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The first apicoplast tRNA
thiouridylase plays a vital
role in the growth of
Toxoplasma gondii
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Toxoplasmosis caused by the protozoan Toxoplasma gondii is one of the

most common parasitic diseases in humans and almost all warm-blooded

animals. Lys, Glu, and Gln-specific tRNAs contain a super-modified 2-

thiourea (s2U) derivatives at the position 34, which is essential for all living

organisms by maintaining the structural stability and aminoacylation of tRNA,

and the precision and efficiency of codon recognition during protein

translation. However, the enzyme(s) involved in this modification in T.

gondii remains elusive. In this report, three putative tRNA-specific 2-

thiolation enzymes were identified, of which two were involved in the

s2U34 modification of tRNALys, tRNAGlu, and tRNAGln. One was named

TgMnmA, an apicoplast-located tRNA-specific 2-thiolation enzyme in T.

gondii. Knockout of TgMnmA showed that this enzyme is important for the

lytic cycle of tachyzoites. Loss of TgMnmA also led to abnormities in

apicoplast biogenesis and severely disturbed apicoplast genomic

transcription. Notably, mice survived from the infection with 10 TgMnmA-

KO RH tachyzoites. These findings provide new insights into s2U34 tRNA

modification in Apicomplexa, and suggest TgMnmA, the first apicoplast tRNA

thiouridylase identified in all apicomplexans, as a potential drug target.
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Introduction
Toxoplasma gondii is an obligate intracellular parasitic

protozoan that belongs to the phylum Apicomplexan, which

includes other important pathogens such as Plasmodium spp.

and Cryptosporidium spp. The life cycle of T. gondii is divided

into asexual reproduction in the intermediate host and sexual

reproduction in the small intestinal epithelial cells of the

definitive host which is the domestic cat and other felids

(Kochanowsky and Koshy, 2018). The disease it causes,

toxoplasmosis is a zoonosis of medical and veterinary

importance worldwide (Montoya and Liesenfeld, 2004).

Studies have shown that toxoplasmosis is often an

asymptomatic infection in people and animals with competent

immunity. However, it can have devastating consequences

for those with compromised immunity or pregnancy (Esch,

2010). The high incidence of toxoplasmosis threatens the

development of agriculture and animal husbandry and brings

huge economic losses globally (Montoya and Liesenfeld, 2004).

At present, the standard therapy for toxoplasmosis is a

combination of sulfadiazine and pyrimethamine, which has

disadvantages such as long course of treatment, toxicity and

significant failure rate (Dunay et al., 2018). Accordingly, there is

an urgent need to identify new drug targets for the treatment

of toxoplasmosis.

All biological macromolecules including proteins, RNA,

DNA, sugars and lipids are subject to chemical modification

upon biochemical synthesis for functional regulation. Of all

known RNA species, ribosomal RNA (rRNA) and transfer

RNA (tRNA) are the most heavily modified. There are many

post-transcriptional chemical modifications in tRNA on the four

basic nucleotides (U, C, G and A) and each tRNA contains eight

modifications on average (Phizicky and Alfonzo, 2010). So far,

more than 100 types of tRNA modifications have been found in

all domains of life, among which sulfur modifications are

particularly important (Boccaletto et al., 2018). Sulfur

Modifications are essential to maintain the structural stability

and aminoacylation of tRNAs, and the precision and efficiency

of codon recognition (Shigi, 2014). There are a variety of sulfur-

modified nucleotides in tRNAs, which are commonly found at

seven different positions: 8, 9, 32, 33, 34, 37, and 54, including 2-

thiouridine (s2U) derivatives, 4-thiouridine (s4U), 2-thiocytidine

(s2C) and 2-methylthioadenosine (ms2A) (Shigi, 2018).

Compared to other positions of tRNAs, the nucleotides at the

wobble position 34 of the anticodon are more prone to

modification. The U34 of tRNAGln
UUG, tRNALys

UUU, and

tRNAGlu
UUC is universally 2-thiolated in all three domains of

life, being hypermodified to different s2U derivatives (xm5s2U)

(Cavuzic and Liu, 2017; Suzuki, 2021). Their biosynthesis

involves a “ sulfur trafficking system” initiated by cysteine

desulfurase and a “modification enzyme” that directly

incorporates sulfur into tRNAs (Wang et al., 2010). In
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bacteria, the tRNA modifying enzyme participating in s2U

modification of tRNALys, tRNAGlu and tRNAGln is MnmA

(Shigi, 2014), while in archaea, it is NcsA (Chavarria et al.,

2014). Mtu1 is involved in the 2-thio group in mitochondrial

tRNALys, tRNAGlu and tRNAGln but not 2-thiolation of

cytoplasmic tRNAs (Umeda et al., 2005). In contrast, the

tRNA modifying enzyme involved in 2-thiolation of

cytoplasmic tRNAs in eukaryotes is Ncs6 (Cavuzic and Liu,

2017; Suzuki, 2021). Nonetheless, no functional studies of tRNA

modifying enzyme(s) responsible for 2-thiolation of tRNAs have

been conducted to elucidate their roles in any apicomplexans.

In addition to nuclear DNA, apicomplexans have two

extrachromosomal genomes, separately residing in the

mitochondrion and apicoplast. Mitochondrion in T. gondii

tachyzoite contains a minimal genome carrying fragmented

rRNA genes and three protein-encoding genes. However, it

lacks tRNA genes (Namasivayam et al., 2021). The second

DNA-containing organelle is the apicoplast (apicomplexan

plastid), a vestigial plastid existing in most of the

apicomplexan parasites, which no longer undertakes the

function of photosynthesis (Lim and McFadden, 2010). The

apicoplast evolved from the secondary endosymbiont event with

engulfment of a photosynthetic cyanobacterium (Archibald,

2015), and its genome in T. gondii contains 4 rRNAs, 33

tRNAs and 28 predicted protein-coding genes (Seeber et al.,

2020) (Supplementary Table 1). The presence of tRNAs and the

capability of self-protein expression indicate that there are

nucleus-encoded tRNA modifying enzymes trafficking to the

apicoplast, which play an important role for accurate and

efficient protein translation. The apicoplast contains three

tRNAs with especially important s2U34 modification,

including tRNAGin
UUG, tRNA

Lys
UUU and tRNAGlu

UUC, so we are keen

to explore the functional thiouridylase involved in 2-thiolation

of apicoplast tRNAs here. Indeed, without an apicoplast, T.

gondii tachyzoites died after one complete intracellular

developmental cycle (IDC) (Kennedy et al., 2019). The unique

characteristics of apicoplast present possibilities for intervention,

i.e., the proteins involved in the replication, transcription and

translation of the apicoplast genome are expected to provide a

variety of new chemotherapeutic targets.

Here we screened T. gondii tRNA s2U34 thiouridylases in

nuclear, mitochondrion and apicoplast genomes, and identified

that the TGGT1_309110 gene is apicoplast-located.

