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ABSTRACT Toxoplasma gondii is an obligate intracellular parasite that acquires all neces-
sary nutrients from the hosts, but the exact nutrient acquisition mechanisms are poorly
understood. Here, we identified three putative phosphate transporters in T. gondii. TgPiT
and TgPT2 are mainly on the plasma membrane, whereas TgmPT is localized to the mito-
chondrion. TgPiT and TgmPT are widely present and conserved in apicomplexan parasites
that include Plasmodium and Eimeria species. Nonetheless, they are dispensable for the
growth and virulence of Toxoplasma. TgPT2, on the other hand, is restricted to coccidia
parasites and is essential for Toxoplasma survival. TgPT2 depletion led to reduced motility
and invasion, as well as growth arrest of the parasites both in vitro and in vivo. Both
TgPiT and TgPT2 have phosphate transport activities and contribute to parasites’ inor-
ganic phosphate (Pi) absorption. Interestingly, the Pi importing activity of Toxoplasma par-
asites could be competitively inhibited by ATP and AMP. Furthermore, direct uptake of
32P-ATP was also observed, indicating the parasites’ ability to scavenge host ATP.
Nonetheless, ATP/AMP import is not mediated by TgPiT or TgPT2, suggesting additional
mechanisms. Together, these results show the complex pathways of phosphate transport
in Toxoplasma, and TgPT2 is a potential target for antitoxoplasmic intervention design
due to its essential role in parasite growth.

IMPORTANCE To grow and survive within host cells, Toxoplasma must scavenge neces-
sary nutrients from hosts to support its parasitism. Transporters located in the plasma
membrane of the parasites play critical roles in nutrient acquisition. Toxoplasma encodes
a large number of transporters, but so far, only a few have been characterized. In this
study, we identified two phosphate transporters, TgPiT and TgPT2, to localize to the
plasma membrane of Toxoplasma. Although both TgPiT and TgPT2 possess phosphate
transport activities, only the novel transporter TgPT2 was essential for parasite growth,
both in vitro and in vivo. In addition, TgPT2 and its orthologs are only present in coccidia
parasites. As such, TgPT2 represents a potential target for drug design against toxoplas-
mosis. In addition, our data indicated that Toxoplasma can take up ATP and AMP from
the environment, providing new insights into the energy metabolism of Toxoplasma.
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T oxoplasma gondii is a ubiquitous pathogen belonging to the phylum apicomplexan,
which includes many important human and animal parasites such as Plasmodium,

Cryptosporidium, and Eimeria species (1, 2). T. gondii is a major foodborne pathogen infecting
one-third of the world’s human population (3). Human infections are often asymptomatic in
otherwise healthy individuals but can cause severe complications in immunocompromised
individuals (4, 5). In addition, if the first infection is acquired during pregnancy, it can cause
abortion and serious congenital diseases (6, 7). Limited chemotherapies are currently avail-
able, but they are far from ideal due to strong side effects (8).
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T. gondii is an obligate intracellular parasite residing in parasitophorous vacuoles
(PVs) that are nonfusogenic with the hosts’ endolysosomal system (9). As such,
Toxoplasma relies on host cells to provide all necessary nutrients for proliferation and
survival. Therefore, it has sophisticated strategies to acquire nutrients from host cells,
and cross-membrane transport of various molecules is pivotal to parasite growth.
While the propagating parasites are enclosed by the PV membrane (PVM), they secrete
proteins such as GRA17 and GRA23 to the PVM to form pores that allow the exchange
of molecules below the size of 1,900 Da (10, 11). The permeability of the parasites’
plasma membranes is more selective than that of the PVM. Therefore, specific trans-
porters are required for the nutrients in the PV to enter the parasite cytosol. A family of
plasma membrane localized amino acid transporters named ApiAT have been identi-
fied in Toxoplasma and related parasites. Among them, the tyrosine and aromatic
amino acid transporter TgApiAT5-3, the arginine transporter TgApiAT1 (also called
TgNPT1), and the lysine transporter ApiAT6-1 are shown to be critical for parasite
growth and virulence (12–14). Similarly, other transporters involved in the uptake of
diverse nutrients, such as sugars, nucleosides, and ions are also described or reported
(15–17). In addition to the uptake of nutrients from host cells, parasites also encode
transporters to dump waste products. Formate-nitrite transporters (FNT) identified in
Toxoplasma and Plasmodium were thought to mediate lactate efflux in these organ-
isms (18, 19). The single FNT in Plasmodium is a potential drug target, given its critical
role during parasite growth (20). On the other hand, Toxoplasma has three FNTs, all of
which are shown to be dispensable for tachyzoite growth in vitro (18).

Genomic analyses indicate the presence of a large number of putative transporters
in apicomplexan parasites (21). However, their exact substrates and physiological func-
tions are largely unknown. Phosphorous is an essential element for all living organisms
and is involved in many biological processes, such as macromolecule synthesis (such
as nucleic acids and phospholipids), phosphorylation modification, etc. (22). The
import of phosphate from the environment or food is a common way to acquire phos-
phorous, and this process requires specific transporters. In Arabidopsis thaliana, coordi-
nated actions of multiple phosphate transporters are needed to satisfy the demands
for phosphate. The Pht1 family transporters in the root cell membrane mediate phos-
phate uptake at the root-soil interface (23). To avoid phosphate accumulation in cyto-
sol, phosphate can be further imported to and stored in chloroplasts, mitochondria,
and vacuoles through Pht2, Pht3, Pht4, and Pht5 family transporters (24–27). Vacuoles
are the primary sites to store excess phosphates (28). The vacuolar phosphate pool can
be remobilized to other cellular compartments where it is required. As reported for
Oryza sativa, OsVPE1 and OsVPE2 contribute to phosphate efflux from vacuoles (29).
Plants mainly obtain phosphorous from the soil in the form of inorganic phosphates,
but they can also use organic phosphates, through mutualistic microbes or secretion
of phosphatases into the environment to transform organic phosphates into inorganic
phosphates (30, 31). Saccharomyces cerevisiae also has multiple inorganic phosphate
transporters that work under different conditions (32). In addition, it also has a glycero-
phosphoinositol transporter, GiT1, that facilitates the uptake of glycerophosphoinosi-
tol, which can be catabolized to release the phosphate group and acts as a phosphate
source to support yeast growth under phosphate-deficient conditions (33).

