ability of the complemented strains 
to form plaques (Fig. 3a and b). Invasion assays revealed 

that the deletion of the first domain, second domain or 
both domains significantly reduced the invasion ability 
of RHΔtrx4C (Fig. 3c), suggesting that the Trx domain is 
important for the biological function of Trx4.

Biotinylation of Trx4‑TurboID* revealed several PV‑localized 
proteins
Considering the PV localization of Trx4, we introduced a 
TurboID tag containing 4 × Ty at the C-terminus of Trx4 
to identify the proximity proteins. Trx4, when expressed 
with the TurboID tag, exhibited a distribution pattern 
in the PV consistent with that of the Trx4-6HA strain 
(Figs.  1a and 4a). Subsequently, following incubation 
with 200 μM D-biotin, the candidate proximity proteins 
of Trx4 were biotinylated and stained using Strep-594, 
and their distribution also overlapped with that of Trx4 
(Fig. 4a). Western blotting further confirmed the success-
ful construction of Trx4-TurboID* with biotinylated pro-
teins being labeled by Strep-HRP when Trx4-TurboID* 
strain was incubated by D-biotin (Fig.  4b). Meanwhile, 
Trx4-TurboID* strain without D-biotin treatment or RH 
strain incubated with D-biotin or not showed less pro-
tein that was labeled by Strep-HRP (Fig. 4b). The enrich-
ment of biotinylated proteins was assessed using mass 

Fig. 2 Phenotypic analysis of RHΔtrx4. a The plaque assays of RH, RHΔtrx4 and RHΔtrx4C strains. b The relative plaque sizes of RH, RHΔtrx4 
and RHΔtrx4C strains measured from (a). The experiments were performed three independent times. The difference was analyzed by Student’s 
t‑test. ***P < 0.001; n.s., not significant. c Differences in the host cell invasion in RH, RHΔtrx4 and RHΔtrx4C strains. Five microscopic fields were 
randomly selected in each sample. The experiments were performed three independent times. The difference was analyzed by Student’s 
t‑test. **P < 0.01; n.s., not significant. d Differences in the intracellular replication in RH, RHΔtrx4 and RHΔtrx4C strains grown in HFFs for 24 h. 
The experiments were performed three independent times. The difference was analyzed by Student’s t‑test. n.s., not significant. e Differences 
in the egress between RH, RHΔtrx4 and RHΔtrx4C strains. The experiments were performed three independent times. The difference was analyzed 
by Student’s t‑test. n.s., not significant
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spectrometry, and the parental line incubated by D-bio-
tin was used as a negative control. Combining the results 
of negative controls and unique peptide numbers in the 
treatment groups, 69 proteins were identified as being 
proximal to Trx4. These proteins were selected based 
on the presence of at least two unique peptides in every 
independent replicate of the treatment group and nearly 
0 unique peptides in every independent replicate of the 
control group, as previously described [40]. As expected, 
the majority (39/69) of the proximity proteins were 
located at the dense granules including GRA9, GRA12B, 
GRA15, GRA16, GRA17, GRA18, GRA22, GRA32, 
GRA35, GRA38, GRA39, GRA44, GRA52, GRA54, 
GRA56, GRA57, GRA59, GRA61, GRA63, GRA70, 
MYR1, MYR3, MYR4 and others. In addition, several 
proteins distributed at other organelles were also identi-
fied, including nucleolus, rhoptries and others (Fig.  4c 
and d) (Additional file 7: Table S3).

Verification of three biotinylated proteins that were 
co‑localized with Trx4
To validate the results obtained by mass spectrometry, 
we selected three hypothetical proteins (TGGT1_215910, 
TGGT1_216720 and TGGT1_225160) that had not been 
previously studied. We determined the localization of 
these proximity proteins by employing the CRISPR-
Cas9 system to insert a 2 × Ty tag at the C-terminus of 
their respective genes in the Trx4-6HA background. IFA 
revealed that these hypothetical proteins were indeed 
distributed in the PV and exhibited co-localization 
with Trx4 (Fig.  5a–c). To further explore the relation-
ship between Trx4 and these three selected proteins, we 
endogenously tagged all three genes with Ty tag in the RH 

background or RHΔtrx4 background. The results of IFA 
and statistical analysis indicated that deletion of trx4 did 
not influence the localization of TGGT1_215910 (Fig. 5d 
and e), TGGT1_216720 (Fig. 5f and g) or TGGT1_225160 
(Fig. 5h and i).