TGGT1_309110 has high homology with plant MnmA, so we

named it as TgMnmA. To further investigate the role of

TgMnmA in T. gondii, we generated a TgMnmA-KO in

RHDku80 strain by CRISPR/Cas9. We elucidated the effect of

TgMnmA deficiency on the growth of T. gondii in vitro and

examined the loss of TgMnmA on parasite adhesion, invasion

and replication. TgMnmA-KO parasites were further assessed

for the impact of TgMnmA-KO on apicoplast biogenesis and

transcription of the apicoplast genome. The survival of mice

infected with TgMnmA-KO parasites was investigated.
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Materials and methods

Bioinformatics analysis

Protein sequences of tRNA s2U34 thiouridylases including

MnmA, MTU1, NCS6 and NCSA in various species were

obtained from NCBI (https://www.ncbi.nlm.nih.gov/), and the

homologous tRNA thiouridylases in T. gondii were screened by

BLAST from the ToxoDB (https://toxodb.org/toxo/). HMMER

(https://www.ebi.ac.uk/Tools/hmmer/search/phmmer) was used

for domain prediction of tRNA thiouridylases. A bootstrap

consensus tree of tRNA s2U34 thiouridylases sequences was

built with MEGA X (http://www.megasoftware.net/) using

Maximum Likelihood, tested by Bootstrap method with

1000 replications.
Parasite and host cell culture

Parental T. gondii RHDku80Dhxgprt (here referred as

RHDku80) and subsequent strains were cultivated in confluent

monolayers of human foreskin fibroblasts (HFF) in Dulbecco’s

modified Eagle medium (DMEM) (Biological Industries, Israel)

supplemented with 2.5% fetal bovine serum (Gibco, USA) and

1% penicillin-streptomycin-glutamine (Gibco). All strains and

host cell lines were tested negative for Mycoplasma sp. with the

One-Step Mycoplasma Detection Kit (Yeason, China). The cells

were cultured in a humidified incubator with 5% CO2 at 37°C.

Tachyzoites used in experiments were freshly purified with a

syringe filter of 5-mm pore size (Millipore, Germany).
Parasite transfection

For each transfection, 10-20 million purified tachyzoites in

300 mL cytomix buffer (Shen et al., 2017) were mixed with 7.5 mg
purified CRISPR/Cas9 plasmid and 10 mg donor DNA fragment

in a 2 mm gap gene pulser® cuvette (Bio-Rad, USA) and

electroporated with the Gene Pulser Xcell electroporator (Bio-

Rad). After electroporation, the parasites were immediately

transferred to confluent HFF host cells. Transfected parasites

were grown in HFF cultures for 24 h for recovery prior to drug

selection for stable transformants.
CRISPR/Cas9 gene tagging

For C-terminal 3HA or 6HA tagging, CRISPR/Cas9 plasmids

were constructed to create double stand nicks targeting the gene 3′
UTR near the translation stop codon (Shen et al., 2017). The

SgRNA sequences were annealed and ligated with the Bbs I-

digested pSAG1::Cas9-U6::Bbs I plasmid, which was modified
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from pSAG1::CAS9-U6::sgUPRT (Addgene plasmid 54467). A

homology-directed repair template was PCR amplified using 59

bp PCR primers that contain 39 bp fragments upstream of the

translation stop codon and downstream of the Cas9 break site

from the vector pLinker-BirA-3xHA-HXGPRT-loxP (Addgene

plasmid 86668) or pLinker-6xHA-HXGPRT-LoxP (Addgene

plasmid 86552) that includes the epitope tag and selection

cassette. The plasmid was purified by phenol-chloroform

extraction, precipitated in ethanol, and electroporated into

RHDku80 parasites, along with the sequence-verified CRISPR/

Cas9 plasmid. Transfected parasites were selected with

mycophenolic acid (25 mg/mL) and xanthine (50 mg/mL), and

then cloned by limiting dilution. PCR, IFA, andWestern blot were

performed to confirm successful tagging of clones containing 3HA

or 6HA. Primers used in this study were provided in

Supplementary Table 2.
CRISPR/Cas9 gene deletion and
complementation

For gene deletion, a CRISPR/Cas9 plasmid was generated to

cut the gene coding region. This plasmid was co-transfected with

a TgMnmA-specific knockout fragment that contained an

EGFP-DHFR selectable marker, flanked by 40 bp specific 5’

and 3’ homology arms. Transfected parasites were selected with

pyrimethamine (3 mM). Knockout clones were then isolated by

limiting dilution and verified by PCR and qRT-PCR. For gene

complementation, a CRISPR/Cas9 plasmid was generated to

target the DHFR region. This plasmid was co-transfected with a

TgMnmA-specific complementing fragment that contained a

HXGPRT selectable marker, flanked by 40 bp specific 5’ and 3’

homology arms. Transfected parasites were selected with

mycophenolic acid (25 mg/mL) and xanthine (50 mg/mL), and

then cloned by limiting dilution. PCR, IFA, and Western blot

were performed to confirm successful insertion.
Immunofluorescence assays and
western blot

For IFA, confluent HFF monolayers grown on glass

coverslips were infected with T. gondii tachyzoites followed by

fixation in 4% formaldehyde. They were then permeabilized with

0.25% Triton X-100 in phosphate-buffered saline (PBS), blocked

with 1% bovine serum albumin (BSA)/PBS, labeled with primary

antibodies, and washed with PBS. Alexa Fluor 488/594/647-

conjugated secondary goat antibodies (1:1000) were used. Nuclei

were stained with 4’,6-diamidino-2-phenylindole (DAPI).

Coverslips were viewed with a fluorescent microscope (Zeiss

LSM 880), and processed with ZEN 2.3 software (Zeiss). Rabbit

monoclonal anti-HA Tag (C29F4) antibodies (Cell Signaling
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Technology, USA) were used at a dilution of 1:500. The primary

antibodies: mouse anti-Tg (1:2000), mouse anti-IMC1 (1:1000),

mouse anti-Cpn60 (1:1000), mouse anti-Sortilin (1:1000), mouse

anti-Centrin 1 (1:1000), mouse anti-ROP14 (1:1000),

mouse anti-GRA16 (1:1000), rabbit anti-IMC1 (1:1000) and

rabbit anti-GAP45 (1:1000), were prepared and preserved in

the lab.

For Western blot, purified parasites were lysed in protein

lysis buffer with protease inhibitor cocktail. Lysates were

resolved by SDS-PAGE and transferred onto polyvinylidene

fluoride (PVDF) membranes (Millipore, USA), and proteins

were detected with the appropriate primary antibody and

corresponding secondary antibody conjugated to horseradish

peroxidase. Chemiluminescence was induced using the FDbio-

Femto ECL Kit (Fdbio Science, China) and imaged on a

ChemiDoc system (Bio-Rad, USA). Western blot signals were

analyzed with Image Lab 5.2.0 software.

Primary antibodies were diluted as follows: rabbit anti-HA

(Cell Signaling Technology, USA) 1:1000 and mouse anti-SAG1

(prepared and preserved in the lab) 1:1000. HRP-conjugated

antibodies were diluted as follows: goat anti-mouse (Fdbio

Science, China) 1:5,000 and goat anti-rabbit (Fdbio Science,

China) 1:5,000.
Plaque assay

Freshly harvested tachyzoites (n = 200) were added to six-

well plates of confluent HFF monolayers and incubated at 37 °C

with 5% CO2. On day 7, HFF monolayers were fixed in methanol

for 10 min, washed in PBS, and stained with 0.1% crystal violet

solution for visualization. Plaque numbers were counted for each

well. Areas of plaques were measured by a Pixel plugin in the

Photoshop C6S software (Adobe, USA).
Replication assay

Freshly harvested parasites (n = 1×105) were allowed to

invade 24-well plates of confluent HFF monolayers grown on

glass coverslips for 3 h, then free parasites were washed off. At

24 h PI, infected HFF monolayers were fixed with 4%

paraformaldehyde for 15 min and then permeabilized with

0.25% Triton X-100, blocked with 1% BSA. Cells were

incubated with rabbit anti-GAP45 in blocking buffer for 1 h.