Apicomplexan parasites, as obligate intracellular pathogens, obtain phosphates
directly from their host cells. PfPiT from Plasmodium falciparum uses the sodium gradi-
ent between erythrocyte cytosol and parasite cytosol to drive the uptake of inorganic
phosphate into parasites (34). The Na1-dependent Pi transporting characteristics of
PfPiT are well examined, but its physiological importance in parasites has not been
established. The Toxoplasma ortholog (TgPiT) of PfPiT shows similar phosphate-trans-
porting activity. TgPiT deletion results in reduced inorganic phosphate import and pol-
yphosphate synthesis (35). Unexpectedly, the DTgpit mutants only showed a modest
growth defect and virulence attenuation (35). Given the essential role of phosphorous
to all cells, these findings suggest that there must be other phosphate acquisition
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pathways in Toxoplasma. In this study, we identified a novel protein that had inorganic
phosphate transport activity in T. gondii. This new protein, phosphate transporter 2
(TgPT2), is present only in coccidia parasites and is essential for the growth and survival
of Toxoplasma tachyzoites.

RESULTS
Putative phosphate transporters in Toxoplasma and related parasites. To iden-

tify potential phosphate transporters in Toxoplasma, BLAST searches of the Toxoplasma
genome were performed using known phosphate transporters from S. cerevisiae as
baits. Three proteins with significant homology with yeast phosphate transporters
were identified. The first one, TGGT1_240210, shows homology to ScPHO89 (Fig. 1A
and Fig. S1 in the supplemental material) and contains two PHO4 domains that are
found in Na1-phosphate symporters (Fig. 1). This protein was named TgPiT, and it has
Na1-dependent inorganic phosphate transport activity, as reported recently (35). TgPiT
is widely present and conserved in apicomplexan parasites, including Plasmodium
(Fig. 1A), whose PiT was also shown to mediate Pi import into parasites in a Na1-de-
pendent manner (34). The second one, TGGT1_235150, with homology to PHO84 and
GiT1 of yeasts (Fig. S2), encodes a major facilitator superfamily (MFS) protein of 563
amino acids (Fig. 1A and B). This protein has not been described elsewhere and is
called TgPT2 here. In contrast to TgPiT, TgPT2 is only found in certain cyst-forming

FIG 1 Identification of three putative phosphate transporters in Toxoplasma. (A) Phylogenetic analysis of putative phosphate transporters in apicomplexan
parasites. Sequence alignments of 31 putative phosphate transporters were performed with ClustalX2, and an unrooted tree was constructed using MEGA
6.06 with the maximum likelihood algorithm. Bootstrap support values ranging from 0.3 to 1.0 are depicted by color gradients. Tg, Toxoplasma gondii; Pf,
Plasmodium falciparum; HHA, Hammondia hammondi; NCLIV, Neospora caninum Liverpool strain; EfaB, Eimeria falciformis Bayer Haberkorn; Tb, Trypanosoma
brucei; CYC, Cyclospora cayetanensis; CSUI, Cystoisospora suis; Sc, Saccharomyces cerevisiae; Pi, Pythium insidiosum. (B) Conserved domains in putative
Toxoplasma phosphate transporters. Transmembrane regions (TM) are drawn as black boxes. (C) Strategy for C-terminal tagging of gene of interest (GOI) at
the endogenous locus. (D) Immunofluorescent staining to determine the subcellular localization of target proteins, which were tagged with HA at the C
termini as shown in panel C. SAG1 and HSP60 were included as parasite surface and mitochondrion-specific markers, respectively. Untagged parental
strains were included as negative controls.
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coccidian parasites such as Eimeria and Cystoisospora, as well as in some fungal species
(Fig. 1A). The third one, TGGT1_278990, with high similarity to the mitochondrial phos-
phate transporter (MIR1) in S. cerevisiae (Fig. S3), is also a novel protein not character-
ized before and is named T. gondii mitochondrial phosphate transporter (TgmPT) here.
Multiple sequence analyses suggest that mPT is conserved in most eukaryotic cells
(Fig. 1A). When these three putative phosphate transporters and their related proteins
in other organisms were included in a phylogenetic analysis, it was found that they
formed three separate clades (Fig. 1A), suggesting that they likely have different evolu-
tionary paths and working mechanisms, as well as distinct physiological functions.

Localization of putative phosphate transporters in Toxoplasma. To examine the
expression and subcellular localization of the three putative phosphate transporters
identified in T. gondii, a spaghetti-monster HA (smHA) tag was fused to the C terminus
of each protein at the endogenous gene locus (Fig. 1C). Indirect immunofluorescent
assays (IFA) on the corresponding transgenic parasites demonstrated that TgPiT and
TgPT2 were mainly on the parasite surface, as indicated by the colocalization with the
plasma membrane marker SAG1. Notably, TgPiT and TgPT2 were also detected in intra-
cellular compartments. This was also reported in a recent study of TgPiT, which was
shown to be in the vacuolar compartment and cytoplasmic vesicles in addition to the
plasma membrane (35). TgmPT, on the other hand, colocalized with the mitochondrial
marker HSP60. Given the presence of six predicted transmembrane motifs, TgmPT is
predicted to be on the mitochondrial membrane like its orthologs in other species.
During the examination of the immunofluorescent signals, it was noticed that the sig-
nal for TgPiT was always lower than that of the other two, although they were tagged
with the same epitope at their endogenous loci. This suggests that the expression level
of TgPiT was lower than that of TgPT2 and TgmPT, which is consistent with their tran-
script levels (Fig. S4A and C).

TgPiT and TgmPT are dispensable for Toxoplasma growth and virulence. To
evaluate the physiological significance of these putative phosphate transporters in
Toxoplasma parasites, their coding genes were subjected to knockout studies. TgPiT and
TgmPT were successfully deleted in the type 1 strain RH, using CRISPR/Cas9-assisted ho-
mologous gene replacements (Fig. 2A). Both were replaced by the selection marker DHFR,
which was confirmed by diagnostic PCRs (Fig. 2B and C). Deletion of TgPT2 using the same
strategy failed, implying that it might have critical roles for parasite growth or survival.

Plaque assays that determine the overall growth of parasites indicate that deleting
TgPiT or TgmPT did not affect tachyzoite growth in vitro (Fig. 2D). Similarly, the efficiencies
of intracellular replication of the TgPiT or TgmPT deletion mutants was indistinguishable
from that of the parental strain RH (Fig. 2E). When used to infect mice, the TgPiT and
TgmPT knockouts displayed similar virulence as RH, since all infected mice developed simi-
lar symptoms of acute toxoplasmosis and eventually died within 12 days postinfection.
Together, these results suggest that the widely present PiT and mPT are dispensable for
Toxoplasma growth. On the other hand, the TgPT2, which is only present in cyst-forming
coccidia, is likely crucial for parasite survival.

