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% Check for updates Toxoplasma gondii is an extremely successful parasite infecting one third of

the human population and numerous animals. It has a complex life cycle with
multiple developmental stages that are key for its transmission and patho-
genesis. But how the developmental programs are regulated is largely
unknown. Here, we screen putative chromatin remodeling proteins in T. gondii
and find that a novel complex containing an evolutionarily conserved ATPase
SNF2L is critical for programming the parasite’s development. This complex
contains four core proteins and conditional depletion of three of them leads to
similar expression changes of developmentally regulated genes, including
increased transcription of genes involved in sexual commitment and devel-
opment. Accordingly, depletion of SNF2L causes merogony and out-budding
types of division, which are otherwise only observed at the enteroepithelial
stages within definitive hosts where sexual reproduction of the parasite
occurs. After being recruited to target regions, SNF2L regulates gene expres-
sion by modulating local chromatin accessibility or by recruiting accessory
proteins to its binding sites, thus ensuring that the gene expression and
reproduction patterns are matched to the life cycle stages. Conditional
depletion of SNF2L offers an opportunity to study the unique biology of the
parasite during pre-sexual and sexual developments in vitro.

The Apicomplexa phylum contains a large group of unicellular
pathogens that are of critical medical and veterinary importance,
including Plasmodium parasites that cause malaria and Cryptospor-
idium species that cause diarrhea. Among them, Toxoplasma gondii is
considered one of the most successful parasites because it is able to
infect a wide variety of vertebrate hosts'. Although the definite hosts,
in which the sexual reproduction of T. gondii occurs, are restricted to
felines, the intermediate hosts include most warm-blooded animals

and humans. Toxoplasma has a complex life cycle involving multiple
developmental stages, which contribute to the transmission and
pathogenesis of the parasite*®. In fact, although different Apicom-
plexa parasites infect different hosts and use different approaches for
transmission, they share similar developmental programs during their
life cycles. For T. gondii, asexual proliferation in the forms of tachy-
zoites (acute infection stage) and bradyzoites (chronic infection stage)
occurs in intermediate hosts. Depending on environmental conditions,
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these two forms can interconvert, which assists the transmission of
parasites between intermediate hosts without completion of the life
cycle and is a unique property of Toxoplasma life cycle®. The devel-
opment of T. gondii in the intestinal epithelial cells of cats enables the
production of oocysts, which contaminate the environments and
transmit the pathogen to intermediate hosts. The development pro-
cesses at enteroepithelial stages are complicated, involving a number
of steps like merogony to produce merozoites, differentiation of
merozoites to gametocytes, and fertilization of gametes to produce
oocysts. Yet, little is known on how these steps are orchestrated’.

Throughout the life cycle of T. gondii, parasites have different life
activities at different developmental stages. For instance, tachyzoites
proliferate fast by endodyogeny. Bradyzoites also reproduce by
endodyogeny, but they grow slowly and most parasites exit the cell
cycle to stay at the GO phase®’. Merozoites also replicate asexually and
very fast, but they do not exclusively use endodyogeny. Instead,
merozoites probably use a combination of endodyogeny and endo-
polygeny for reproduction'®?, Merozoites are the pre-sexual stage of
enteroepithelial development. After several rounds or asexual repro-
duction, some merozoites would start the sexual phase of life cycle by
differentiating into male and female gametocytes, which then produce
male and female gametes through gametogony. In addition to repli-
cation modes, parasites at different stages also differ significantly in
gene expression. Numerous transcriptomic studies have looked at the
gene expression profiles at diverse stages and revealed many stage-
specific transcripts, which may serve as markers for parasite
development™*,

During the parasite’s life cycle, the development is largely uni-
directional and the differentiation from one stage to the next is
tightly regulated. Environmental changes seem to have important
roles in developmental program decision”. Serum starvation or the
use of spent media could induce sexual commitment (formation of
non-replicative gametocytes) of the Plasmodium parasites in culture.
More specifically, lysophosphatidylcholine, which is taken up by
infected red blood cells to support the rapid growth of Plasmodium
merozoites, is depleted from the serum and is the active serum
component that regulates sexual commitment’. In Toxoplasma,
nutrient starvation and stress conditions also promote the conver-
sion of tachyzoites to slowly replicating bradyzoites. Alkaline med-
ium (pH=8.2), along with CO, starvation, is the common way to
induce bradyzoite formation in vitro”'®. But the underlying
mechanisms are largely unknown. Over the years, many factors,
particularly ApiAP2 family transcription factors, have been shown to
regulate parasite development. AP2-G, whose expression is fine-
tuned by transcription factors like AP2-G5 and chromatin modulators
like heterochromatin protein 1 and gametocyte development 1, is key
for sexual commitment of Plasmodium parasites®?. T. gondii
encodes 67 ApiAP2 factors and many of which are cell cycle or life
cycle regulated and contribute to the developmental regulation.
AP2IV-3 and AP2IX-9, two ApiAP2 factors expressed during early
bradyzoite development, bind to the promoter regions of the same
set of genes but have opposite roles in regulating their expression
and bradyzoite differentiation®’. AP2IX-9 suppresses bradyzoite for-
mation, whereas AP2IV-3 activates it”. In addition to these two AP2
factors, many others, such as AP2Ib-1, AP2IV-4, AP2XI-4, AP2IX-4, and
TgAP2IX-5 were also reported to regulate bradyzoite development
by various mechanisms, including cooperation with the master reg-
ulator of bradyzoite development BFD1 (Bradyzoite formation defi-
cient 1>, Recently, it was reported that the epigenetic factors
MORC and HADC3 form a complex with ApiAP2 factors to inhibit the
expression of stage-specific genes, especially the ones specifically
expressed in sexual developmental stages”. This complex keeps the
local chromatin around its binding sites in a poised state to regulate
target gene expression and presexual commitment of the parasites.
Among the ApiAP2 factors interacting with MORC and HADC3,

AP2XII-1 and AP2XI-2 form a heterodimer to suppress merogony and
expression of enteroepithelial stage genes at the tachyzoite
stage?°,

Gene expression regulation by transcription factors requires the
local chromatin to be in a permissive state that allows the access of
specific regulators. As such, chromatin remodelers that alter the
architecture of the chromatin also have important roles in regulating
gene expression®*%. In model eukaryotes like yeasts, fruit flies, and
mice, diverse chromatin remodeling complexes have been identified
and they have key functions in cell growth, differentiation, and
adaptation®**, In parasites, the chromatin remodeling factor ThISWI in
Trypanosoma brucei binds to the silent VSG (variant surface glyco-
protein) expression sites and contributes to the repression of their
expression®¢, Recent studies have shown that the master regulator
AP2-G in malaria parasites regulates male gametocyte development
through an SNF2-like chromatin remodeling ATPase®. The gametocyte
SNF2 (gSNF2) is recruited to the upstream regions of male-specific
genes and keeps the local chromatin in a nucleosome-free state to
enable their expression®. ISWI and SNF2 are the core components of
chromatin remodeling complexes with an ATPase domain that consists
of DEXDc and HELICc subdomains. They use the energy of ATP
hydrolysis to alter the chromatin architecture®,

In this work, we identify 16 putative chromatin remodeling
ATPases in Toxoplasma gondii and explore the regulatory role of
SNF2L. The results demonstrate that SNF2L is in a complex consisting
of four core proteins. Inactivation of SNF2L, or other components of
the complex changes the expression of many developmentally regu-
lated genes, leading to altered reproduction mode and developmental
programs of the parasites.