Next, goat anti-rabbit Alexa-Fluor 488 (Thermo Fisher) was

applied for 1 h, followed by antifade mountant with 4′,6-
diamidino-2-phenylindole (DAPI) to visualize the nucleus. All

samples were anonymized prior to parasite counting. In each

sample, 10 image fields at 360× amplification (each containing

approximately 15 to 20 vacuoles) were analyzed.
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Attachment and invasion assay

Freshly harvested parasites (n = 5×106) were allowed to

attach and invade 24-well plates of HFF monolayers grown on

glass coverslips for 30 minutes, then washed to remove non-

invaded parasites. Infected HFF monolayers were fixed with 4%

paraformaldehyde for 15 min and then blocked with PBS

supplemented with 1% BSA. Extracellular parasites were first

labeled with mouse anti-Tg then washed with PBS. After being

washed in PBS, monolayers were labeled with goat anti-mouse

IgG Alexa Fluor 594.The monolayers were then permeabilized

with 0.25% Triton X-100, blocked with 1% BSA followed by

labeling all parasites with rabbit anti-GAP45. After being washed

with PBS, monolayers were labeled with goat anti-rabbit IgG

Alexa Fluor 488. The nuclei were stained with DAPI. At least 10

images under 1,000× amplification for each sample were taken to

count the number of parasites and host nuclei for the attachment

and invasion assay. The relative efficiency of invasion was

calculated as the mean percentage of invaded parasites to the

total number of parasites. The data were obtained from three

independent exper iments , each conta in ing three

technical replicates.
ATc treatment

T. gondii tachyzoites were treated with 4 mg/mL

anhydrotetracycline (ATc) to eliminate the apicoplast by

blocking its protein biosynthesis (Dahl et al., 2006; Wiesner

et al., 2008). Freshly harvested parasites were allowed to attach

and invade HFF monolayers grown on glass coverslips for 3 h,

and then parasites were treated for 21 h with 4 mg/mL of ATc or

with EtOH as a contro l be fore fixat ion with 4%

paraformaldehyde. In addition, freshly harvested parasites

were allowed to grow for 24 h, at which time 4 mg/mL ATc or

EtOH was added. After another 24 hours, HFF monolayers were

fixed. IFA using anti-HA, anti-IMC1 and anti-Cpn60 or anti-

Sortilin antibodies was performed.
Measurements of mRNA levels

Total RNA was extracted from purified parasites grown in

HFF monolayers for 24 h using TRIzol (Invitrogen, USA), and

cDNA was generated using ReverTra Ace qPCR RT Kit (Toyobo,

Japan). Quantitative PCR was carried out using specific primers

with SYBR®Green Realtime PCRMaster Mix (Toyobo, Japan) on

a T100 Real-Time PCR System (Bio-Rad, USA). Relative levels of

transcripts were calculated using the 2-DDCT method using the

tubulin-b gene as an internal control. All experiments were

performed at least three times, each with three technical replicates.
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Mice survival assay

Mice were purchased from Shanghai SLAC Laboratory

Animal Co., Ltd (Shanghai, China). Female 6- to 8-week-old

ICR mice were infected intraperitoneally with freshly harvested

tachyzoites of indicated T. gondii strains. Each group consisted

of 6 mice, and each mouse was given TgMnmA-KO or RHDku80
containing 10, 100, 1000 tachyzoites in 100 mL serum-free

medium. The survival of mice was monitored at least twice a

day. All surviving mice were confirmed seropositive at 3 weeks

PI by ELISA using 2 µg/mL RHDku80-soluble antigens.
Quantification and statistical analysis

Data were presented as the mean ± standard deviation (SD).

Statistical comparisons were determined using Student’s t tests or

two-way ANOVA in the GraphPad Prism 8.0.1 (GraphPad Software,

USA). Comparisons were considered statistically significant as

follows: *P< 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
Results

T. gondii nuclear genome encodes
three putative tRNA-specific
2-thiolation enzymes

A search for tRNA-specific 2-thiolation enzymes in the

Toxoplasma nuclear genome database (http://www.toxodb.org)

using protein sequences of tRNA s2U34 thiouridylases in various

species (see Materials and Methods) yielded 3 putative hits.
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These included TGGT1_309110 annotated as tRNA methyl

transferase, TGGT1_309020 annotated as a PP-loop family

protein, and TGGT1_294380 annotated as a PP-loop domain-

containing protein. Phylogenetic analysis showed that

TGGT1_309110 was more homologous to plants’ U34-tRNA

thiouridylases MnmA, TGGT1_309020 had higher homology

with cytosol Ncs6 of eukaryotes, while TGGT1_294380 had

rather distant phylogenetic relationships with tRNA s2U34

thiouridylases in these species (Figure 1A). Further analysis

indicated that TGGT1_294380 may belong to the TtcA/TtuA

protein family involved in the 2-thiolation process of S2C32.

Domain analysis using profile hidden Markov Models displayed

that TGGT1_309110 contained one SufE domain (residues 519–

589) and three tRNA_Me_trans domains (residues 812–952,

968-1140 and 1489-1560); TGGT1_309020 contained two PP-

loop domains (residues 115-198 and 286-397); TGGT1_294380

contained one PP-loop domain (residues 1353-1528) and two

aminotransferase class-V domains (residues 62-149 and 571-

719) (Figure 1B). Based on phylogenetic analyses and domain

prediction, we named TGGT1_309110 MnmA, TGGT1_309020

Ncs6 and TGGT1_294380 TtcA.
The nuclear tRNA thiouridylase TgMnmA
localizes to the apicoplast

In order to explore the potential functions of these proteins,

we first determined their intracellular locations in T. gondii

tachyzoites. Endogenously tagged cells were generated by

inserting 3× or 6× hemagglutinin (HA) tags at the 3’ end of

the coding sequence of each of the three genes in the RHDKu80
cells by CRISPR/CAS9 genome editing (Figure 2A). PCR yielded
A

B

FIGURE 1

Phylogenetic analysis and domain prediction of putative Toxoplasma thiouridylases. (A) Phylogenetic tree of tRNA 2-thiolation enzymes in
different species. Asterisks indicate homologous proteins in T. gondii. The amino acid sequence-based phylogenetic tree was constructed with
the Maxium Likelihood algorithm using MEGA 10. Bootstrap analysis was performed with 1,000 replicates. The scale bar indicates the branch
length value. Amino acid sequences and accession numbers used to generate phylogenetic tree are presented in Supplementary File 6. (B)
Domain architecture of TGGT1_309110, TGGT1_309020 and TGGT1_294380.
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correct size bands for each cell (Figure 2B). Western blot showed

that each protein in the endogenously HA-tagged cells migrated

at the expected size using anti-HA antibodies, while the parental

(RHDku80) parasites did not (Figure 2C). Moreover, TgTtcA has

several bands with smaller molecular weight than the target size,

which may be due to other processed forms or degradation

products of the target protein. Immunofluorescence analysis

(IFA) conducted with anti-HA antibodies demonstrated that

these three proteins have distinct localizations in different

subcellular compartments. TgNcs6 locates in the cytosol of the

parasite, TgTtcA locates in both the cytosol and nucleus, while

TgMnmA localizes to the juxtanuclear region (Figure 2D). To

further clarify the localization of TgMnmA, we conducted co-

localization analysis experiments with antibodies recognizing

different marker proteins including apicoplast marker (Cpn60),

centrosome marker (Centrin 1), and Golgi marker (Sortilin), and

found TgMnmA colocalized with Cpn60, indicating that it is a

nucleus-encoded apicoplast protein (Figure 2E). The apicoplast

localization of TgMnmA intrigued us because this characteristic
Frontiers in Cellular and Infection Microbiology 06
plastid, found in most Apicomplexan parasites, is an ideal drug

target in the treatment of toxoplasmosis. We found that the

protein TgMnmA is constitutively expressed during the cell cycle

(Figure 2F), which is consistent with its mRNA transcription

pattern (Figure S1) (Behnke et al., 2010). These results

collectively suggest that TgMnmA may play an important role

in the asexual cycle of T. gondii.
TgMnmA is important for the parasite
lytic growth

To investigate the functions of TgMnmA on the lytic cycle

biology of T. gondii, we generated TgMnmA-KO using the parental

RHDku80 cells as described in Materials and Methods (Figure 3A).