Conditional depletion of TgPT2 causes growth arrest in Toxoplasma. To study
the physiological significance of TgPT2, we generated a conditional knockdown strain (iKD-
PT2) whose PT2 expression could be regulated by anhydrotetracycline (ATc). To this end, the
native promoter of TgPT2 in the TATi strain was replaced by the ATc-regulatable promoter,
S1O7 (Fig. 3A). Diagnostic PCRs demonstrated the correct integration of the S1O7 promoter in
the iKD-PT2 strain (Fig. 3B). ATc treatment gradually suppressed the expression of TgPT2 in
the iKD-PT2 mutant. The majority of plasma membrane localized PT2 disappeared 24 h after
treatment and was reduced to undetectable levels within 48 h (Fig. 3C). Consistent with the
key role of PT2, ATc treatment completely blocked plaque formation of the iKD-PT2 mutant in
human foreskin fibroblasts (HFF) monolayers (Fig. 4A and B). The plaque assay gives an overall
assessment of parasites’ fitness. To further dissect the defects that might cause the growth
arrest of PT2-depleted mutants, rates of gliding motility, host cell invasion, egress, microneme
secretion, and intracellular replication were determined. Upon ATc treatment, the gliding of
tachyzoites on a bovine serum albumin (BSA)-coated surface was decreased by 50%, as
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estimated by the trail length from SAG1 staining (Fig. S5A and B). Similarly, depletion of PT2
by ATc reduced the rate of host cell invasion by roughly 30% (Fig. S5C). Although PT2 deple-
tion led to reduced parasite motility and invasion efficiency, it did not affect parasites’ egress
from HFF cells (Fig. S5D), nor did it affect microneme secretion as determined by the normal
release of micronemal protein 2 (MIC2) into the supernatant (Fig. S5E). Strikingly, the PT2-defi-
cient parasites were almost completely unable to proliferate in HFF cells. When PT2-positive
parasites were allowed to replicate in HFF cells for 24 h, half of the PVs contained 16 or more
parasites. In contrast, the majority (.80%) of the vacuoles of the PT2-depleted mutants con-
tained just one parasite, suggesting that no replication occurred after invasion (Fig. 4C).
Together, these results indicate that PT2 is required for efficient parasite motility and host cell
invasion and is essential for parasite propagation within host cells.

To further confirm that the observed defects in the TgPT2 depletion mutant are
indeed caused by the absence of TgPT2, a complementation strain (comPT2), which
had a PT2 expression cassette inserted into the UPRT locus of the iKD-PT2 mutant (Fig.
S6A), was constructed. Diagnostic PCRs confirmed the correct integration of the PT2-
expressing cassette (Fig. S6B), whereas immunofluorescent staining proved the expres-
sion and correct localization of complementing PT2 (Fig. S6C). When the comPT2 strain
was used in plaque and replication assays, it was shown that ATc treatment did not
affect its plaque formation or intracellular proliferation (Fig. 4A and C). These results

FIG 2 Construction and characterization of Dpit and Dmpt mutants. (A) Diagram of target gene deletion through CRISPR/
Cas9-assisted homologous gene replacement. PCR1/2/3 denote diagnostic PCRs for positive clone identification. (B and C)
Diagnostic PCRs on a representative Dpit and a Dmpt clone, respectively. (D) Plaque assay assessing the overall growth of
the Dpit and Dmpt mutants. (E) Intracellular replication of the Dpit and Dmpt mutants 24 h postinfection of HFF host cells.
Means 6 SEM (n = 3 assays). (F) Virulence test of the Dpit and Dmpt mutant strains in a mouse infection model; n = 10
mice/group.
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suggest that PT2 complementation is able to fully rescue the growth defects of the
PT2 depletion mutants.

The strong growth defects of the PT2 mutant in vitro prompted us to check its role
in vivo. Due to the low virulence of the parental strain TATi, a classic virulence test that
monitors the survival of infected mice is challenging. As such, we estimated the para-
site propagation in vivo by determining the parasite loads in peritoneal fluids of
gamma interferon (IFN-g) knockout mice 9 days after infection. Quantitative PCR results
suggest that ATc treatment significantly impaired the propagation of the iKD-PT2 mu-
tant in mice, leading to a 1,000-fold reduction in parasite loads compared to PT2-
expressing strains (Fig. 4D). Therefore, PT2 is crucial for parasite growth both in vitro
and in vivo.

Phosphate transport activities of TgPiT and TgPT2. Both PiT and PT2 were pre-
dicted to have phosphate transport activity based on homology analyses, and both
were on the plasma membrane of the parasites (Fig. 1). To examine their phosphate
transport activity and to determine their contribution to the phosphate uptake of the
parasites, an inorganic phosphate transport assay using radioactive 32Pi was performed.
Time-dependent Pi uptake assays suggest that import of 32Pi into purified tachyzoites
of the wild-type strain RH was almost linear with time for the first 2 h (Fig. 5A). The Pi
uptake rate was about 1 pmol/107 parasites/min, similar to what was reported before
(35). TgPiT deletion led to reduced Pi import into parasites, which was almost saturated
within 90 min (Fig. 5A), suggesting that PiT is indeed involved in Pi transport in tachy-
zoites. Time-dependent Pi uptake of the iKD-PT2 strain without ATc treatment was

FIG 3 Generation of a conditional depletion strain (iKD-PT2) for TgPT2. (A) Schematic illustration of inserting an S1O7 promoter
into the TgPT2 endogenous locus to regulate its expression by ATc. The red bar indicates the CRISPR targeting site, and PCR1/2/3
denote diagnostic PCRs for positive clone identification. (B) Diagnostic PCRs on one iKD-PT2 clone. (C) Immunostaining
demonstrating the depletion of TgPT2 expression by 0.5 mg/mL ATc treatment for 0, 24, or 48 h. PT2 was detected using a
polyclonal antibody recognizing TgPT2, and SAG1 staining was included as a reference.
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similar to that of RH, but the uptake activity was slightly higher (Fig. 5B). This is likely
due to the higher expression of PT2 in iKD-PT2 (in which the expression was driven by
the S1O7 promoter) than that in RH (expression was driven by the native promoter).
ATc treatment significantly reduced the Pi transport of the iKD-PT2 parasites (Fig. 5B). It
is worth noting that inactivation of neither PiT nor PT2 completely blocked Pi import,
suggesting that both proteins contributed to parasites’ Pi uptake.