Results

Toxoplasma encodes a variety of proteins with signatures of
chromatin remodelers

To investigate the possible roles of chromatin remodeling during
Toxoplasma growth and development, we first sought to identify the
proteins that might be involved in chromatin remodeling in Tox-
oplasma. For this purpose, the peptide sequences of the DEXDc and
HELICc domains from known chromatin remodeling ATPases in Sac-
charomyces cerevisiae (Snf2, Sthi, Ino80, Swrl, Iswl, Isw2, Chdl, Fun30)
were used to query the Toxoplasma gondii genome using protein
BLAST searches in ToxoDB (https://toxodb.org/toxo/app, release 60),
since DEXDc and HELICc domains are the key and iconic elements of
chromatin remodeling ATPases*®**. The Toxoplasma hits with both
DEXDc and HELICc domains (as determined by the SMART program)
were individually used to BLAST against the Saccharomyces cerevisiae
genome to make sure known yeast chromatin remodeling ATPases
were among the top hits. Such analyses identified 16 putative chro-
matin remodeling ATPases in T. gondii (Fig. 1a). Eukaryotic organisms
often encode multiple chromatin remodeling complexes that can be
clustered to different groups, and four families (SWI/SNF, ISWI, NuRD/
Mi-2/CHD, and INO80) are commonly seen. Phylogenetic analyses
using representative ATPase sequences of the four canonical families
from model organisms (Homo sapiens, Mus musculus, Drosophila
melanogaster, and Saccharomyces cerevisiae) suggest that Toxoplasma
has ATPases that belong to each of those four families (Fig. 1b) (Sup-
plementary data 1). Like yeasts and mammals, Toxoplasma also has two
ATPases (TGME49 321440 and TGME49 273870) in the ISWI family
and two (TGME49 278440 and TGME49 320300) in the SWI/SNF
family. For the two proteins in ISWI family, in-depth sequence com-
parisons suggest that TGME49 321440 has higher sequence simila-
rities with mammalian SNF2H, whereas TGME49 273870 is more
similar to mammalian SNF2L (Fig. 1b). Therefore, they were named
TgSNF2H and TgSNF2L, respectively. The two proteins in the SWI/SNF
family (TGME49_278440 and TGME49_320300) are also highly similar
to each other (Supplementary data 1).
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Next, we focused on the six proteins (TGME49 320300,
TGME49_ 278440, TGME49_321440, TGME49_273870, TGME49 280800,
and TGME49 258240) in Toxoplasma that belong to the four canonical
chromatin remodeling subfamilies. First, a mini-AID (auxin inducible
degron) tag (mAID) was inserted to the C-termini of each of these pro-
teins at their endogenous gene loci (Supplementary Fig. 1a) in the type I
strain ME49 Tirl, to allow auxin dependent depletion of these proteins

for functional tests. Clonal strains of the tagged lines were examined by
diagnostic PCRs to confirm the correct integration of the AID tag
(Supplementary Fig. 1b). Through probing the expression of HA (which
was fused to mAID) by immunofluorescence assays (IFA), it was evident
that all six proteins were localized in parasite nuclei. In addition, treating
parasites with indole-3-acetic acid (IAA), a natural auxin, efficiently
depleted the expression of these proteins to undetectable levels
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Fig. 1| Putative chromatin remodeling ATPases in Toxoplasma. a Domain
structures of the putative chromatin remodeling ATPases in Toxoplasma identified
by BLAST searches. DEXDc: DEAD-like helicases superfamily (SMART #: SM00487);
HELICc: helicase superfamily c-terminal domain (SMART #: SM00490); SANT:
SANT SWI3, ADA2, N-CoR and TFIIIB” DNA-binding domains (SMART #: SM00717);
AT_hook domain: DNA binding domain with preference for A/T rich regions
(SMART # SM000384); SnAC: Snf2-ATP coupling, chromatin remodeling complex
(SMART #: SM01314); zf-PARP: Poly(ADP-ribose) polymerase and DNA-Ligase Zn-
finger region (SMART #: SM01336); RING: Ring finger (SMART #: SM00184); UBA 4:
UBA-like domain (Pfam #: PF14555); COM: Chromatin organization modifier
domain (SMART #: SM000298); DUF: DUF4208 domain (SMART #: SM001176);
PHD: PHD zinc finger (SMART #: SM000249); BROMO: bromo domain (SMART #:
SM000297); SNF2_N: SNF2_N domain (Pfam #: PFO0176). b Phylogenetic analyses

of the putative chromatin remodeling ATPases in Toxoplasma, which were done in
MEGA 11 using the maximum likelihood algorithm. ¢ IFA checking the localization
of putative chromatin remodeling ATPases in Toxoplasma, as well as the depletion
of their expression by IAA treatments, using strains with each of the ATPases tagged
with an mAID degron (which contains an HA tag) at their C-termini in the endo-
genous gene loci. d Impact of chromatin remodeling ATPases depletion on parasite
growth, as determined by plaque assays using mAID tagged strains with or without
IAA treatment. The parental strain ME49-Tirl was included as a control. e Impact of
the depletion of chromatin remodeling ATPases on parasite division. All patterns
that are different from the regular endodyogeny are classified as “Abnormal”.
Means + SD of n =3 independent experiments, ***p <0.0001, two-tailed unpaired
Student’s t-test. Source data are provided as a Source Data file.

(Fig. 1c). Using a plaque assay that estimates the overall fitness of
parasites, it was found that except TGME49_258240 (TgCHD1), depletion
of the other five proteins resulted in complete lack of plaque formation,
indicating essential roles during parasite propagation (Fig. 1d and Sup-
plementary Fig. 1c, d). TgCHDI depletion also reduced parasite growth,
as indicated by smaller plaques formed by the IAA-treated 258240-mAID
mutants (Fig. 1d and Supplementary Fig. 1c, d). Interestingly, except
TgCHD], depletion of any of the other five putative ATPases led to
altered division patterns of the parasites. Mutants lacking
TGME49_ 273870 (SNF2L) had the most severe changes (Fig. le) after
24 h of IAA treatment, since 75% of the parasites displayed abnormal
(any pattern that was not classic endodyogeny) division patterns that
resembled certain stages of enteroepithelial development in cats.
Therefore, we decided to investigate this protein further to examine its
roles during parasite growth and development.