The deletion of TgMnmA was confirmed by both PCR and

quantitative reverse transcription-PCR (qRT-PCR) (Figure 3B).

We then performed plaque assays using TgMnmA-KO and
A B

D

E

F

C

FIGURE 2

The tRNA thiouridylase TgMnmA localizes to the apicoplast. (A) Schematic of the CRISPR/Cas9 strategy used to construct the endogenous HA-
tagged tachyzoites. (B) PCR amplication of the HA-tag. The primers used were illustrated in Figure (A). (C) Western blot identification of
endogenously tagged proteins using rabbit anti-HA antibodies. The endogenously HA-tagged proteins of expected size are indicated by a red
star. There is a nonspecific band of ~100kDa in the control lane. (D) Fluorescence microscopy of endogenously tagged TgMnmA, TgNcs6 and
TgTtcA showing their intracellular locations. Parasites were labeled with rabbit anti-HA (green, indicating locations of endogenously tagged
proteins) and mouse anti-IMC1 (red, a marker for the inner membrane complex), and DAPI (blue, nucleus). (E) Immunofluorescence co-
localization analysis of TgMnmA with different organelle makers. Parasites were labeled with rabbit anti-HA (green), mouse anti-sortilin (red,
Golgi apparatus marker) or mouse anti-centrin 1 (red, centrosome marker) or anti-Cpn60 (red, apicoplast marker), rabbit anti-IMC1 (fuchsia,
inner membrane complex 1), and DAPI (blue, nucleus). TgMnmA is co-localized with Cpn60. (F) Expression dynamics and localization of
TgMnmA in the TgMnmA-HA tagged cells. Parasites were labeled with rabbit anti-HA, mouse anti-IMC1 and DAPI. The right represents the
schematic of T. gondii endodyogeny. The size, morphology and DNA intensity of cell nucleus (blue) combined with the extent of IMC1 (red)
labeling of daughter scaffolds define the G1, S, M, early (E), intermediate (I), and late (L) stages of cytokinesis. Apicoplasts (green) showing
different cell cycle stages are added. Scale bar, 2 mm.
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RHDku80 cells to examine the effect of TgMnmA on parasite

growth in vitro, and measured the mean plaque number and size.

A significant reduction was observed in both the number and size of

plaques formed by TgMnmA-KO parasites compared to the

parental RHDku80 cells (Figures 3C, D). Importantly, to confirm

this phenotype, we constructed a TgMnmA complementary strain

called TgMnmA-COMP, by complementing its full-length coding

sequence combined with 3×HA-tag to the original locus, which was

identified by PCR, western blot and IFA. We found that the

complement of TgMnmA could rescue the phenotypic defects of

the TgMnmA-KO parasite (Figure S2). To determine the effect of

the knockout on parasite adhesion and invasion, a green-red

adhesion/invasion assay was conducted, and we found that the

number of parasites that adhered to and invaded host cells was

significantly reduced, and the invasion efficiency was also

significantly lower than that of RHDku80 (Figure 3E). Next,

parasite replication was examined, and compared with RHDku80,
the replication rate of TgMnmA-KO was statistically insignificant,

but showed a certain degree of reduction (Figure 3F). The results

above demonstrate that TgMnmA plays an important role in lytic

parasite growth of Toxoplasma in vitro.
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TgMnmA specifically contributes to
apicoplast biogenesis and probably its
genome transcription

The specific localization of TgMnmA to apicoplast led us to

explore the effect of TgMnmA deficiency on apicoplast

biogenesis. In the case of TgMnmA deletion, not all parasites

in the parasitophorous vacuoles (PVs) were stained positive for

Cpn60, an apicoplast lumen protein. TgMnmA-KO parasites in

4-cell vacuoles showed only 3, 2, 1, or even 0 apicoplast(s), and

Cpn60 was located in the residual body in the PV rather than in

the apicoplast cavity of the parasite (Figure 4A). Scoring of 100

4-cell PVs revealed that the proportion of apicoplast loss

increased from 6% of the parental RHDku80 cells to 38% of

TgMnmA-KO, confirming that TgMnmA-KO leads to apicoplast

disappearance (Figure 4B). The effects of TgMnmA-KO on other

organelles were also investigated. TgMnmA-KO seemed to have

no observable effect on the centrosome, Golgi apparatus, rhoptry

and dense granule (Figure S3). These data collectively show that

TgMnmA specifically contributes to the apicoplast biogenesis of

T. gondii.
A B

D

E
F

C

FIGURE 3

TgMnmA is necessary for the lytic cycle of T. gondii. (A) Strategy of TgMnmA-KO construction. (B) Diagnostic PCR (left) and qRT-PCR (right) on
representative clones P values: ****≤0.0001. The primers used for PCR are illustrated in Figure (A). (C) Images of plaques formed by RHDku80
and TgMnmA-KO cells on HFF monolayers at day 7 with 200 parasites per monolayer. (D) Quantification of plaque numbers (left) and area sizes
(right) of plaques formed by RHDku80 and TgMnmA-KO. P values: ** ≤ 0.01, **** ≤ 0.0001. (E) Tachyzoites were allowed to invade HFF cells for
30 min and then fixed, and extracellular parasites and total parasites were stained consecutively. The left panel shows attached and invaded
parasite numbers of RHDku80 and TgMnmA-KO. The right panel shows invasion efficiency of tachyzoites representing invaded parasites/total
parasites. P values: ** ≤ 0.01, ***≤0.001, **** ≤ 0.0001. (F) Ratios of parasite numbers to vacuoles are shown. Parasites within vacuoles were
quantified after 24 h grown in HFFs.
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We next investigated TgMnmA on gene transcription in

apicoplast using qRT-PCR with cDNA from T. gondii

tachyzoites grown in HFF monolayers for 24 h. The relative

mRNA levels of apicoplast genes reduced from 31% to 94% in

TgMnmA-KO compared to the parental RHDku80. These

included the large and small rRNA genes (Figures 5A, B), the

RNA polymerases (rpoB, rpoC1 and rpoC2) (Figure 5C), other

important genes such as Clp, tufa and SUFB, and ORFs of

unknown function (Figures 5D, E). These data collectively

demonstrate that TgMnmA is probably required for expression

of the apicoplast genome in T. gondii tachyzoites.
ATc inhibits apicoplast replication and
TgMnmA expression

It has been shown that anhydrotetracycline (ATc) blocks

replication and transcription of the apicoplast genome, resulting

in loss of the T. gondii apicoplast (Dahl et al., 2006; Wiesner et al.,
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2008). The expression of apicoplast marker Cpn60 and the target

TgMnmA was investigated by IFA after the TgMnmA-3HA cells

were treated with or without ATc upon host cell entry for 3h or

24h. At 3h PI, ATc treatment had no obvious effect on the existing

apicoplast and TgMnmA protein, but it inhibited parasite’s

replication in the vacuole (Figures 6A, C). Once intracellularly

located after 24 h incubation of tachyzoites with HFF cells, the

parasites continued 2 to 4 cycles of endodyogeny even after ATc

treatment although their apicoplast replication was inhibited.