Knockout of trx4 did not alter the location of dense granule 
proteins
Several PV-located proteins that serve as chaperones or 
participate in protein translocation such as GRA44 and 
MYR1 [24] were found to be Trx4 proximity proteins. To 
assess whether the deletion of trx4 affected the translo-
cation of GRA proteins, trx4-deficient parasites were 
subjected to staining with mouse anti-GRA1 or rabbit 
anti-GRA5. IFA results showed that the expression of 
GRA1 (Fig. 6a and b) and GRA5 (Fig. 6c and d) remained 
unaffected. Moreover, plasmids expressing GRA16-HA 
were transiently transfected into both RH and RHΔtrx4 
strains to assess whether the deletion of trx4 affects the 
export of GRA16. The results demonstrated that the 
export and localization of GRA16 were similar between 
the RH and RHΔtrx4 strains (Fig. 6e and f ).

Trx4 disruption attenuated the parasite virulence
To determine whether Trx4 plays a role in the para-
site pathogenicity, Kunming mice were infected by 
2 ×  102 tachyzoites of RH, RHΔtrx4 or RHΔtrx4C and 
monitored for survival. Results showed that deletion 
of trx4 attenuated the virulence of RH strain; how-
ever, RHΔtrx4C did not completely restore this defect 
(Fig.  7a). Additionally, the virulence of secSgRHΔtrx4, 
which was deleted by a second SgRNA, was also 

Fig. 3 Phenotypic analyses of mutation of Trx domains in Trx4 in RH strain. a The plaque assays of RHΔtrx4C, RHΔtrx4C‑I‑dele, RHΔtrx4C‑II‑dele 
and RHΔtrx4C‑I + II‑dele strains. b The relative plaque sizes of RHΔtrx4C, RHΔtrx4C‑I‑dele, RHΔtrx4C‑II‑dele and RHΔtrx4C‑I + II‑dele that were 
measured from (a). The experiments were performed three independent times. The difference was analyzed by Student’s t‑test. ***P < 0.001. c 
Differences in the host cell invasion between RHΔtrx4C, RHΔtrx4C‑I‑dele, RHΔtrx4C‑II‑dele and RHΔtrx4C‑I + II‑dele strains. The experiments were 
performed three independent times. The difference was analyzed by Student’s t‑test. *P < 0.05; **P < 0.01; ***P < 0.001
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evaluated. The results showed that mice infected with 
RH strain reached the humane endpoint within 21 days 
of infection, while 40% of the mice infected with 
secSgRHΔtrx4 were still alive until 30 days of infection, 
suggesting that deletion of trx4 by the second SgRNA 
could attenuate the RH virulence, although the survival 
curves between the two groups were not significantly 
different, which might due to individual differences 
between mice (Fig. 7b).

Regarding the type II strain, Kunming mice were 
infected by a low dose (2 ×  102) or high dose (2 ×  104) 
of tachyzoites of the Pru strain and monitored for 
survival. Regardless of the infection dose, the sur-
vival rate  between the Pru and PruΔtrx4 strains 

was significantly different, with all mice infected by 
PruΔtrx4 remaining alive until 30  days post infection 
(Fig.  7c and d). Moreover, PruΔtrx4C partly restored 
the virulence (Fig.  7c and d). Brain cyst burden was 
assessed in the mice that remained alive at day 30 post 
infection, and the results indicated that fewer brain 
cysts were observed in mice infected by either a low 
dose (6.7 ± 2.5) or high dose (7.1 ± 3.1) of the KO strain, 
whereas mice infected by either the low or high dose of 
wt parasites had 77.67 ± 14.68 brain cysts or 200 brain 
cysts, respectively. Moreover, PruΔtrx4C restored the 
defect of cyst formation in  vivo, with mice infected 
by either the low or high dose of PruΔtrx4C having 
114.3 ± 20.72 cysts or 163.8 ± 26.07 cysts, respectively.