SNF2L is a conserved protein widely present in eukaryotes, from
yeast to plants and humans (Supplementary Fig. 2a). These proteins
contain DEXDc and HELICc motifs at the N-terminal part to make the
ATPase domain, whereas the C-terminal part typically contains DNA
binding and nucleosome recognition modules (Supplementary
Fig. 2b). To further examine its expression patterns in Toxoplasma, we
constructed a SNF2L-3*HA strain, whose endogenous SNF2L was tag-
ged with three tandem HA tags (Supplementary Fig. 2¢, d). IFA sug-
gested that SNF2L was expressed at all stages of the cell cycle of
tachyzoites, and its protein level did not seem to fluctuate significantly
during the cell cycle (Supplementary Fig. 2e).

SNF2L depletion altered the reproduction modes of tachyzoites
To study the physiological roles of SNF2L, the SNF2L-mAID (273870-
mAID, also called iSNF2L) strain was used. Consistent with the IFA
results (Fig. 1c), IAA efficiently depleted SNF2L to undetectable levels
after 6 h of treatment, as determined by Western blotting (Fig. 2a).
The lack of plaque formation after SNF2L depletion (Fig. 1d)
prompted us to check whether parasite replication was affected.
Thus, the proliferation rates of the SNF2L-mAID strain cultured in the
presence or absence of IAA for 24 h were compared. Although IAA
treatment did not affect the replication of the parental strain
(Fig. 2b), it significantly reduced the replication of iSNF2L, as indi-
cated by the reduced number of parasites in each parasitic vacuole
(PV) (Fig. 2b). More importantly, SNF2L seemed to alter the repro-
duction modes of the parasites. Wildtype tachyzoites replicate
through endodyogeny and the PVs typically contain 2" parasites (1, 2,
4, 8, 16 etc.) (Fig. 2b). However, this was not the case in SNF2L
depleted mutant, whose PVs could contain any number (1, 2, 3, 4, 5
etc.) of parasites (Fig. 2b), a phenomenon that was also observed in
Toxoplasma mutants lacking AP2XII-1 or AP2XI-2, which were
thought to propagate by merogony®**’. These results suggest that
SNF2L depleted mutant might also proliferate by merogony. To
further check the reproduction mode, the parasites were subjected
to IFA analyses using GAP45 or IMC7 and IMCI to probe the mother
parasites and newborn daughters, respectively’®*°. Without 1AA

treatment, nearly all dividing parasites of the iSNF2L strain under-
went endodyogeny (Fig. 2c, d). In contrast, the division of IAA-
treated parasites was significantly altered (Fig. 2c-e). Six hours after
treatment, the earliest time point at SNF2L was depleted to unde-
tectable levels, no change in division patterns could be observed.
With 12 h of IAA treatment, early signs of endopolygeny started to
emerge. When depletion was induced for 24h, endopolygeny
became common and early signs of out-budding could be observed
(Fig. 2¢). After 36 h IAA treatment, out-budding was frequently seen
(Fig. 2c, d). These altered division patterns often led to daughter
parasites that differed significantly in size and sometimes even
anucleated parasites (Fig. 2d, e). With IAA treatment for 36 h, roughly
75% of the dividing parasites displayed abnormal (any form other
than endodyogeny) division patterns (Fig. 2d). Among them, about
11% of the dividing parasites underwent merogony (Fig. 2c-e), char-
acterized by three or more nuclei in a dividing mother cell. Moreover,
over 38% of them were in the process of out-budding, in which a
daughter parasite budded off from the surface of a mother parasite
(Fig. 2c-e). The out-budding type of division is somewhat similar to
microgametocytogenesis in wildtype parasites that produces male
gametes during sexual development'® 2. Nonetheless, we did not see
mature male gametes formation in the SNF2L-depleted parasites,
since no parasites with obvious flagella were detected. Together,
these results suggest that SNF2L depletion leads to reproduction
modes that resemble the enteroepithelial stages in definitive hosts.

To further check the unusual division patterns of the SNF2L-
depleted parasites, transmission electron microscopy was used.
Without IAA treatment, essentially all dividing parasites underwent
endodyogeny, with two daughter cells emerging internally from a
mother parasite and each with an intact nucleus (Fig. 3a). In contrast,
endodyogeny was barely observed in SNF2L depleted parasites.
Instead, the out-budding type of division at different stages was fre-
quently detected (Fig. 3b—g). During this process, a portion of the
nuclear materials of the mother cell was “split” into the daughter cell,
and then the daughter cell was pinched off the surface of the mother
cell to generating a newborn parasite (Fig. 3b-g). It is worth noting that
the segregation of mother nuclear materials to daughter parasites in
this out-budding division did not guarantee an intact nucleus for the
daughter cell. In fact, the amount of nuclear DNA inherited by
daughter parasites seemed to be random, and some daughters had
little to no nuclear DNA. Out-budding could occur in mother parasites
without fully segregated nuclei, with nuclear splitting and daughter
cell budding occurred simultaneously (Fig. 3c). It also occurred in
mother parasites with fully segregated nuclei and one daughter cell
took one separated nucleus during budding (Fig. 3e). Interestingly,
some of the SNF2L depleted parasites were found to contain multiple
mitochondria (Fig. 3g), instead of just one in wildtype tachyzoites.
Multiple mitochondria were also described in male gametes and
mature gametocytes®'?, which further supports that the out-budding
type of division in SNF2L depleted mutants is similar to the micro-
gametocytogenesis process®™2. Together, these data indicate that
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Fig. 2 | SNF2L depletion leads to altered modes of parasite reproduction.

a Western blotting demonstrating the depletion of SNF2L expression by IAA
treatment in the SNF2L-mAID (iSNF2L) strain. ALD was included as a loading con-
trol. b Intracellular replication assay illustrating the reduced growth rates and
chaotic division patterns of the SNF2L depletion mutants. The number of parasites
in each PV of the iSNF2L and ME49-Tirl strains treated with or without IAA for 24 h
(with 12 h of + IAA pretreatment before the replication assay) was counted.
Means + SEM of n =3 independent experiments, ***p < 0.0001, Kolmogorov-
Smirnov test. SNF2L depletion leads to altered modes of parasite reproduction, as
revealed by IFA staining of IMC1, IMC7, or GAP45 in the iSNF2L/IMC7-Myc (c) or

iSNF2L (d) strains. The +IAA parasites in (d) were treated with IAA for 36 h in total
(12 h of pretreatment in T25 flasks followed by 24 h of treatment on coverslips
before imaging). Arrowheads in (c) indicate parasites with replicating/segregating
nuclei but no daughter cell formation, whereas arrows indicating endopolygeny-
like division. Yellow arrows in (d) indicate splitting of mother parasite or its nucleus,
whereas arrowheads indicate parasites without nuclear DNA. e Percentage of
SNF2L-depleted parasites undergoing indicated types of reproduction described in
(d). More than 100 vacuoles with identifiable mode of reproduction were analyzed
in n=3 independent experiments. Data are presented as means + SD. Source data
are provided as a Source Data file.