The Pi transport activity of many phosphate transporters is coupled to cross-mem-
brane transport of Na1 or H1. To determine the ion dependency of TgPiT and TgPT2,
the Pi transport assays were performed in buffers with different pH or Na1 concentra-
tions (isotonic adjustment with choline chloride). In parasites that expressed both PiT
and PT2 (RH and iKD-PT2 without ATc treatment), the Pi import is H1 dependent, since
the import activity was gradually decreased as the pH of the buffer increased from 5.5
to 8.5 (Fig. 5C and D). At pH 8.5, the Pi import activity was almost half of that at pH 5.5.
Interestingly, both the DPiT and PT2 depletion (iKD-PT2,1ATc) mutants showed a simi-
lar pH dependency for Pi import (Fig. 5C and D), suggesting that both PT2 and PiT are
H1 dependent. Alternatively, higher Pi influx under acidic conditions than basic condi-
tions suggests that H2PO42 may be the preferred substrate for both PiT and PT2, while
the transport process through either protein may be pH independent. The preference
for H2PO42 was also demonstrated before for PiT (35). When tested over a range of
Na1 concentrations, the Pi import of the RH strain and TATi parasites was strongly Na1

dependent (Fig. S7 and Fig. 5E). The Na1 dependency completely disappeared in the
DPiT mutant. Moreover, the Pi import activity of the DPiT mutant was comparable to
that of the RH strain at 0 mM Na1 (Fig. 5E), suggesting that PiT is the main Na1-de-
pendent Pi transporter in Toxoplasma, and PT2 (or additional phosphate transporters, if

FIG 4 TgPT2 is required for parasite growth both in vitro and in vivo. (A) Plaque assays comparing the growth
of strains in the presence or absence of 0.5 mg/mL ATc. (B) Relative sizes of plaques in panel A. Mean 6 SEM
of over 200 plaques for each strain from three independent experiments. (C) Intracellular replication of
indicated strains with or without ATc treatment. Parasites in the ATc treatment group were pretreated with ATc
for 48 h to deplete PT2 expression before assessing their replication rates. Means 6 SEM of three biological
replicates. ***, P , 0.001; two-way ANOVA. (D) Parasite burden in peritoneal fluids of IFN-g–/– mice infected
with TATi or iKD-PT2 parasites that were treated with or without 0.2 mg/mL ATc in drinking water. Mean 6
SEM; n = 3 mice/group. **, P , 0.01. Unpaired Student’s t test.
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there are any) is probably Na1 independent. Consistent with this, the Pi transport in
the iKD-PT2 strain without ATc treatment was not obviously Na1 dependent, likely
because of the higher expression of PT2 in this strain than that in RH. However, after
ATc treatment, the Pi import of iKD-PT2 was clearly Na1 dependent, as PiT became the
major phosphate transporter after PT2 depletion (Fig. 5F). Taken together, these results
suggest that the Pi uptake through TgPiT was Na1 dependent, whereas that through
PT2 was not. Both proteins had higher Pi transport activity under acidic pH, implying
that either H2PO42 is the preferred substrate or their transporting activity is H1

dependent.
TgPiT and TgPT2 partially restore the growth of yeast mutants lacking Pi trans-

porters. To further investigate the Pi transport functions of TgPiT and TgPT2, they
were expressed in the yeast mutant YP100, which expressed PHO84 under the GAL1
promoter and contained null mutations for all endogenous Pi transporters (Dpho84
Dpho87 Dpho89 Dpho90 Dpho91 Dgit1). This mutant strain grew well with galactose

FIG 5 Characterization of the phosphate import activities of the PiT- and PT2-deficient mutants. (A and B) Time-
dependent Pi uptake of the indicated strains. Parasites were first starved for Pi for 12 h at the intracellular growth
stage, and then the uptake of 32Pi over time was measured with purified extracellular tachyzoites. (C and D) pH-
dependent Pi uptake of the indicated strains. Pi-starved parasites were allowed to take up 32Pi for 45 min in media
with pH ranging from 5.5 to 8.5. (E and F) Effect of Na1 concentration on Pi uptake in different strains. The assays
were done as in panels C and D, but in the Na1-dependent Pi transport buffer containing different concentrations
of Na1. Choline chloride was used to balance the osmolarity of the reaction buffer. In all experiments, iKD-PT2
parasites were pretreated with or without ATc for 48 h before testing. Mean 6 SEM; n = 4 (n = 6 for panel B)
independent experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001. Student’s t test.
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(29). Therefore, when grown on agar plates containing galactose, the growth of YP100
transformed with TgPiT or TgPT2 was similar to that containing the empty vector (Fig.
S8). On the other hand, when glucose was supplied as the sole carbon source, the mu-
tant containing the empty vector did not grow or grew very poorly under low Pi condi-
tions. Expression of TgPiT and TgPT2 significantly improved the growth under the
same conditions, although not as efficiently as PHO84 (Fig. S8). In addition, the
capacity of TgPT2 to improve the growth of the yeast mutant seemed similar or even
better than that of TgPiT. Together, these data further support that TgPiT and TgPT2
are active phosphate transporters.

ATP and AMP uptake activity of Toxoplasma tachyzoites. Both TgPiT and TgPT2
displayed inorganic phosphate transport activity in Toxoplasma. We also sought to
determine whether these transporters were involved in the transport of other com-
pounds. To this end, we added the compounds to be tested to the 32Pi uptake assays,
to see whether they could competitively inhibit the import of Pi. Nonradioactive Pi
(31Pi) efficiently inhibited the uptake of 32Pi, which validated the testing system. On the
other hand, of the five compounds tested (glucose-6-phosphate, fructose-6-phosphate,
fructose-1,6-bisphosphate, myo-inositol, and glycerophosphoinositol), none was able
to inhibit the import of 32Pi (Fig. S9), suggesting that these compounds could not be
imported by the Pi transport machineries if they were assimilated by the parasites.