These were demonstrated by some apicoplast-less progenies and

undetectable TgMnmAprotein (Figures 6B, D). These results were

verified by Western blot (Figure S4). Furthermore, in both cases,

ATc drug treatment did not significantly affect the Golgi

apparatus as indicated in the Sortilin panels of Figure 6. These

results unequivocally indicate that ATc treatment prior to

tachyzoite replication inhibits apicoplast replication of the single

tachyzoite, resulting in replication inability. However, once

tachyzoites have undergone endodyogeny, the parasites can

continue to proliferate even in the presence of ATc, but
A

B

FIGURE 4

TgMnmA is important for the apicoplast biogenesis. (A) Fluorescence microscopy of the apicoplast in 4-cell vacuoles of parental and TgMnmA-
KO parasites. Parasites were labeled with mouse anti-Cpn60 (green, apicoplast marker), rabbit anti-IMC1 (green, inner membrane complex 1),
and DAPI (blue, nucleus). The arrow points to tachyzoites with no apicoplast, and the arrowhead, the apicoplast protein CPN60 was located at
the residual body. Scale bar as shown in the Figure. (B) Quantification of the apicoplast in the parental RHDku80 and TgMnmA-KO tachyzoites.
Apicoplasts in the vacuoles with four tachyzoites each were counted at 16 h postinfection for each strain (n=100). Data represent mean ± SD
(n = 9 replicates combined from n = 3 trials). Statistical significance was analyzed with an unpaired t test, p values: **** ≤ 0.0001.
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replication of the apicoplast is inhibited resulting in apicoplast-less

progenies and no TgMnmA proteins.
Mice survive after infection with 10
TgMnmA-KO tachyzoites

To determine whether TgMnmA is required for survival in

vivo, ICR mice were intraperitoneally infected with variable doses

of TgMnmA-KO or RHDku80 tachyzoites. Mice injected with

1000 RHDku80 tachyzoites died within 10 days, whereas mice

infected with 1000 TgMnmA-KO tachyzoites lived to at least 20

days post-infection (PI) (Figure 7A). In the groups of mice

receiving 100 tachyzoites, all mice given RHDku80 succumbed

to lethal toxoplasmosis within 13 days of infection. In contrast,

among the mice injected with TgMnmA-KO, one mouse died at

day 21 PI, another one died at day 26 PI, and 4 mice remained

alive 35 days PI, with a mortality rate of only 33.3% (Figure 7B).

Further, mice infected with 10 RHDku80 tachyzoites also died

within 13 days, conversely, all mice inoculated with 10 TgMnmA-

KO tachyzoites remained alive 35 days PI (Figure 7C).

Importantly, we found that the complement of TgMnmA could

restore the wild-type phenotype (Figure S5). Moreover, to confirm

the survival of mice from parasitic exposure, antibodies to T.

gondii were detected in sera of these mice collected at 20 days PI.

These data clearly show that mice could survive longer after
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infection with TgMnmA-KO tachyzoites than those with wild-

type RHDku80 tachyzoites.
Discussion

Sulfur is an essential element for a variety of cellular

constituents in all living organisms. The derivatives of s2U,

s4U, s2C, and ms2A are common sulfur-containing nucleotides

(Zheng et al., 2021). Previous studies have shown that these

modifications make translation much more accurate and

efficient, such as proper recognition of the codons in mRNA

or stabilization of tRNA structure (Liu et al., 2016).The

biosynthesis of tRNA sulfur modification involves the “sulfur

transport process” initiated by cysteine desulfurase and the

“integration process” of tRNA involved by the modification

enzymes (Laxman et al., 2013). Compared with sulfur-

modified nucleotides at six positions (8, 9, 32, 33, 37, and 54)

in tRNAs, the U34 site is prone to occur 2-thiolation

modification (Cavuzic and Liu, 2017). In eukaryotes,

thiouridylases have been found in both the cytoplasm and the

mitochondrion, and are involved in s2U34 modification of

glutamate, glutamine, and lysine tRNAs. Recently, mnm5s2U

modification in chloroplast tRNAs has been reported (Liu et al.,

2020), while the modification enzyme responsible for s2U

modification has not been identified. Among the three
A B

D EC

FIGURE 5

Knockout of TgMnmA affects T. gondii apicoplast genome transcription. mRNA quantification by qRT-PCR is shown for the large subunits of
rRNA (A), small subunits of rRNA (B), RNA polymerases (C) and other apicoplast-encoded proteins (D, E) in RHDku80 and TgMnmA-KO grown in
HFF monolayers for 24 h. Data represent means of three independent experiments, each done with triplicates. Error bars show the SEM. The
statistical analysis was performed by 2−DDCt method in Excel 2017 and unpaired t test in GraphPad Prism 8. p values: * ≤ 0.05, ** ≤ 0.01, *** ≤

0.001, **** ≤ 0.0001.
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purported T. gondii tRNA s2U34 thiouridylases, one was

confirmed in the cytoplasm and another one in the apicoplast

by endogenous tagging mediated by CRISPR/Cas9 technology,

and they were named as Ncs6 and MnmA, respectively.

However, we didn’t identify the 2-thiouridylase specifically

located in the mitochondrion, participating in the formation of

the s2U34 derivative. We speculate that probably tRNAs in the

mitochondrion are very likely imported from the cytoplasm in

their 2-thiolated form, since it has been found that there is no

mitochondrion-encoded tRNA gene in T. gondii, and its

translation is compensated by the import of cytosolic tRNAs

encoded by the nucleus and very likely imported in their

aminoacylated form in Apicomplexa (Pino et al., 2010).

In this study, deletion of TgMnmA led to a significant decrease

in the number and area of plaques. Further, TgMnmA-KO parasites

showed a significantly attenuated phenotype in mice. Altogether

they domonstrate that TgMnmA plays an important role in T.

gondii not only in vitro but also in vivo. It has been reported that

tRNA modification is essential for the growth and development of

malaria parasites. 28 tRNA modifications in asexual IDC of

Plasmodium falciparum were identified, among them 22 were

observed with a synchronized increase from ring to trophozoite
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stage. It was found that s2U34 modification plays necessary roles

during various stages of malaria parasites (Ng et al., 2018). In the

ring stage, s2U derivatives formed by the high level of s2U34

modification may serve as the modification precursors for the

subsequent growth stage. In the ring-to-trophozoite transition,

s2U34 modification and other tRNA modifications work together

to ensure the accurate and efficient synthesis of proteins. In the

trophozoite stage, the dithio modification of the wobble site U34

enhances the specific recognition of “codon-anticodon”, resulting

in selective gene expression. However, the true roles of different

tRNA modification, the distribution and location of tRNA

modification, and the modifying enzymes involved in

apicomplexan parasites remain unknown. U-ending anticodons

of tRNAs are almost always modified to ensure accurate decoding

(Agris, 2004; Juhling et al., 2009), and our findings first clarify the

key role of the thiouridylase TgMnmA involved in apicoplast s2U34

modification in the in vitro growth and in vivo survival of T. gondii

tachyzoites, and provide an important basis for the future research.