SNF2L-depleted mutants exhibited morphological and division char-
acteristics of enteroepithelial stage parasites.

SNF2L depletion results in altered expression of devel-
opmentally regulated genes

To understand how and why the deletion of SNF2L led to changes in
the reproduction modes of the parasites, we first performed tran-
scriptomic analyses to examine the global gene expression changes
after SNF2L depletion. The SNF2L-mAID strain treated with IAA for O h,
12h and 24 h was subjected to RNA-Seq analyses (Supplementary
Fig. 3a). Using DESeq2 to call for differentially expressed genes (DEGs)
with the criteria of adjusted p (Q) value < 0.05 and fold change > 2, a
substantial number of DEGs were identified (Supplementary Fig. 3b—e).
Moreover, the gene expression changes became more profound fol-
lowing longer depletion of SNF2L (Supplementary Fig. 3f). After 12 h of
IAA treatment to deplete SNF2L, 301 parasite genes were found to be
upregulated and 193 were downregulated (Supplementary data 2).

With 24 h of IAA treatment, 976 genes were upregulated and 646 were
downregulated (Supplementary data 2). Importantly, 79.4% (239 / 301)
and 59.1% (114/193) of genes that were up- or down-regulated after
12 hours of IAA treatment were also up- or down-regulated after
24 hours of treatment (Supplementary Fig. 3f). We then focused our
analyses on samples treated for 12 h, to minimize secondary effects of
SNF2L depletion on gene transcription. Of these 494 DEGs (12 h/0 h),
82.8% of them are developmentally regulated, meaning that they have
different expression levels during different stages of the life cycle.
Notably, 81% (244 out of 301) of the genes with increased mRNA
abundance upon SNF2L depletion matched those upregulated during
enteroepithelial or chronic infection stages compared to
tachyzoites**’. Among these 244, the majority (135) were genes
upregulated in merozoites (Fig. 4a). To further demonstrate the simi-
larities in gene expression change upon SNF2L depletion and during
parasite development, we examined the transcription patterns of the
301 genes that were upregulated in SNF2L deficient parasites across
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Fig. 3 | Out-budding in SNF2L depleted mutants. a endodyogeny of the iSNF2L
strain without IAA treatment. Each mother cell contained two daughter cells (D),
and each daughter cell had a single nucleus (Nu). b-g reproduction patterns and

morphologies of the iSNF2L strain treated with IAA, which displayed out-budding
(bud) type of division. In addition, some parasites contained multiple mitochondria
(Mi). Source data are provided as a Source Data file.

different developmental stages in wildtype parasites*’. The results
showed that, nearly 46.5% of the genes were upregulated in brady-
zoites compared to tachyzoites, whereas 67.8% were increased in
enteroepithelial stages (EESI-EES5) and 35.9% were upregulated in
both bradyzoites and enteroepithelial stages (Fig. 4b). When the top
30 upregulated genes (excluding hypothetical proteins) in the SNF2L
depleted mutants were subjected to similar analyses, it was evident
that the majority of them were merozoite specific genes, including
merozoite markers like GRA11B and AAH2**¢ (Fig. 4c). In addition,
SNF2L depletion also resulted in the increased transcription of gamete-
specific genes, such as PF16, HAP2, and TGME49 306338"* (Fig. 4d).
Quantitative RT-PCR on selected genes further confirmed their
increased transcript levels in SNF2L depletion mutants (Supplemen-
tary Fig. 3g-m). To check whether the changes in transcript levels
affect the protein abundance of the corresponding genes, TMT (Tan-
dem Mass Tags)-based quantitative proteomics was used to compare
the protein level changes upon SNF2L depletion (12 h of IAA treat-
ment). The results from three repeated experiments indicated that a
number of genes with increased mRNA levels also showed increased
protein abundances, including merozoite markers like PAN
(TGME49_209920), GRA11B, and MIC17B in SNF2L depleted parasites
(Fig. 4e). Furthermore, a Ty tag was inserted to the C terminus of
endogenous PF16, a microgamete specific gene upregulated in the
SNF2L depletion mutants”, to construct the iSNF2L PF16-Ty strain
(Supplementary Fig. 4). IFA results suggest that PF16-Ty could be
detected in the absence of SNF2L, but not in its presence (Fig. 4f),
suggesting that SNF2L depletion did increase the protein abundance
of proteins like PF16.

Among the 193 genes downregulated in the SNF2L depleted
mutants after 12 h of IAA treatment, 85.5% (165/193) were also devel-
opmentally regulated (Supplementary Fig. 5a). However, in contrast to
the 301 upregulated genes, which were mostly upregulated during
enteroepithelial or chronic infection stages, the 193 downregulated
genes did not show a uniform pattern of expression change across
development. Roughly half of them were upregulated during enter-
oepithelial or chronic infection stages, whereas the other half were
downregulated during those stages (Supplementary Fig. Sb-e).

Nonetheless, taken together, these results clearly show that SNF2 has a
critical role in controlling the expression of developmentally regu-
lated genes.

SNF2L binds to promoter regions of target genes and alters local
chromatin accessibility

To elucidate the underlying mechanisms responsible for the gene
expression changes in SNF2L depletion mutants, CUT&Tag followed
by DNA sequencing was used to analyze the binding sites of SNF2L in
the Toxoplasma genome. Chromatin bound by SNF2L was pre-
cipitated by an HA antibody (a naive mouse IgG was used side by side
as a negative control) from the lysate of the SNF2L-3*HA strain.
Subsequent DNA sequencing showed that SNF2L was enriched near
the transcription start sites (TSS) of genes, with 91.7% of the binding
sites located in the promoter regions (Fig. 5a—c). Although the SNF2L
binding sites were scattered across the chromosomes (one example
is given in Fig. 5b for chromosome XII), a closer look suggested that
many of the genes upregulated in the SNF2L depletion mutants, such
as GRA80, GRAS2 and MIC17A, were targeted by SNF2L near their
promoter regions (Fig. 5d). To further examine the specific binding
of SNF2L to chromatin sites, similar CUT&Tag analyses on the iSNF2L
strain were performed, using parasites that were treated with or
without IAA for 12 h (the +IAA group served as negative controls).
The results showed that the SNF2L binding sites revealed by these
two CUT&Tag experiments (one done with the SNF2L-3*HA strain
and the other with the iSNF2L strain) were quite similar (Fig. 5b).
About 80% of the genes identified by CUT & Tag in iSNF2L were also
identified by CUT & Tag in SNF2L-3*HA. Together, these results
suggest that CUT & Tag did identify the specific binding sites of
SNF2L on the chromosomes.