Using the same competition assays, it was found that both ATP and AMP effectively
inhibited the 32Pi uptake in the RH strain, and the inhibitory efficiencies of ATP and
AMP were similar (Fig. 6A). Similar inhibition by ATP and AMP was also observed in the
iKD-PT2 strain without ATc treatment (Fig. 6B). To test whether the inhibition of 32Pi
uptake by ATP or AMP was dependent on TgPT2 or TgPiT, competition assays were
performed using the Dpit and TgPT2-depleted parasites. Interestingly, although the
Dpit and TgPT2-depleted strains had lower 32Pi uptake activity than their correspond-
ing parental strains, their 32Pi uptake was also significantly inhibited by ATP or AMP
(Fig. 6A and B). Inhibition of 32Pi uptake by ATP and AMP indicated that the parasites
might be able to import these metabolites. To further confirm this, a direct ATP uptake
assay was performed using 32P-labeled ATP in the iKD-PT2 strain. Radioactive ATP was
efficiently absorbed by purified tachyzoites, and such absorption could be effectively
inhibited by nonradioactive ATP or Pi (Fig. 6C). On the other hand, ATc treatment of
the iKD-PT2 strain did not affect the ATP uptake or its inhibition by ATP and Pi (Fig. 6C),
indicating that the ATP-importing activity is independent of PT2. To further examine
the ATP import activity in Toxoplasma parasites, radioactive ATP-a-P32 was used to rule
out the possibility of hydrolysis of ATP-g-P32 that generated inorganic P32 for parasite
uptake. The results revealed that ATP-a-P32 could also be imported into Toxoplasma
parasites, and the import was significantly inhibited by Pi, nonradioactive ATP, and the

FIG 6 ATP and AMP import activities of Toxoplasma parasites. (A and B) Inhibition of 32Pi transport by ATP and AMP. The 32Pi uptake assays described in
Fig. 5 were performed in the presence of 1 mM ATP, AMP, or KH2PO4 (31Pi) as competitors. (C) Uptake of ATP by Toxoplasma parasites. The iKD-PT2
parasites were pretreated with or without ATc for 48 h and then collected to test their ATP uptake activity using 25 mCi/mL ATP-g-P32. Meanwhile, 1 mM
nonradioactive ATP and KH2PO4 were included in the reaction buffer as competitors. Mean 6 SEM; n = 4 independent experiments. *, P , 0.05; **,
P , 0.01; ***, P , 0.001. Paired two-tailed t test.
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ATP analog, ATP-g-S, but not by FBP (Fig. S10). Taken together, these results suggest
that Toxoplasma tachyzoites are able to take up ATP and AMP from the environment,
but PT2 and PiT are not the main transporters responsible for their uptake.

Inactivation of phosphate transporters alters gene expression in T. gondii. To
estimate how Toxoplasma parasites respond and adapt to decreased phosphate
uptake due to PiT or PT2 inactivation, RNA sequencing (RNA-seq) analyses were per-
formed to assess their gene expression changes. Compared with the parental strain
RH, the abundance of 61 genes was significantly changed in the DTgpit mutant
(Fig. 7A). The modest gene expression change associated with PiT disruption is consist-
ent with the lack of an obvious growth phenotype of this mutant. Of the 61 differen-
tially expressed genes, the vast majority were upregulated in the DTgpit mutant (Table
S3), among which, TGGT1_226100, encoding a haloacid dehalogenase (HAD) family
hydrolase, was increased 3.1-fold in the DTgpit mutant. Since many HAD-containing
proteins have phosphohydrolase activity, this may suggest that increasing phospho-
monoester hydrolysis is a strategy for the parasites to adapt to TgPiT deficiency. TgPiT
inactivation also led to increased expression of several genes whose products mediate
protein-protein interactions. These include TGGT1_266860 (BTB/POZ domain-contain-
ing protein, increased 11.3-fold), TGGT1_216140 (tetratricopeptide repeat-containing
protein ANK1, increased 10.9-fold) and TGGT1_202280 (G-beta repeat-containing pro-
tein, increased 3.6-fold). Loss of TgPiT also resulted in elevated expression of enzymes
that are involved in signaling molecule production, such as TGGT1_257945 (increased
4.1-fold), which encodes a 3959-cyclic nucleotide phosphodiesterase domain-contain-
ing protein. These proteins might alter the signaling pathways in the parasites in
response to PiT deletion. In addition, one transporter belonging to the major facilitator
family (TGGT1_293420, 2.2-fold change) with unknown substrates was upregulated
due to loss of TgPiT. Several genes (ANK1, MIC13, bradyzoite surface antigen SRS16B,
TGGT1_292375, and TGGT1_309930), whose expressions are typically increased during
transition from tachyzoites to bradyzoites (Fig. 7A), were upregulated in the DTgpit
mutant. This suggests that TgPiT deletion and the resulting decreased Pi uptake might
cause a stress response in the parasite.

In contrast to TgPiT disruption, loss of TgPT2 caused a more dramatic change in
gene expression, with 455 genes being upregulated and 452 genes downregulated
(Fig. 7B and Table S4). Functional enrichments of these differentially expressed genes
(DEGs) using the cluster of orthologous groups (COG) indicate that these DEGs were
enriched in pathways such as genetic information processing (such as protein transla-
tion, transcription, RNA processing and modification, DNA replication and repair, and
chromatin structure regulation), nutrient transport and metabolism, signal transduc-
tion, intracellular trafficking, protein secretion, vesicular transport, etc. (Fig. 7C). Among
these DEGs, a subset of AP2 factors and rhoptry proteins (ROPs and RONs) were found
to be significantly downregulated upon PT2 depletion (Fig. 7D). Many of these genes
have low phenotype scores in a genome-wide screen, indicating their critical roles in
optimal parasite growth (36). RON proteins are shown to be essential for parasite inva-
sion into host cells (37, 38). Therefore, reduced expression of these genes might con-
tribute to the poor growth of the PT2 depletion mutant. In addition, a number of inner
membrane complex (IMC) proteins involved in IMC biogenesis were also significantly
downregulated (Fig. 7D), which might also affect parasite growth due to the crucial
role of IMC in parasites.

When the DEGs resulting from TgPiT deletion and those from TgPT2 depletion were
compared, it was found that a significant number of them were shared. Of the 61 DEGs
found in the DTgpit mutant, 24 were also found to be differentially expressed upon
TgPT2 depletion (Fig. 7E). These include the above-mentioned major facilitator trans-
porter (TGGT1_293420), BTB/POZ domain-containing protein (TGGT1_266860), G-beta
repeat-containing protein (TGGT1_202280), and ANK1 (TGGT1_216140), as well as a
vitamin K epoxide reductase family protein (TGGT1_203720) that might be involved in
vitamin K cycle and calcium homeostasis (Fig. 7E). The similar gene expression changes
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caused by inactivation of TgPiT and TgPT2 suggest that the two proteins have overlap-
ping functions.