The intracellular growth process of T. gondii includes

adhesion and invasion of host cells, replication in the PV and

egress from host cells. Various assays using TgMnmA-KO were

carried out to tease out TgMnmA’s function involved in these
A

B

D

C

FIGURE 6

ATc treatment inhibits apicoplast replication and TgMnmA protein expression. Effects of ATc on apicoplast biogenesis and TgMnmA protein
expression were detected by IFA after treating the TgMnmA-3HA tachyzoites with or without ATc for different times. (A) Tachyzoites were used
to infect HFF cells for 3 h and then treated with or without ATc for 21 h ATc treatment had no significant effect on the already-existing
apicoplasts and TgMnmA protein expression, but it inhibited parasite replication in the vacuole. (B) Tachyzoites infected HFF cells for 24 h and
then were treated with ATc for an additional 24 h. The ATc-treated parasites continued 2 to 4 cycles of endodyogeny, but the apicoplast
replication was inhibited as shown by lack of the apicoplast in some cells, and the TgMnmA protein is below the detectable levels in the parasite
with no apicoplast. Cells are stained with rabbit anti-HA (green, indicating TgMnmA), mouse anti-Cpn60 (green, apicoplast marker) or mouse
anti-Sortilin (green, Golgi apparatus marker), rabbit anti-IMC1 (fuchsia, inner membrane complex 1), and DAPI (blue, nucleus). (C ,D) Schematic
presentation of the effect of ATc treatment.
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processes. It turned out that TgMnmA-KO significantly

decreased adhesion and invasion, but had little effect on

replication at 24 h. Quantification of the apicoplast-resident

protein (Cpn60) showed loss of the apicoplast in a fraction of the

population. We speculated that abnormalities of the apicoplast

cause tachyzoites’ defects in adhesion and invasion, and that the

underlying mechanism needs to be worked out in the future

studies. While not all the parasites within a single PV have the

apicoplast, the apicoplasts in some parasites are capable of

driving the parasites without the apicoplast in the same PV to

undergo one more round of complete IDC before death

(Kennedy et al., 2019), demonstrating little effect on

replication at 24 h. One RH parasite can kill ICR mice within

15 days. Mice survive from infection with 10 tachyzoites of the

TgMnmA-KO strain as tachyzoites without apicoplasts may do

not survive long after 24 h. The attenuated phenotype is

probably due to the significantly reduced ability of parasite

adhesion and invasion and/or other mechanisms, as tRNA

thiouridylases have a variety of vital biological functions.

Owing to the prokaryotic origin of plastids, the apicoplast

DNA replication and protein translation apparatuses are

inherently bacterium-like in nature (Köhler et al., 1997). In

particular, bacterial antibiotics, such as tetracyclines, have been

readily repurposed to treat toxoplasmosis (Neville et al., 2015). In

addition, it was confirmed that tetracyclines specifically target the

apicoplast rather than the mitochondria (Dahl et al., 2006;

Wiesner et al., 2008). In this study, treatment of TgMnmA-3HA

tagged parasites with high doses of ATc (4 mg/mL) at 24 h PI
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resulted in some apicoplast-less parasites along with apicoplast

positive cells within a single PV. The treatment did not interfere

with parasite division and rosette formation, which is consistent

with the previous research (Jacot et al., 2013). However, when this

treatment took place at 3 h PI, no parasite replication occurred.

These intriguing results indicate that ATc could block parasite

replication when there is only one tachyzoite in a PV.

Nevertheless, when there are two or more tachyzoites, the

existing apicoplasts are capable of driving parasites to undergo

one more round of complete IDC before death. This phenomenon

is worth further exploration. Furthermore, in the absence of

apicoplast, the expression of nucleus-encoded apicoplast

proteins such as Cpn60 and TgMnmA were also blocked, which

confirms the previous report that ATc treatment blocks the

apicoplast protein biosynthesis (Dahl et al., 2006).

TgMnmA is considered to be a conserved tRNA modifying

enzyme that modifies 2-thiouridine at the wobble position of

apicoplast tRNAGln, tRNAGlu and tRNALys. We observed that

deletion of TgMnmA results in the loss of the apicoplast in a

fraction of the parasites, consistent with the fact that mtu1

knock-out zebrafish has decreased mitochondrial numbers in

hair cells of inner ear (Zhang et al., 2018), andmtu1 is a homolog

responsible for mitochondrial s2U modification (Yan and Guan,

2004; Armengod et al., 2014). The primary defect in the

TgMnmA-KO is expected to be the deficient biosynthesis of

s2U at U34 of tRNALys, tRNAGlu and tRNAGln. It is anticipated

that the failure in tRNA metabolism caused by TgMnmA

deletion perturbes the apicoplast protein synthesis and
A B

C

FIGURE 7

Survival of mice is monitored after infection with variable doses of RHDku80 and TgMnmA-KO tachyzoites. ICR mice were infected
intraperitoneally with 1000 (A), 100 (B) and 10 (C) tachyzoites of RHDku80 and TgMnmA-KO tachyzoites (Six female mice per group), and their
survival was monitored twice daily for over 35 days.
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function. Using qRT-PCR, we found that the absence of

TgMnmA significantly reduced the transcriptional levels of the

apicoplast genome including those of the large and small rRNA,

the RNA polymerases and other important proteins. These data

suggested that inactivation of TgMnmA may result in reduced

levels of s2U modification in apicoplast tRNAs, leading to

occurrence of translational errors in the apicoplast. Abnormal

apicoplast translation may further result in aberrant ribosome

biogenesis, reduced levels of apicoplast-encoded proteins, and

impaired apicoplast-encoded RNA polymerase activity, similar

to the the functional defect of PDDOL in chloroplast tRNAs by

reduced levels of mnm5s2U modification (Liu et al., 2020). while

we have shown an important role for TgMnmA in the apicoplast

biogenesis, more evidence is needed to ascertain if it is directly

involved in its genome transcription in the future research.

In summary, TgMnmA is a nucleus-encoded apicplast tRNA

sulfur-modifying enzyme. The absence of TgMnmA results in

the inhibition of intracellular growth of the parasite. TgMnmA

plays a critical role in maintaining the function of the apicoplast.

These fndings demonstrate the critical role of TgMnmA in

apicoplast biogenesis and parasite growth and indicate this

protein as an important candidate for therapeutic intervention.
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SUPPLEMENTARY FIGURE 1

TgMnmA relative expression levels throughout the cell cycle as reported in
reference 19.

SUPPLEMENTARY FIGURE 2

Detection of plaques formed by RHDku80, TgMnmA-KO and TgMnmA-

COMP strains. (A) Images of plaques formed by RHDku80, TgMnmA-KO
and TgMnmA-COMP on HFF monolayers at day 7 with 200 parasites per

monolayer. Quantification of plaque numbers (B) and area sizes (C) of plaques
formed by RHDku80, TgMnmA-KO and TgMnmA-COMP. P values: * ≤ 0.05,

**** ≤ 0.0001.
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SUPPLEMENTARY FIGURE 3

The positioning and integrity of the organelles were examined in
intracellular RHDku80 and TgMnmA-KO parasites. The rhoptries (a-
ROP14), dense granules (a-GRA16), Golgi apparatus (a-Sortilin) and
centrosome (a-Centrin 1) do not present any visible defect. The

parasites were co-stained with a-IMC1 (pellicle) and DAPI (nucleus). Scale
bars, 2 µm.