Since SNF2L is predicted to be a chromatin remodeler, we sought
to test whether it had a role in modifying the chromatin architecture.
For this purpose, ATAC-seq (Assay for Transposase-Accessible Chro-
matin with high-throughput sequencing) was used to determine the
chromatin accessibility in the SNF2L-mAID mutant before and after IAA
treatment (12h). The results showed that the overall chromatin
accessibility was significantly reduced in the SNF2L-depleted parasites,
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Fig. 4 | SNF2L depletion results in expression changes of genes involved in
parasite development. a Venn diagram showing the overlap of genes upregulated
(>2-fold) in the SNF2L-depleted mutants with the genes that are upregulated in
wildtype merozoites (Mz), bradyzoites (Bz), or sporozoites (Sp) compared with
tachyzoites (Tz). Data for the latter are from published datasets available in Tox-
oDB. **p < 0.0001, Pearson’s Chi-squared tests indicating genes upregulated in the
SNF2L depletion mutant were significantly enriched in gene sets associated with
bradyzoites, merozoites, or sporozoites. b For the 301 genes that were upregulated
in the SNF2L-depleted mutants, their expression patters in wildtype strain during
the life cycle were plotted as a heatmap using data from ToxoDB. c Life cycle

expression patterns of the top 30 upregulated genes (excluding hypothetical
proteins) in the SNF2L-depleted mutants were plotted as a heatmap. d expression
patterns HAP2, PF16, and TGME49_30633839 during the parasites’ life cycle, as well
as in iSNF2L mutants with or without IAA treatment. e Volcano plot showing the
abundance change of proteins in the iSNF2L strain before and after IAA treatment
for 12 h, as determined by TMT-based quantitative proteomics. Data from three
biological replicates were plotted. Raw data are shown in Supplementary data 3.
f Expression of PF16 in the SNF2L-depleted mutant, as determined by IFA on the
iSNF2L/PF16-Ty strain with or without IAA treatment for 60 h. Source data are
provided as a Source Data file.

and the reduction mostly occurred at the TSS regions (Fig. Se-g).
Moreover, >54% of the genes with reduced chromatin accessibility
were identified as targets of SNF2L by CUT&Tag in both SNF2L-3*HA
and iSNF2L strains. The reduced chromatin accessibility after SNF2L
depletion is consistent with the predicted role of SNF2L as a chromatin
remodeler. To more precisely assess how gene transcription might be
affected by SNF2L, the chromatin accessibility of genes that were up-
or down-regulated in the SNF2L-depleted mutants was analyzed
separately. The ATAC-seq data suggest that although the chromatin
accessibility around both sets of genes was decreased after SNF2L
depletion, the decrease seemed to be more profound in down-
regulated genes (Fig. 5h), suggesting that SNF2L might affect the
expression of these genes by different mechanisms. For upregulated
genes like GRA8O and MIC17A, SNF2L depletion reduced chromatin
accessibility by 40% around their promoter regions, but they were still
reasonably accessible (Fig. 5h, d). In contrast, the chromatin accessi-
bility was reduced by nearly 70% around the promoters of genes
downregulated in the SNF2L depletion mutants (Fig. 5h).

SNF2L forms a complex with novel nuclear factors
Chromatin remodeling complexes typically contain multiple subunits,
with an ATPase as the core. To check whether Toxoplasma SNF2L is

also in a complex with other proteins, co-immunoprecipitation (Co-IP)
was performed in the SNF2L-3*HA strain to precipitate SNF2L and its
interacting proteins, which were subsequently identified by mass
spectrometry (MS). A number of proteins, including AP2X-4 and two
uncharacterized proteins TGME49 203980 (herein named SLIF1 for
SNF2L Interacting Factor 1) and TGME49 217480 (herein called SLIF2
for SNF2L Interacting Factor 2) were identified as top hits, because
peptides derived from these proteins were enriched in the experi-
mental group with HA antibody for Co-IP, compared to the control
group using naive mouse IgG (Fig. 6a). To further check whether these
identified proteins do form a complex, we first tagged the C termini of
SLIF1 and SLIF2 with an mAID (which contained an HA tag) epitope at
their endogenous gene loci (Supplementary Fig. 6a-c). Subsequently,
a similar Co-IP approach using the mAID-tagged lines (including AP2 X-
4-mAID that was constructed previously*®) was used to identify bind-
ing partners for each of these proteins. The reciprocal Co-IP and MS
results show that SNF2L did form a complex with SLIF1, SLIF2, and
AP2X-4 (Fig. 6b-d). Except that there was probably no direct interac-
tion between AP2X-4 and SLIF2, the other components of the complex
were always identified as top hits in any given Co-IP/MS experiments
(Fig. 6a, d and Supplementary data 4). Analyzing the Co-IP/MS results
with the SFINX (Straightforward Filtering IndeX) program®-? suggest
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Fig. 5 | SNF2L binds to the promoter regions of target genes and its depletion  (a). Meanwhile, the accessibility of chromatin revealed by ATAC-Seq at these
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similar CUT&Tag experiments done in the iSNF2L strain with or without 12 h IAA h accessibility of the upstream regions of genes that are upregulated (upper panel)
treatment. Chromosome XII was shown as an example. ¢ Distribution of SNF2L on  or downregulated (lower panel) in the SNF2L-depleted parasites. Means + SEM were
different types of genetic elements, derived from the analysis of data in (a). plotted. Source data are provided as a Source Data file.

d Enrichment of SNF2L at the upstream regions of selected genes, using data from
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Fig. 6 | SNF2L interacts with novel nuclear factors to form a gene regulation
complex. a-d Protein hits from co-IP experiments that were used to identify
binding partners for the prey proteins (marked in red). The number of unique
peptides derived from untagged (Ctrl) and HA tagged (HA) strains was used to
generate these graphs. e co-IP results analyzed by the Straightforward Filtering
IndeX (SFINX) to show the possible protein interactions in the SNF2L-containing
complex. Raw data are shown in Supplementary data 5. f-h co-IP and Western

blotting examining the interactions between SNF2L, SLIF1, and SLIF2. i Cartoons
showing the SNF2L/ISW2 chromatin remodeling complexes in indicated organisms.
j-1Heat maps showing the life cycle expression patterns of genes upregulated (>2-
fold) in SLIF1, SLIF2, or AP2X-4 depleted mutants. Data were derived from ToxoDB.
m Venn diagram showing the overlap of genes upregulated (>2-fold) in SNF2L,
AP2X-4, and SLIF1 depleted mutants. Source data are provided as a Source Data file.

that SNF2L, SLIF1, SLIF2, and AP2X-4 form the core of the complex
(Fig. 6e and Supplementary data 5).