DISCUSSION

The apicomplexan phylum contains a variety of pathogenic protozoa that pose serious
threats to the health of humans and animals. A common feature of these organisms is that
they are all obligate intracellular parasites, and they take up all necessary nutrients from
host cells to support their growth and development. Yet the underlying mechanisms of

FIG 7 Transcriptomic analyses of the PiT- and PT2-defective mutants. (A and B) Volcano plot showing the differentially expressed
genes in Dpit compared to the parental strain RH and PT2-/PT21, respectively. The blue and red dots represent down- and
upregulated genes, respectively. The dark red dots with gene names displayed indicate the genes that are typically upregulated
during the conversion of tachyzoites to bradyzoites. (C) COG analysis of differentially expressed genes before and after TgPT2
knockdown. (D) Heatmap showing the decreased expression of selected AP2 factors, rhoptry proteins, IMC, and glideosome-
associated proteins upon TgPT2 suppression. Data were extracted from the RNA-seq analyses, and the mean expression changes
of each gene from three independent samples were plotted. (E) Venn diagram showing the similarity of gene expression changes
after PiT and PT2 disruption.
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nutrient salvage are largely unexplored. Phosphorous is an essential element for all living
cells, and it is imported into cells in the form of inorganic or organic phosphates (23, 32,
33). In this study, we identified three putative phosphate transporters in Toxoplasma, two
of which, TgPiT and TgPT2, were localized in the plasma membrane and involved in phos-
phate uptake from the environment. The third one, TgmPT, was localized to the mito-
chondrion and is probably a mitochondrial phosphate transporter, given the high
sequence similarity with known mPTs (25). Inactivation of each of these genes suggests
that deletion of TgPiT or TgmPT is well tolerated, whereas TgPT2 is essential for parasite
growth. Moreover, TgPT2 orthologs are restricted to cyst-forming coccidia parasites such
as Toxoplasma, Eimeria and Cystoisospora and are absent in the mammalian hosts.
Therefore, it is a feasible target for drug design.

TgPT2 and TgPiT are both localized to the plasma membrane, as well as intracellular
compartments, which are likely the plant-like vacuole and/or cytoplasmic vesicles, as
recently reported for TgPiT (35). They also both have Pi transport activity. Then the ques-
tion becomes why PT2 is essential for tachyzoite growth whereas PiT is completely dispen-
sable. The dispensability of PiT may be explained by the Pi transport activity function of
PT2. Consistent with this, the Dpitmutant is still able to take up Pi from the medium. In the
Pi import experiment, the Pi uptake kinetics of the Dpit mutant is similar to that of the
wild-type strain RH in the first 30 min (Fig. 5A). In contrast, the PT2 depletion mutant dis-
played reduced Pi uptake at all time points (Fig. 5B). When the time of uptake was
extended, the Dpit mutant exhibited a more pronounced reduction in Pi import than the
PT2 depletion mutant. This implies that PT2 is mainly responsible for Pi uptake when the Pi
level in parasites is low, whereas PiT is more important to boost the Pi level when cellular Pi
reaches a certain level. In addition to the different working modes of PiT and PT2, it is also
possible that they have different substrate specificities. PT2 may transport other nutrients
besides inorganic phosphate. Using a competition assay, we have examined the tachy-
zoites’ ability to transport phosphate-containing organic compounds such as glucose-6-
phosphate and fructose-6-phosphate. However, none of the compounds tested was able
to inhibit parasites’ Pi uptake (Fig. S9). Sequence analyses suggest that PT2 has limited
homology to the glycerophosphoinositol (GPI) transporter in S. cerevisiae (39). Nonetheless,
competition assays showed that GPI was not able to compete with Pi import (Fig. S9), sug-
gesting that PT2 probably does not transport GPI either. Therefore, the additional sub-
strates of PT2, if any, remain to be determined. Lastly, all the parasite transport assays
were performed with extracellular parasites. While T. gondii is an obligate intracellular
parasite, all the nutrients supporting its growth are directly derived from the host cells.
Therefore, the use of intracellular parasites for the Pi uptake assays would be the best to
illustrate the role of each of these transporters. Nonetheless, this is technically challeng-
ing. Due to the differences between the intracellular environments and the buffer condi-
tions used here for the transport assays, we should bear in mind that the properties of
the transporters deduced from extracellular parasite-based experiments may not exactly
reflect what is occurring during the intracellular stage. Consistent with this notion, when
used to complement a yeast mutant that is defective in Pi transport, both TgPiT and
TgPT2 could improve the yeast growth under low-Pi conditions. In addition, their
capacity of improving the growth of yeast seemed indistinguishable, suggesting sim-
ilar activities in this case.

When ATP and AMP were used as competitors in the Pi import assay, surprisingly, it
was found that both ATP and AMP efficiently inhibited the Pi uptake in the wild-type,
Dpit, and PT2 depletion strains (Fig. 6). These results suggest that tachyzoites use Pi
import-related mechanisms to take up ATP and AMP from the environments. The ATP
uptake activity was further confirmed using radioactive 32P-ATP (Fig. 6C). The competi-
tive inhibition of ATP import by Pi also demonstrates that the mechanism of ATP
import is related to Pi transport. On the other hand, ATP and AMP do not seem to be
imported by PiT or PT2, because ATP and AMP were both able to inhibit Pi uptake in
the Dpit and PT2 depletion mutants. In addition, the 32P-ATP import capacity of iKD-
PT2 was not affected by ATc treatment and was inhibited by Pi to similar levels in the
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presence or absence of PT2 (Fig. 6C). These results imply that there are additional Pi
transport mechanisms across the parasite plasma membrane and that some of those
are involved in ATP and AMP import. T. gondii lacks the de novo synthesis pathway for
purine nucleotides and relies on hosts for the supply of purines. Early studies showed
that extracellular tachyzoites could incorporate adenosine nucleotides into the para-
sites and that AMP was the preferred substrate (40). Later, it was shown that the para-
sites mainly take up adenosine nucleosides from host cells or environments and are
then converted to AMP by an adenosine kinase (41). While the direct salvage of host
ATP and AMP is still being debated, our results, together with the early observations,
support the model that tachyzoites are able to take up host ATP/AMP. Interestingly,
similar models were also proposed recently for Cryptosporidium (42).