Fig. 4 Biotinylation of the proximity proteins associated with Trx4. a IFA showed that Trx4 fused with the TurboID‑4Ty tag was localized in the PV 
and proximity proteins associated with Trx4 were labeled by Strep‑594 when parasites were biotinylated with D‑biotin. Green, mouse anti‑Ty; 
red, streptavidin‑Alexa Fluor 594 conjugate. Scale bar: 2 μm. b Western blotting confirmed that biotinylation of proximity proteins were stained 
with Strep‑HRP when parasites were incubated with D‑biotin. − biotin, parasites were not incubated by D‑biotin; + biotin, parasites were incubated 
by D‑biotin; Strep‑HRP, streptavidin‑horseradish peroxidase conjugate; Ty, mouse anti‑Ty; ALD, rabbit anti‑aldolase. c The pie chart depicts 
the percentage of biotinylated proteins identified as proximity proteins of Trx4, categorized based on their predicted localization from ToxoDB. 
(d) The table summarizes the top 10 hits from mass spectrometry based on the number of unique peptides identified. GWCS, phenotype score 
determined based on a genome‑wide CRISPR/Cas9 screening
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Fig. 5 Identification of three novel proteins from the data sets of Trx4‑TurboID* strain. a–c IFA showed that TGGT1_215910 (a), TGGT1_216720 
(b) or TGGT1_225160 (c) was co‑localized with Trx4. Red, rabbit anti‑HA (Trx4); green, mouse anti‑Ty (proximity proteins). Scale bar: 3 μm. d–i 
IFA and quantification of the indicated parasite strains revealed that deletion of trx4 did not change the localization of TGGT1_215910 (d and e), 
TGGT1_216720 (f and g) and TGGT1_225160 (h and i). Red, mouse anti‑IMC1; green, mouse anti‑Ty. Scale bar: 3 μm. The experiments were 
performed three independent times. The difference was analyzed by Student’s t‑test. n.s., not significant
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To assess whether the observed defect in cyst forma-
tion in  vivo for PruΔtrx4 was a result of the parasites’ 
inability to form cysts, we evaluated the rate of PruΔtrx4 
transformation into cysts in  vitro (Fig.  7e). Results 
showed that the rates of DBA-positive vacuoles were not 
significantly different between wt and KO strains when 
the parasites were cultured at 37 ℃ in a 5%  CO2 atmos-
phere or induced by differentiation medium (pH = 8.2, 
ambient  CO2) for 2 days (Fig. 7f ).

Discussion
In this work, we have identified the Trx4 protein of 
T. gondii as a novel thioredoxin protein of 622 amino 
acids with two Trx domains. The newly described pro-
tein TgTrx4 was expressed in the PV and co-localized 
with GRA1 and GRA5. In P. falciparum, thioredoxin 
2 (PfTrx2) is a member of a protein complex embed-
ded in the PVM that plays a role in the translocation of 
secretory proteins [28]. Disruption of PfTrx2 affects the 
parasite’s ability to secrete proteins into the host cells 

Fig. 6 The expression patterns of selected GRAs in both RH and trx4‑mutant strains examined by using IFA. Quantification of the indicated parasite 
strains revealed that trx4 deficiency did not affect the location of GRA1 (a and b) and GRA5 (c and d) and did not alter the translocation of GRA16 
into host cell nucleus (e and f). Red, mouse anti‑IMC1 or rabbit anti‑IMC1; green, mouse anti‑GRA1, rabbit anti‑GRA5 or rabbit anti‑HA. Scale bar: 
3 μm. The experiments were performed three independent times. The difference was analyzed by Student’s t‑test. n.s., not significant
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[31]. The localization of Trx2 in P. falciparum is simi-
lar to that of Trx4 in T. gondii. However, the two pro-
teins have different homologies. PfTrx2 has a molecular 
weight of 19 kDa, while TgTrx4 has a molecular weight 
of 69 kDa, suggesting that these proteins may exert dif-
ferent functions in the respective parasite species.