To further validate the protein interactions within the SNF2L-
containing complex, each of the subunits was precipitated from the
corresponding HA or mAID-tagged line with an HA antibody, then
Western blotting was used to detect the presence of other subunits,
using antibodies raised against them. As examples, the interactions
between SNF2L and SLIF1, as well as SLIF2, were confirmed (Fig. 6f-h).
These data suggest that SNF2L, SLIF1, SLIF2, and AP2X-4 do form a
complex. Interestingly, except humans (which have three), the ISWI
family chromatin remodeling complexes in other model organisms
like yeast and fruit fly all have four proteins as core components
(Fig. 6g), suggesting a conserved working mechanism. On the other
hand, except SNF2L, which is highly conserved, the other three com-
ponents (SLIF1, SLIF2, and AP2X-4) of the Toxoplasma complex have
very low sequence similarities with proteins outside apicomplexa. This
suggests that the targets regulated by the Toxoplasma complex may
have different sequence properties or chromatin modifications than
the SNF2L targets in other eukaryotes.

Similar to SNF2L, AP2X-4 has been shown before to be critical for
tachyzoite proliferation and proper expression of life cycle-regulated
genes®’. To check the function of the two uncharacterized compo-
nents (SLIF1 and SLIF2) in the complex, the mAID-tagged strains were
used for phenotypic analyses (Supplementary Fig. 6a—-c). IAA treat-
ment for one hour could efficiently induce the degradation of both
SLIF1 and SLIF2 in corresponding tagged lines (Supplementary
Fig. 6d, e). Plaque assays showed that SLIF1 was essential for tachyzoite
growth, since IAA-treated SLIFI-mAID failed to produce any visible
plaques. On the other hand, SLIF2 seemed to be dispensable, as IAA
treatment did not affect plaque formation of the SLIF2-AID strain
(Supplementary Fig. 6f-k). Intracellular replication assays showed that
depletion of SLIF1 caused slower proliferation and altered mode of
reproduction of the parasites (Supplementary Fig. 7a—c), similar to the
depletion of SNF2L. Whereas the replication rates and modes of
reproduction of the SLIF2-depleted mutants were indistinguishable
from those of the parental strain (Supplementary Fig. 7b-d). Depletion
of AP2X-4 also did not alter the division pattern, as the parasites still
proliferated by endodyogeny (Supplementary Fig. 7e).
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RNA-Seq was used to assess the gene transcription changes upon
depletion of SLIF1, SLIF2, or AP2X-4. Similar to the SNF2L-deficient
mutants, parasites lacking any of the three genes displayed altered
expression of developmentally regulated genes. In particular, deple-
tion of SLIF1 led to increased mRNA levels of 131 genes, 67% of which
are the ones upregulated in bradyzoites and enteroepithelial stages
during normal development of wildtype parasites (Fig. 6j). Depletion
of AP2X-4 increased the transcript levels of 1129 genes and 82% of them
are upregulated in bradyzoites and enteroepithelial stages (Fig. 6k).
Relatively speaking, disruption of SLIF2 resulted in smaller gene
expression changes. Of the 19 genes upregulated in the SLIF2-depleted
mutants, 94% are upregulated in bradyzoites and enteroepithelial
stages during normal development (Fig. 6l). Interestingly, 70.8% of the
genes upregulated in the SNF2L depletion mutants were also upregu-
lated in the AP2X-4 deficient mutants. Similarly, 62.6% of the genes
upregulated in the SLIF1 depleted mutants were also upregulated in
the AP2X-4 deficient mutants (Fig. 6m). Moreover, majority of the
genes upregulated in all three mutants (lacking SNF2L, AP2X-4 or
SLIF1) were merozoite specific markers, such as GRA11A, GRA11B, and
GRAS2 (Fig. 6m). These results are consistent with that these factors
are in a complex to control the expression of developmentally
regulated genes.

Discussion

Toxoplasma and other apicomplexan parasites have similar develop-
mental programs that are tightly regulated during their life cycles.
Previous studies have shown that transcriptional and epigenetic reg-
ulations play key roles in controlling the parasites’ developmental
programs’’*>, In this work, we find that the chromatin architecture is
also a crucial factor that regulates parasites’ life cycle progression. Like
other eukaryotes, T. gondii encodes multiple chromatin remodeling
complexes with distinct ATPases. Among these complexes, we find
that the SNF2L-containing one has critical roles in regulating parasites’
developmental programs, including reproduction modes and gene
expression patterns. Loss of the core component SNF2L promoted
tachyzoites to proliferate by merogony and out-budding, suggesting
commitment to enteroepithelial stage development. This is the first
time out-budding was observed in parasites cultured in vitro since this
type of proliferation normally only occurs during micro-
gametocytogenesis that produces male gametes from
microgametocytes' . In our SNF2L-depleted mutants, over 35% of the
dividing parasites were undergoing out-budding (Fig. 2e). In this
regard, SNF2L depletion offers a unique opportunity to study this
process in vitro, which is otherwise not possible.

Like the homologous ISW2 complex in Saccharomyces cerevisiae,
the SNF2L-containing chromatin remodeling complex of Toxoplasma
gondii also consists of four subunits, suggesting conserved modes of
action’’. During chromatin remodeling, the Itcl and Dpb4 subunits of
the yeast ISW2 complex bind extranucleosomal DNA, and Dpb4 serves
as the anchor point for the complex on DNA. DIsl, on the other hand,
forms a dimer with Dpb4 to promote the nucleosome spacing activity
of the ISW2 complex®~’. The SLIF1, SLIF2, and AP2X-4 proteins in the T.
gondii SNF2L complex may have similar modes of function as the
subunits in the ISW2 complex, but require further investigations. In
addition to structural similarities, the T. gondii SNF2L complex and the
yeast ISW2 complex may also have similar functions. In response to
environmental changes like nutrient starvation, S. cerevisiae cells quit
mitotic proliferation and initiate a differentiation process that leads
the formation of haploid spores through meiosis®. During mitotic
proliferation, ISW2 is recruited to specific regions by the Ume6
repressor to repress the expression of early meiotic genes, thus inhi-
biting spore formation®*®°. Similarly, the SNF2L complex in T. gondii
was critical for repressing the expression of developmentally regulated
genes, especially enteroepithelial stage-specific genes, at the tachy-
zoite stage to ensure the parasites proliferate rapidly by endodyogeny.