Of the two putative plasma membrane localized phosphate transporters we identified in
Toxoplasma, PiT homologs are widely present in apicomplexan parasites, whereas PT2 is
restricted to cyst-forming coccidia. Plasmodium parasites express PiT but not PT2, and the
Na1-dependent Pi transport activity of PiT was well demonstrated (34). Nonetheless, its physi-
ological significance in malaria parasites has not been determined. The results from a ge-
nome-wide transposon mutagenesis screen suggest that inactivation of PiT in Plasmodium
would probably reduce the fitness of the parasites (43). This is not surprising when PiT is the
only recognizable inorganic phosphate transporter in the plasma membrane of this organism.
Interestingly, no homologs of TgPiT or TgPT2 were found in Crystosporidium species, implying
that they use different mechanisms for phosphate acquisition. Genomic analyses suggest that
Cryptosporidium parvum uses a single salvage pathway to provide purine nucleotides (42).
However, a number of enzymes in the salvage pathway could be ablated without affecting
the viability of the parasites. On the other hand, these mutants are hypersensitive to myco-
phenolic acid, which inhibits purine nucleotide synthesis in host cells (42). Together, these
results imply that C. parvum parasites may be able to import purine nucleotides from the host
cells they parasitize. As our work indicated a possible Pi transport-related mechanism to
import ATP/AMP in Toxoplasma, similar mechanisms may exist in C. parvum to import Pi and
purine nucleotides. Nonetheless, in both parasites, the molecular nature of the ATP/AMP
import mechanisms is not yet known and deserves further investigation.

MATERIALS ANDMETHODS
Biological reagents and resources. All T. gondii strains and their derivative mutants generated in

this study were cultured in a confluent monolayer of human foreskin fibroblasts (HFF) as described pre-
viously (44). The TgSAG1, TgMIC2, and TgALD antibodies were kindly provided by David Sibley
(Washington University, St. Louis, MO, USA). Rabbit anti-SAG2 was a gift from Honglin Jia (Harbin
Veterinary Research Institute, People’s Republic of China). Mouse anti-TgHSP60 was produced in our lab-
oratory. Mouse anti-hemagglutinin (HA) was purchased from MBL (Medical & Biological Laboratories,
Japan). The fluorophore-conjugated secondary antibodies (Alexa488 or Alexa594) were purchased from
Invitrogen (Carlsbad, CA, USA). KH2

32PO4 (NEX060001MC), ATP-g-32P, and ATP-a-32P (NEG502A001MC
and NEG003H) were obtained from PerkinElmer (PerkinElmer, Waltham, MA, USA).

Phylogenetic analysis. To identify potential phosphate transporters in T. gondii, BLAST searches were
performed in ToxoDB using Saccharomyces cerevisiae inorganic phosphate transporters (PHO84, PHO87,
PHO89, PHO90, PHO91), mitochondrial phosphate transporter MIR1, and organic phosphate transporter GiT1
as baits. Hits with E values below e220 were subject to reciprocal BLAST search against the S. cerevisiae protein
database. The identified Toxoplasma transporters were also used in BLAST searches to identify homologs in
other organisms.

For phylogenetic analyses, protein sequences were aligned in ClustalX2. Gaps or poorly conserved
regions were trimmed, and the curated sequences were then used to construct phylogenetic trees using
MEGA 6.06 with the maximum likelihood algorithm (45). Finally, the tree was annotated and viewed
using FigTree 1.4.3 (http://tree.bio.ed.ac.uk/software/Figtree/).

Construction of plasmids and parasite strains. All primers and plasmids used in this study are
listed in Tables S1 and S2. Locus-specific CRISPR plasmids were generated by replacing the guide RNA
(gRNA) sequence of pSAG1::Cas9-U6::sgUPRT with gene-specific gRNAs, through Q5 site-directed muta-
genesis (New England Biolabs, USA) as previously described (46).

To endogenously tag genes with spaghetti-monster HA (smHA) tag at the C termini, a donor
sequence containing the smHA tag and DHFR selection marker was amplified from the pSL24m-Linker-
smFP-DHFR-LoxP-T7 plasmid (47). The resulting amplicon contained two 50-bp homologous arms at the
59 and 39 ends, respectively, corresponding to sequences flanking the stop codon of target genes.
Subsequently, the donor amplicon and a locus-specific plasmid targeting the 39 untranslated region
(UTR) next to the stop codon were cotransfected into purified RH Dku80 tachyzoites (48). Transfectants
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were selected with 1 mM pyrimethamine and then examined by immunofluorescent staining to analyze
the subcellular localization of target proteins.

Direct knockouts of TgPiT and TgmPT were constructed by CRISPR/Cas9 directed homologous gene
replacement, as described before (44). Briefly, homology templates containing the selection marker DHFR*
and the gene-specific CRISPR plasmid were cotransfected into the purified tachyzoites of the RH Dhxgprt
strain. Transfectants were selected with 1 mM pyrimethamine, single cloned by limiting dilution, and exam-
ined by diagnostic PCRs. To generate the iKD-PT2 conditional knockdown strain, the tetracycline-regulatable
promoter S1O7 was used to replace the native promoter of TgPT2 via double homologous recombination
(49). For this purpose, the fragment containing the S1O7 promoter and the selection marker DHFR were coin-
troduced into the TATi line along with the target-specific CRISPR plasmid. Positive clones were identified by
pyrimethamine selection and diagnostic PCRs. Anhydrotetracycline (ATc; TaKaRa, Japan) at a final concentra-
tion of 0.5 mg/mL was added into culture medium to suppress the expression of TgPT2. Unless otherwise
indicated, the iKD-PT2 parasites were treated with or without ATc for 48 h prior to experiments.

To complement the iKD-PT2 mutant, the coding sequence of TgPT2 was amplified from cDNA of the
TATi line and cloned into a vector that allowed the expression of PT2-HA (driven by the tubulin promoter)
from the UPRT locus. The resulting construct was electroporated into iKD-PT2, along with a UPRT-targeting
CRISPR plasmid. Transfectants were selected with 30 mM chloramphenicol and 10 mM fluorodeoxyuridine
(FUDR). Finally, the complementing clones were verified by diagnostic PCRs and immunofluorescent
staining.

TgPT2 antibody production. The peptide CRKFRRGSRAFE, corresponding to amino acids 552 to
563 of TgPT2, was synthesized and conjugated to keyhole limpet hemocyanin (KLH). Antisera against
this conjugated peptide were raised by immunization of two New Zealand White rabbits. The antibodies
were affinity-purified and dialyzed in phosphate-buffered saline (PBS) before use.