SUPPLEMENTARY FIGURE 4

Western blot showing expression of TgMnmA-3HA 24 hours ± ATc.
Lysates of Intracellular tachyzoites were probed with rabbit anti-HA

monoclonal antibody (upper panel). SAG1 was used as loading control
(bottom panel).
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SUPPLEMENTARY FIGURE 5

ICR mice were infected intraperitoneally with 10 tachyzoites of RHDku80,
TgMnmA-KO and TgMnmA-COMP strains (Six female mice per group),

and their survival was monitored twice daily for over 35 days.

SUPPLEMENTARY FILE 6

Amino acid sequences and the associated accession numbers used to

generate phylogenetic tree.

SUPPLEMENTARY TABLE S1

Gene contents of the Toxoplasma gondii apicoplast genome.

SUPPLEMENTARY TABLE S2

Sequences for primers used in this study.
References
Agris, P. F. (2004). Decoding the genome: A modified view. Nucleic Acids Res.
32, 223–238. doi: 10.1093/nar/gkh185

Archibald, J. M. (2015). Genomic perspectives on the birth and spread of
plastids. Proc. Natl. Acad. Sci. U.S.A. 112, 10147–10153. doi: 10.1073/
pnas.1421374112

Armengod, M. E., Meseguer, S., Villarroya, M., Prado, S., Moukadiri, I., Ruiz-
Partida, R., et al. (2014). Modification of the wobble uridine in bacterial and
mitochondrial tRNAs reading NNA/NNG triplets of 2-codon boxes. RNA Biol. 11,
1495–1507. doi: 10.4161/15476286.2014.992269

Behnke, M. S., Wootton, J. C., Lehmann, M. M., Radke, J. B., Lucas, O., Nawas, J.,
et al. (2010). Coordinated progression through two subtranscriptomes underlies
the tachyzoite cycle of toxoplasma gondii. PloS One 5, e12345. doi: 10.1371/
journal.pone.0012354

Boccaletto, P., Machnicka, M. A., Purta, E., Piatkowski, P., Baginski, B., Wirecki,
T. K., et al. (2018). MODOMICS: A database of RNA modification pathways. 2017
update. Nucleic Acids Res. 46, D303–D307. doi: 10.1093/nar/gkx1030

Cavuzic, M., and Liu, Y. (2017). Biosynthesis of sulfur-containing tRNA
modifications: A comparison of bacterial, archaeal, and eukaryotic pathways.
Biomolecules 7, 27. doi: 10.3390/biom7010027

Chavarria, N. E., Hwang, S. M., Cao, S. Y., Fu, X., Holman, M., Elbanna, D.,
et al. (2014). Archaeal Tuc1/Ncs6 homolog required for wobble uridine
tRNA thiolation is associated with ubiquitin-proteasome, translation, and
RNA processing system homologs. PloS One 9, e99104. doi: 10.1371/journal.
pone.0099104

Dahl, E. L., Shock, J. L., Shenai, B. R., Gut, J., DeRisi, J. L., and Rosenthal, P. J.
(2006). Tetracyclines specifically target the apicoplast of the malaria parasite
plasmodium falciparum. antimicrob. Agents Chemother. 50, 3124–3131.
doi: 10.7554/eLife.60246

Dunay, I. R., Gajurel, K., Dhakal, R., Liesenfeld, O., and Montoya, J. G. (2018).
Treatment of toxoplasmosis: Historical perspective, animal models, and current
clinical practice. Clin. Microbiol. Rev. 31:e00057–17. doi: 10.1128/CMR.00057-17

Esch, G. W. (2010). Toxoplasmosis of animals and humans, second edition, J.
Parasitol. 96, 940. doi: 10.1645/GE-2605.1

Jacot, D., Daher, W., and Soldati-Favre, D. (2013). Toxoplasma gondii myosin f,
an essential motor for centrosomes positioning and apicoplast inheritance. EMBO
J. 32, 1702–1716. doi: 10.1038/emboj.2013.113

Juhling, F., Morl, M., Hartmann, R. K., Sprinzl, M., Stadler, P. F., and Putz, J.
(2009). tRNAdb 2009: Compilation of tRNA sequences and tRNA genes. Nucleic
Acids Res. 37, D159–D162. doi: 10.1093/nar/gkn772

Kennedy, K., Crisafulli, E. M., and Ralph, S. A. (2019). Delayed death by plastid
inhibition in apicomplexan parasites. Trends Parasitol. 35, 747–759. doi: 10.1016/
j.pt.2019.07.010

Kochanowsky, J. A., and Koshy, A. A. (2018). Toxoplasma gondii. Curr. Biol. 28,
R770–R771. doi: 10.1016/j.cub.2018.05.035

Köhler, S., Delwiche, C. F., Denny, P. W., Tilney, L. G., Webster, P., Wilson, R. J.
M., et al. (1997). A plastid of probable green algal origin in apicomplexan parasites.
Science 275, 1485. doi: 10.1126/science.275.5305.1485

Laxman, S., Sutter, B. M., Wu, X., Kumar, S., Guo, X., Trudgian, D. C., et al.
(2013). Sulfur amino acids regulate translational capacity and metabolic
homeostasis through modulation of tRNA thiolation. Cell 154, 416–429.
doi: 10.1016/j.cell.2013.06.043
Lim, L., andMcFadden, G. I. (2010). The evolution, metabolism and functions of
the apicoplast. Philos. T. R. Soc B. 365, 749–763. doi: 10.1098/rstb.2009.0273

Liu, H., Ren, D., Jiang, L., Li, X., Yao, Y., Mi, L., et al. (2020). A natural variation
in PLEIOTROPIC DEVELOPMENTAL DEFECTS uncovers a crucial role for
chloroplast tRNAmodification in translation and plant development. Plant Cell 32,
2345–2366. doi: 10.1105/tpc.19.00660

Liu, Y., Vinyard, D. J., Reesbeck, M. E., Suzuki, T., Manakongtreecheep, K.,
Holland, P. L., et al. (2016). A [3Fe-4S] cluster is required for tRNA thiolation in
archaea and eukaryotes. Proc. Natl. Acad. Sci. U.S.A. 113, 12703. doi: 10.1073/
pnas.1615732113

Montoya, J. G., and Liesenfeld, O. (2004). Toxoplasmosis. Lancet 363, 1965–
1976. doi: 10.1016/S0140-6736(04)16412-X

Namasivayam, S., Baptista, R. P., Xiao, W. Y., Hall, E. M., Doggett, J. S., Troell,
K., et al. (2021). A novel fragmented mitochondrial genome in the protist pathogen
toxoplasma gondii and related tissue coccidia. Genome Res. 31, 852–865.
doi: 10.1101/gr.266403.120

Neville, A. J., Zach, S. J., Wang, X., Larson, J. J., Judge, A. K., Davis, L. A., et al.
(2015). Clinically available medicines demonstrating anti-toxoplasma activity.
Antimicrob. Agents Chemother. 59, 7161. doi: 10.1128/AAC.02009-15

Ng, C. S., Sinha, A., Aniweh, Y., Nah, Q., Babu, I. R., Gu, C., et al. (2018). tRNA
epitranscriptomics and biased codon are linked to proteome expression in
plasmodium falciparum. Mol. Syst. Biol. 14, e8009. doi: 10.15252/msb.20178009