Such structural and functional similarities between the ISWI family
chromatin remodeling complexes in different organisms suggest their
conservation during evolution. On the other hand, except the core
ATPases SNF2L, other subunits of the Toxoplasma SNF2L complex do
not have homologs in model eukaryotes like yeasts or humans. In fact,
homologs of SLIF1, SLIF2, and AP2X-4 can only be found in Coccidia
parasites (Supplementary data 1), suggesting that they may have spe-
cific functions in regulating these parasites’ lifestyle. Interestingly, the
SNF2L remodeler in Plasmodium falciparum was reported very
recently, and it was also found to interact with AP2 transcription fac-
tors and epigenetic factors like MORC, similar to SNF2L in Toxoplasma.
In addition, SNF2L in P. falciparum was also found to regulate the
sexual and asexual developments of the parasites®’. Similar functions
of SNF2L in Toxoplasma and Plasmodium suggest that the roles of
SNF2L may be conserved in Apicomplexa parasites. Nonetheless, the
composition of the SNF2L complexes may be different in these
organisms, since the SLIF1 and SLIF2 proteins that are core of the
Toxoplasma complex do not seem to be present in P. falciparum
(Supplementary data 1). Interestingly, Pachano et al. also examined the
role of SNF2L in Toxoplasma recently, and they found similar binding
partners of SNF2L like we did. They also showed that SNF2L was critical
for parasite growth. However, depletion of SNF2L in their study did not
affect chromatin accessibility and had little effect on gene expression,
which is different than what we saw. Such discrepancy is likely due to
the incomplete depletion of SNF2L in the TgSNF2L-mAID strain in the
Pachano et al. study. After 48 h IAA treatment, SNF2L could still be
detected by Western blotting®. In contrast, treating our iSNF2L strain
with IAA for 6 h depleted SNF2L to undetectable levels (Fig. 2a).
Recently, inactivation of a number of factors in T. gondii, such as
MORC, HDAC3, AP2XII-1, and AP2XI-2, has been shown to increase the
transcription of enteroepithelial stage genes, like the depletion of
SNF2L did”~*. Indeed, when the gene expression patterns of different
mutants were compared, it was clear that most (77.4%) of the genes
upregulated in the SNF2L depletion mutant were also upregulated in
the MORC depletion mutant. Many of these genes also showed
increased transcription in AP2XII-1 or AP2XI-2 depleted mutants
(Supplementary Fig. 8). These results suggest that there are probably
functional connections between these factors. Interestingly, MORC
and HDAC3 were identified as potential interacting proteins of SNF2L
and AP2X-4 (Supplementary data 4), respectively, suggesting interac-
tions between the MORC complex and the SNF2L complex. Following
these observations, we propose a model which the MORC and the
SNF2L complexes work together to ensure the correct expression
patterns of developmentally regulated genes at the tachyzoite stage.
The SNF2L complex is placed to the upstream regions of the devel-
opmentally regulated genes, likely through AP2X-4 or the two novel
SNF2L-interacting factors SLIF1 or SLIF2. Then, for the genes that will
be upregulated along bradyzoite and/or enteroepithelial develop-
ment, the chromatin remodeling activity of the SNF2L complex makes
their upstream regions accessible for binding by factors like AP2XII-1
and AP2XI-2, which further recruit MORC/HDACS3 to inhibit the tran-
scription of these genes at the tachyzoite stage. At these sites, there is
likely a direct interaction between the MORC complex and the SNF2L
complex, as the colP/MS results indicated. As such, depletion of SNF2L
resulted in release of AP2XIl-1, AP2XI-2, and MORC/
HDAC3 suppressors from the target sites, leading to increased
expression of target genes. For the genes that will be downregulated
along bradyzoite and/or enteroepithelial development, loading of the
SNF2L complex to their promoter regions makes them accessible to
the transcriptional machinery for active transcription. Accordingly,
removal of SNF2L complex from those sites would decrease the
chromatin accessibility and inhibit the transcription of corresponding
genes. In consistent with this hypothesis, CUT&Tag results from our
work and others showed that, although SNF2L was found at the
upstream regions of genes that were both up- and down-regulated in
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the SNF2L depletion mutants, AP2XII-1, AP2XI-2, MORC and HDAC3
were only found at the upstream regions of genes upregulated in
SNF2L depletion mutants (Supplementary Fig. 9). These results sug-
gest that the up- and down-regulated genes are controlled by SNF2L
through different mechanisms.

Our results show that SNF2L prevents out-budding or other types
of reproduction and controls the expression of developmentally
regulated genes in tachyzoites to ensure rapid parasite proliferation by
endodyogeny. During life cycle progression, the activity of the SNF2L
complex must be modulated so that the parasites can transit from one
developmental program to another. To assess how SNF2L may be
regulated, we estimated the binding partner differences of SNF2L
under different conditions. The SNF2L-3*HA strain was cultured under
normal tachyzoite conditions, or induced with alkaline medium for
bradyzoite formation. Then, proteins bound to SNF2L were co-
immunoprecipitated and identified by mass spectrometry. The
results showed that under all tested conditions, the four core subunits
of the SNF2L complex could always be co-immunoprecipitated. On the
other hand, the accessory proteins binding to the SNF2L complex did
vary under different growth conditions. For example, during induction
of bradyzoite transition, SNF2L seemed to bind to different ApiAP2 and
epigenetic factors (Supplementary Fig. 10 and Supplementary data 6).
The change of binding partners may be a way to regulate the activity of
the SNF2L complex during parasite development, which deserves
further investigation.

Methods

Parasite cultures

All strains used in this study are listed in Supplementary Tables 1. They
were propagated in human foreskin fibroblasts (ATCC, USA) that were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, USA) supplemented with 10% fetal bovine serum (Gibco, USA),
2mM glutamine, and 1% penicillin-streptomycin. The cultures were
tested (by qualitative PCR) monthly to make sure they were free of
mycoplasma contamination. IAA (Sigma-Aldrich, USA) at a final con-
centration of 500 pM was used to induce degradation of mAID-tagged
proteins, when needed®**.

Plaque and intracellular replication assays

Freshly egressed tachyzoites were harvested, purified, and resus-
pended in DMEM medium. For the plaque assays, purified parasites
were used to infect HFF monolayers seeded in 6-well plates (about 200
parasites per well) and cultured for 10 days under standard tachyzoite
growth conditions. The samples were then fixed with 4% paraf-
ormaldehyde and stained with 0.1% crystal violet to visualize the
plaques®. For intracellular replication assays, purified parasites were
used to invade HFF monolayers seeded on coverslips in 24-well plates
for 10 min. Then, noninvaded parasites were washed away with DMEM,
and the invaded ones were cultured for indicated amount of time.
Subsequently, the samples were then fixed with 4% paraformaldehyde,
and the number of parasites in each PV was determined by IFA staining
using rabbit anti ALD®. Each experiment was repeated three times
independently.

Reagents

The following antibodies were used in the immunofluorescence,
immunoblotting, co-IP, and CUT&Tag assays: Rabbit anti ALD poly-
clonal and mouse anti Ty monoclonal antibodies (provided by Prof.
David Sibley at Washington University in St. Louis), mouse anti HA tag
(the TANA2 clone (for CUT&Tag), MBL International Corporation,
Japan; 12CAS (for all rest applications), Abcam, China), rabbit anti IMC1
(provided by Dr. Qun Liu from China Agricultural University), mouse
anti GAP45 (homemade), mouse anti Centrinl (the 20HS5 clone, Sigma-
Aldrich, USA), mouse anti SNF2L (homemade), mouse anti SLIF1
(homemade), HRP-labeled goat anti-rabbit or goat anti-mouse IgG

(Beyotime Biotechnology, China), Alexa Fluor 488 or 594 conjugated
goat anti-mouse or goat anti-rabbit IgG (Fisher Scientific. USA).