Characterization of parasite fitness in vitro. Plaque assays that estimate the overall growth, motil-
ity assays that examine the gliding motility of purified tachyzoites on coated surfaces, invasion assays
that determine the efficiencies of host cell invasion, Ca21-induced egress assays that assess the egress of
parasites from HFF host cells, and microneme secretion assays that check the release of microneme pro-
teins to culture supernatants were performed as previously described (44, 50).

Transport assays. Before harvest, intracellular Toxoplasma tachyzoites were starved for Pi by replac-
ing the culture medium with Pi-free medium and were cultured for another 12 h. Then parasites were
purified and suspended in Pi-free Dulbecco Modified Eagle medium (DMEM). Unless otherwise indicated,
the Pi uptake assays in Toxoplasma parasites were performed in Pi-free DMEM (Thermo Fisher Scientific,
USA), which contained 110.3 mM sodium chloride and 44.0 mM sodium bicarbonate. Phosphate uptake
assays were initiated by adding radioactive KH2

32PO4 (final concentration, 2 mCi/mL, 1 nM/mCi) along
with 50 mM KH2PO4 to 200 mL reaction mixture with 1 � 107 tachyzoites. Reaction mixtures were incu-
bated 37°C for different amounts of time and then stopped by adding an equal volume of ice-cold
DMEM. Parasites were pelleted and washed 3 times with ice-cold DMEM, and then the radioactivity was
quantified with a liquid scintillation counter (Perkin-Elmer, Waltham, MA, USA). The time-dependent ra-
dioactive phosphate uptake data were fitted with a single exponential algorithm. The ATP transport
assays were done in a similar way, except that final concentrations of 25 mCi/mL (3,000 Ci/mmol) for
ATP-g-32P and 4mCi/mL (800 Ci/mmol) ATP-a-32P were used.

To determine the effects of pH on phosphate uptake, the pH of the above-mentioned system was
adjusted by HCl or KOH. The Na1-dependent transport assay was performed in the Na1-dependent Pi trans-
port buffer containing 1.5 mM CaCl2, 5 mM KCl, 10 mM HEPES (pH 7.4), 1 mMMgCl2, 50mM KH2PO4, and vari-
ous concentrations of NaCl (0 to ;20 mM). Choline chloride was used to maintain the osmolarity at about
300 mosM when varying the Na1 concentration, as described previously (35). All assays were repeated three
or more times independently. The radioactivity of negative controls without parasites was used as a baseline
and subtracted from each experimental sample before data analysis.

Assessing the phosphate transport functions of Toxoplasma proteins in yeasts. The coding sequen-
ces of TgPiT, TgPT2, and ScPHO84 were cloned into the yeast expression vector pJR3455A (provided by Jared
Rutter, University of Utah School of Medicine) using the ClonExpress II one-step cloning kit (Vazyme Biotech,
Nanjing, People’s Republic of China). The resulting recombinant plasmids and the empty vector were individ-
ually transformed into the yeast mutant strain YP100 (Dpho84 Dpho87 Dpho89 Dpho90 Dpho91 Dgit1 pGal::
pho84) (provided by Chuang Wang, Huazhong Agricultural University). The transformed yeast cells were
grown on synthetic dropout (-Ura) agar plates with normal Pi concentration (7.3 mM) and 2% galactose for 3
to 4 days. Positive transformants were grown in the same medium to an optical density at 600 nm (OD600) of
1.0. Cells were collected and washed three times with sterilized water and resuspended to an OD600 of 1.0.
Serial dilutions (5-fold) of the cultures were spotted on Pi-free yeast nitrogen bast (YNB) agar plates contain-
ing 2% glucose and different concentrations of KH2PO4. Plates were incubated at 30°C for 5 days, and the col-
ony formation was recorded.

Animal experiments. To determine the impact of TgPiT and TgmPT deletion on parasite virulence in
vivo, tachyzoites of the RH Dhxgprt, RH Dpit, and RH Dmpt strains were used to infect 7-week-old ICR
mice (100 parasites in 200 mL PBS per mouse, 10 mice per strain) through peritoneal injection. Then the
symptoms and survival of the mice were monitored daily.

To estimate the effect of TgPT2 depletion on parasite proliferation in vivo, 1,000 tachyzoites (in
200 mL PBS) of the TATi or iKD-PT2 strains were used to infect IFN-g2/2 mice (7 weeks old) through peri-
toneal injection. Then the mice were provided with sterile drinking water with or without 0.2 mg/mL
ATc (51). Nine days postinfection, all mice were euthanized, and peritoneal fluids were collected for
genomic DNA extraction. Then 50 ng DNA of each sample was used in quantitative PCR analysis to
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determine the parasite load. A standard curve was produced using serial dilutions of genomic DNA
extracted from 5 � 106 TATi tachyzoites.

All animal experiments were conducted in accordance with the National Research Council’s Guide
for the Care and Use of Laboratory Animals and were approved by the Huazhong Agricultural University
Ethics Committee (approval number HZAUMO-2019-032).

Transcriptomic analysis. Freshly egressed tachyzoites of the RH Dhxgprt, RH Dpit, and RH Dmpt
strains or the iKD-PT2 mutant with or without 48 h of ATc pretreatment were harvested and purified by
3- mm-membrane filtration and washed twice with prechilled PBS. Then the total RNA of each sample
was extracted using the TRIzol reagents following the manufacturer’s instructions (Invitrogen, USA).
Three biological replicates were prepared for each strain. Subsequently, the RNA samples were treated
with DNase I (TaKaRa, Japan) and then used for library construction using the TruSeq RNA preparation
kit (Illumina, San Diego, CA, USA). Paired-end sequencing was done using the Illumina HiSeq X Ten
sequencer. High-quality clean reads were mapped to the Toxoplasma reference genome (GT1 strain),
and differential gene expression was identified using DESeq2 (52).

Statistics and reproducibility. All data shown in graphs are presented as the mean 6 standard
error of the mean (SEM) from three or more independent assays, unless specified otherwise.
Statistical analyses were performed using GraphPad Prism software (v8) using two-tailed
Student’s t test, and one-way or two-way analysis of variance (ANOVA) as specified in the figure
legends.

Data availability. RNA-seq reads have been deposited to the Gene Expression Omnibus on NCBI
(accession number GSE189677).
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