Phizicky, E. M., and Alfonzo, J. D. (2010). Do all modifications benefit all
tRNAs? FEBS Lett. 584, 265–271. doi: 10.1016/j.febslet.2009.11.049

Pino, P., Aeby, E., Foth, B. J., Sheiner, L., Soldati, T., Schneider, A., et al. (2010).
Mitochondrial translation in absence of local tRNA aminoacylation and methionyl
tRNAMet formylation in apicomplexa. Mol. Microbiol. 76, 706–718. doi: 10.1111/
j.1365-2958.2010.07128.x

Seeber, F., Feagin, J. E., Parsons, M., and Dooren, G. (2020). Chapter 11- The
apicoplast and mitochondrion of Toxoplasma gondii, Toxoplasma gondii (Third
Edition, ISBN 9780128150412) Academic Press, 499–545. doi: 10.1016/B978-0-12-
815041-2.00011-6

Shen, B., Brown, K., Long, S., and Sibley, L. D. (2017). Development of CRISPR/
Cas9 for efficient genome editing in toxoplasma gondii. Methods Mol. Biol. 1498,
79–103. doi: 10.1007/978-1-4939-6472-7_6

Shigi, N. (2014). Biosynthesis and functions of sulfur modifications in tRNA.
Front. Genet. 5. doi: 10.3389/fgene.2014.00067

Shigi, N. (2018). Recent advances in our understanding of the biosynthesis
of sulfur modifications in tRNAs. Front. Microbiol. 9. doi: 10.3389/
fmicb.2018.02679

Suzuki, T. (2021). The expanding world of tRNAmodifications and their disease
relevance. Nat. Rev. Mol. Cell. Bio. 22, 375–392. doi: 10.1038/s41580-021-00342-0

Umeda, N., Suzuki, T., Yukawa, M., Ohya, Y., Shindo, H., Watanabe, K., et al.
(2005). Mitochondria-specific RNA-modifying enzymes responsible for the
biosynthesis of the wobble base in mitochondrial tRNAs - implications for the
molecular pathogenesis of human mitochondrial diseases. J. Biol. Chem. 280, 1613–
1624. doi: 10.1074/jbc.M409306200

Wang, X., Yan, Q., and Guan, M.-X. (2010). Combination of the loss of
cmnm5U34 with the lack of s2U34 modifications of tRNALys, tRNAGlu, and
tRNAGln altered mitochondrial biogenesis and respiration. J. Mol. Biol. 395, 1038–
1048. doi: 10.1016/j.jmb.2009.12.002
frontiersin.org

https://doi.org/10.1093/nar/gkh185
https://doi.org/10.1073/pnas.1421374112
https://doi.org/10.1073/pnas.1421374112
https://doi.org/10.4161/15476286.2014.992269
https://doi.org/10.1371/journal.pone.0012354
https://doi.org/10.1371/journal.pone.0012354
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.3390/biom7010027
https://doi.org/10.1371/journal.pone.0099104
https://doi.org/10.1371/journal.pone.0099104
https://doi.org/10.7554/eLife.60246
https://doi.org/10.1128/CMR.00057-17
https://doi.org/10.1645/GE-2605.1
https://doi.org/10.1038/emboj.2013.113
https://doi.org/10.1093/nar/gkn772
https://doi.org/10.1016/j.pt.2019.07.010
https://doi.org/10.1016/j.pt.2019.07.010
https://doi.org/10.1016/j.cub.2018.05.035
https://doi.org/10.1126/science.275.5305.1485
https://doi.org/10.1016/j.cell.2013.06.043
https://doi.org/10.1098/rstb.2009.0273
https://doi.org/10.1105/tpc.19.00660
https://doi.org/10.1073/pnas.1615732113
https://doi.org/10.1073/pnas.1615732113
https://doi.org/10.1016/S0140-6736(04)16412-X
https://doi.org/10.1101/gr.266403.120
https://doi.org/10.1128/AAC.02009-15
https://doi.org/10.15252/msb.20178009
https://doi.org/10.1016/j.febslet.2009.11.049
https://doi.org/10.1111/j.1365-2958.2010.07128.x
https://doi.org/10.1111/j.1365-2958.2010.07128.x
https://doi.org/10.1016/B978-0-12-815041-2.00011-6
https://doi.org/10.1016/B978-0-12-815041-2.00011-6
https://doi.org/10.1007/978-1-4939-6472-7_6
https://doi.org/10.3389/fgene.2014.00067
https://doi.org/10.3389/fmicb.2018.02679
https://doi.org/10.3389/fmicb.2018.02679
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1074/jbc.M409306200
https://doi.org/10.1016/j.jmb.2009.12.002
https://doi.org/10.3389/fcimb.2022.947039
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Yang et al. 10.3389/fcimb.2022.947039
Wiesner, J., Reichenberg, A., Heinrich, S., Schlitzer, M., and Jomaa, H. (2008).
The plastid-like organelle of apicomplexan parasites as drug target. Curr. Pharm.
Des. 14, 855–871. doi: 10.2174/138161208784041105

Yan, Q. F., and Guan, M. X. (2004). Identification and characterization of mouse
TRMU gene encoding the mitochondrial 5-methylaminomethyl-2-thiouridylate-
methyltransferase. Biochim. Biophys. Acta Gene Struct. Expr. 1676, 119–126.
doi: 10.1016/j.bbaexp.2003.11.010
Frontiers in Cellular and Infection Microbiology 14
Zhang, Q., Zhang, L., Chen, D., He, X., Yao, S., Zhang, Z., et al. (2018). Deletion
of Mtu1 (Trmu) in zebrafish revealed the essential role of tRNA modification in
mitochondrial biogenesis and hearing function. Nucleic Acids Res. 46, 10930–
10945. doi: 10.1093/nar/gky758

Zheng, Y. Y., Wu, Y., Begley, T. J., and Sheng, J. (2021). Sulfur modification in
natural RNA and therapeutic oligonucleotides. RSC Chem. Biol. 2, 990–1003.
doi: 10.1039/d1cb00038a
frontiersin.org

https://doi.org/10.2174/138161208784041105
https://doi.org/10.1016/j.bbaexp.2003.11.010
https://doi.org/10.1093/nar/gky758
https://doi.org/10.1039/d1cb00038a
https://doi.org/10.3389/fcimb.2022.947039
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	The first apicoplast tRNA thiouridylase plays a vital role in the growth of Toxoplasma gondii
	Introduction
	Materials and methods
	Bioinformatics analysis
	Parasite and host cell culture
	Parasite transfection
	CRISPR/Cas9 gene tagging
	CRISPR/Cas9 gene deletion and complementation
	Immunofluorescence assays and western blot
	Plaque assay
	Replication assay
	Attachment and invasion assay
	ATc treatment
	Measurements of mRNA levels
	Mice survival assay
	Quantification and statistical analysis

	Results
	T. gondii nuclear genome encodes three putative tRNA-specific 2-thiolation enzymes
	The nuclear tRNA thiouridylase TgMnmA localizes to the apicoplast
	TgMnmA is important for the parasite lytic growth
	TgMnmA specifically contributes to apicoplast biogenesis and probably its genome transcription
	ATc inhibits apicoplast replication and TgMnmA expression
	Mice survive after infection with 10 TgMnmA-KO tachyzoites

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