Consistent with its negative phenotypic value (− 1.29), 
the deletion of trx4 impaired the parasite invasion into 
the host cells as shown by the smaller plaques produced 
by the KO strain compared with that produced by the wt 
strain in both RH and Pru strains. To further character-
ize the phenotypic changes caused by trx4 deficiency, we 
constructed the complemented strains in RH and Pru 

strains, namely RHΔtrx4C-6HA and PruΔtrx4C-6HA, 
respectively, in which the C-terminus of Trx4 was fused 
with a 6 × HA tag and a DHFR terminator. However, 
these complemented strains only restored the expres-
sion of Trx4 and did not restore their biological func-
tion. It is unclear, though, why the two complemented 
strains failed to restore the protein function. It is possi-
ble that this is caused by modification introduced by the 
HA tag inserted at the C-terminus of Trx4 or the heter-
ologous DHFR terminator. The complemented strains, 
RHΔtrx4C and PruΔtrx4C, with wt Trx4 were also con-
structed, where Trx4 was expressed by its own promoter 
and terminated by its own terminator. Fortunately, both 

Fig. 7 Virulence assays of trx4-deficient parasites in RH strain and Pru strain. a Survival of Kunming mice that were infected by 2 ×  102 dose of RH 
(n = 16 mice), RHΔtrx4 (n = 16 mice) or RHΔtrx4C (n = 8 mice). Survival curves of mice were analyzed by Gehan‑Breslow‑Wilcoxon test. **P < 0.01; 
***P < 0.001. b Survival of Kunming mice that were infected by 2 ×  102 dose of RH (n = 10 mice) or secSgRHΔtrx4 (n = 10 mice). Survival curves 
of mice were analyzed by Gehan‑Breslow‑Wilcoxon test. ns., not significant c and d Survival of Kunming mice that were infected by low dose 
(2 ×  102) of Pru strains (n = 20 mice/Pru strain; n = 20 mice/PruΔtrx4 strain; n = 10 mice/PruΔtrx4C strain) (c) or high dose (2 ×  104) of Pru strains (n = 20 
mice/Pru strain; n = 20 mice/PruΔtrx4 strain; n = 10 mice/PruΔtrx4C strain) (d). Survival curves of mice were analyzed by Gehan‑Breslow‑Wilcoxon 
test. **P < 0.01; ***P < 0.001. e Representative IFA images of bradyzoite differentiation conducted in vitro using the Pru and PruΔtrx4 strains. Green, 
fluorescein‑Dolichos biflorus agglutinin (DBA); red, rabbit anti‑IMC1. Scale bar: 10 μm. (e) Differences in the proportion of bradyzoite differentiation 
between Pru and PruΔtrx4 strains when parasites were cultured at pH7.4 or pH8.2 for 2 days. The experiments were performed three independent 
times. The differences were analyzed by Student’s t test. n.s., not significant
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RHΔtrx4C and PruΔtrx4C restored the defects of cell 
invasion and plaque formation, suggesting that impair-
ment in the Trx4 function can be attributed to the HA 
tag inserted at the C-terminus of Trx4 or the heterolo-
gous terminator. Notably, the newly constructed strain 
using different guide RNAs (gRNA) exhibited growth 
defects similar to those observed in the original lines, 
suggesting that the observed growth defects were pri-
marily attributed to the loss of trx4 and were not the 
result of off-target effects. Mutation of Trx domains in 
Trx4 in RHΔtrx4C strains were constructed. Phenotypic 
analysis revealed that both Trx domains were important 
for the invasion and plaque formation of RH strain, sug-
gesting Trx domains played roles in the biological func-
tion of Trx4. On the other hand, insertion of the 6 × HA 
tag may affect the localization of Trx4, as observed by the 
inability of complemented strains RHΔtrx4C-6HA and 
PruΔtrx4C-6HA to restore the function of Trx4. This 
suggests that modification of the C-terminus is appar-
ently not tolerated, warranting further study on the local-
ization of Trx4 using anti-Trx4 antibody.

Traditional co-immunoprecipitation analysis, com-
monly used to characterize biological functions, is lim-
ited by transient or weak interactions [36]. Therefore, 
enzyme-catalytic proximity labeling techniques, coupled 
with mass spectrometry, have emerged as efficient tools 
for dissecting protein-protein interactions and organelle 
composition. The two most notable systems are BioID 
and TurboID [34]. Given the specific localization of Trx4, 
we employed the TurboID labeling technique to identify 
candidate proximity proteins of Trx4. Trx4, tagged with 
TurboID, was expressed in the PV, which was similar to 
Trx4 tagged with HA tag. The majority of proximity pro-
teins were biotinylated by D-biotin and were co-localized 
with Trx4. Following mass spectrometry analysis, a total 
of 69 proteins were identified as interesting candidates, 
with the vast majority (39 out of 69) being located in 
dense granules. As anticipated, many of these dense gran-
ule-localized proteins were previously reported GRAs, 
including GRA16, GRA17, GRA39, GRA57, GRA70 and 
others [41–43].

Interestingly, Trx4 was also found as proximity protein 
of GRA17, which is localized at dense granules, further 
confirming Trx4 as a dense granule protein [26]. Bioti-
nylation of proximity proteins using Trx4-TurboID* 
also revealed the presence of MYR1, MYR3 and MYR4, 
which are important for the translocation of GRAs [44, 
45]. Our results also identified PPM3C, which interacts 
with MYR1. PPM3C plays an essential role in GRA16 
translocation [25]. However, deletion of trx4 did not have 
any effect on the translocation of GRA16, suggesting 

that Trx4 was not involved in the translocation of GRAs. 
To further validate the mass spectrometry results, we 
focused on three novel proteins (TGGT1_215910, 
TGGT1_216720 and TGGT1_225160) identified in the 
data sets of the Trx4-TurboID* strain, which had not 
been previously characterized. We explored their locali-
zation within the Trx4-6HA strain. These hypotheti-
cal proteins were co-localized with Trx4 and were also 
expressed in the PV. We individually inserted a 2 × Ty tag 
at the C-terminus of TGGT1_215910, TGGT1_216720 or 
TGGT1_225160 in both wt and RHΔtrx4 backgrounds. 
However, the distribution of these PV-resident proteins 
remained unaffected regardless of whether Trx4 was 
present.

Deletion of trx4 impaired the tachyzoite ability to 
invade host cells in both RH (Type I) and Pru (Type II) 
strains in  vitro, which may contribute to the attenuated 
virulence in mice. Toxoplasma gondii RH strain of the 
virulent type I displays enhanced migratory capacity, kills 
mice in the acute stage and does not readily form tissue 
cyst in  vivo. The type II Pru strain is less virulent and 
forms cysts in the brain, skeletal muscle and other tissues 
of the host, leading to a latent infection. The disruption 
of trx4 significantly attenuated parasite virulence and 
reduced the number of brain cysts, suggesting that Trx4 
may play a role in the pathogenicity and persistence of T. 
gondii within the host. Complementation of Trx4 at the 
uprt locus did not completely restore virulence, suggest-
ing that the endogenous site of Trx4 may affect its activ-
ity in vivo. Reassuringly, while this manuscript was under 
revision, Tachibana et  al. (bioRxiv preprint) identified 
TGGT1_224060 as a virulence factor by CRISPR screen-
ing, showing that deletion of TGGT1_224060 attenuated 
the virulence of RH strain [46].

The PV is a critical site for the complex interactions 
that occur between T. gondii and the host cell and plays a 
central role in modulating nutrient acquisition and resist-
ance to the host cell’s IRGs defense system. The fact that 
Trx4 is predominantly expressed in the PV and associates 
with many proteins localized in this compartment indi-
cates that Trx4 may play a role in regulating pathways 
related to the parasite ability to interact with and modu-
late cell processes specific to the PV. However, this merits 
further investigations.

Conclusions
In this study, a newly discovered thioredoxin (Trx4) of 
T. gondii was characterized. Trx4 was localized in the 
PV. The deletion of trx4 significantly impaired the para-
site’s ability to invade the host cells. Using the TurboID 
system, we identified many proximity proteins associated 
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with Trx4, and a significant proportion of these proteins 
was located in the PV. The deletion of trx4 significantly 
reduced the parasite virulence and decreased cyst for-
mation in the brain of mice. Our data provided insight 
into the role of Trx4 in T. gondii and highlighted its sig-
nificance in the parasite invasion and virulence. The 
association of Trx4 with many proximity proteins local-
ized in the PV clearly implicates this protein in multiple 
processes relevant to this unique vacuolar compartment. 
Further studies are needed to elucidate the mechanisms 
underlying these findings and the relationships between 
Trx4 and its associated proteins.
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