Identification and phylogenetic analyses of putative chromatin
remodeling ATPases in Toxoplasma gondii

The sequences of the DEXDc (SMART ACC: SM000487) and HELICc
(SMART ACC: SM000490) domains of Saccharomyces cerevisiae chro-
matin remodeling ATPases (Swi2/snf2, Sthl, Iswl, Isw2, Ino80, Swrl,
Chd1 and Fun30) were identified by SMART, and were then used as
queries to do protein BLAST searches in the ToxoDB database (https://
toxodb.org/toxo/app/). Hits were individually analyzed by SMART, and
the ones with both DEXDc and HELICc domains were kept for further
analyses. Each of the Toxoplasma proteins with both DEXDc and HELICc
domains was used as queries to BLAST against Saccharomyces cerevisiae
in NCBI. Only the ones that could identify known Saccharomyces cere-
visiae chromatin remodeling ATPases as top hits were considered
chromatin remodeling ATPases in T. gondii. For phylogenetic analyses,
selected sequences were first aligned in Clustal W. Then, phylogenetic
analyses were performed in MEGA 11, using the Maximum Likelihood
algorithm based on the Jones-Taylor-Thornton (JTT) model. Protein
sequences were extracted from Uniport and their access numbers are as
follow. Saccharomyces cerevisiae proteins: Snf2, P22082; Sthl, P32597;
Iswl, P38144; Isw2, Q08773; Ino80, P53115; Swrl, Q05471; Chdl, P32657.
Drosophila melanogaster proteins: Brm, P25439; ISWI, Q24368; INO8O,
Q9VDY1; Domino, Q9NDJ2; CHD1, Q7KU24. Mouse proteins: SMCA2,
Q6DICO; SMCA4, Q3TKT4; SNF2H, Q91ZW3; SNF2L, Q6PGBS; INOSO,
Q6ZPV2; EP400, Q8CHIS; CHD1, P40201. Human proteins: SMCA2,
P51531; SMCA4, P51532; SNF2H, 060264; SNF2L, P28370; INOS8O,
Q9ULGI; EP400, Q96L91; SRCAP, Q6ZRS2; CHD1, 014646. Toxoplasma
gondii proteins: TGME49 320300, AOA125YUI6; TGME49 278440,
S8GAJ1; TGME49 273870, S8F5C2; TGME49 321440, S8GK42; TGME
49 280800, S8GMTS5; TGME49_258240, S8F110.

Construction of plasmids and transgenic parasite strains

All plasmids used in this study, as well as the methods for their con-
struction, are listed in Supplementary Table 2. All primers used were
synthesized by a commercial provider (Tsingke Biotechnology Co.,
Ltd, China) and are listed in Supplementary Table 3. The locus-specific
CRISPR plasmids were generated according to previously described
protocols®*®®, All other plasmids were constructed using the ClonEx-
press MultiS Cloning Kit (Vazyme Biotech, China) for multi-fragment
cloning. The pUC19-ME49SNF2L-mAID-HXGPRT plasmid was con-
structed by recombining the fragments of mAID-3HA-HXGPRT, 5’ and
3’ homologous arms of SNF2L into the plasmid pUC19. The mAID
construct was amplified from pTUBL:YFP-mAID-3HA-HXGPRT
(Addgene plasmid no. 87259), whereas the 5" and 3" homologous arms
were amplified from genomic DNA of the ME49 Ahxgprt TIR1 strain®.
The pUCI9-ME49SNF2L-3HA-DHFR plasmid was constructed by
cloning the fragments of 3HA-DHFR, the 5’ and 3" homologous arms of
SNF2L, into the plasmid pUC19. The 5’ and 3’ homologous arms were
amplified from genomic DNA of ME49. The pUC19-PAN-Ty-DHFR*,
pUC19-TGME49_306338-Ty-DHFR*, pUC19-HAP2-Ty-DHFR*, pUCI19-
PF16-Ty-DHFR*, and pUC19-IMC7-MYC-DHFR* fragments (which were
amplified from pUC19-Ty-DHFR*) and the homologous arms of corre-
sponding genes (which were amplified from the genomic DNA of the
MEA49 strain) into pUC19 by multi-fragment cloning.

All transgenic strains were constructed by CRISPR/Cas9-mediated
site-specific gene editing®®“®, Locus-specific CRISPR plasmids and
homology templates were co-transfected into the purified tachyzoites
of the corresponding strains and selected with 25 pg/ml mycophenolic
acid and 50 pg/ml xanthine (Sigma-Aldrich, USA) (for strains with the
HXGPRT marker) or 1uM pyrimethamine (Sigma-Aldrich, USA) (for
strains with the DHFR* marker) or 10 uM 5-fluoro-2’-deoxyruridine
(Sigma-Aldrich, USA) (for strains with inserts that disrupted the UPRT
locus). Individually, clones were obtained by limiting dilution and
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screened by diagnostic PCRs (primers are listed in Supplementary
Table 3) and immunofluorescent assays before use.

Immunofluorescent assays (IFA)

IFA was performed as described previously®****°. In brief, Toxoplasma
gondii-infected HFF cells grown on coverslips were fixed in 4% for-
maldehyde (Biosharp, China) at room temperature for 20 min, fol-
lowed by permeabilization with 0.1% (v/v) Triton X-100 for 15 min. The
samples were then blocked in phosphate-buffered saline (PBS) con-
taining 3% (w/v) bovine serum albumin (BSA). After incubating with the
primary antibodies for 30 min, the samples were washed with PBS and
then incubated with secondary antibodies in dark for 30 min. Cell
nuclei were stained with Hoechst for 10 min at room temperature.
After washing three times with PBS, the coverslips were mounted onto
microscope slides (Citotest, China) containing anti-fade mounting
medium (Beyotime, China) and imaged under an Olympus FluoView
FV1000 Confocal Microscope (Olympus Life Science, Japan).

Western blot analysis

Immunoblot analysis of protein was performed as described
previously®. Briefly, collected parasites were lysed in a protein lysis
buffer (10 mM Tris-HCI, pH 6.8, 0.5% SDS (v/v), 10% glycerol (v/v),1mM
EDTA, and protease inhibitor cocktail) for 10 min, and then boiled for
10 min. Proteins were separated using SDS-PAGE and transferred to
nitrocellulose membranes (Cytiva, USA). The blots were then incu-
bated with primary and secondary antibodies, respectively, followed
by detection with BeyoECL Moon Kit (Beyotime, China). The blots were
eventually scanned by an Amersham Typhoon 5 imager (GE
Healthcare, UK).

Transmission electron microscopy

HFF monolayers infected with ME49 iSNF2L tachyzoites were cultured
in T75 flasks with or without IAA for 24 h. Then, cells were scraped off
and collected by centrifugation at 500 x g for 6 min, followed by fixa-
tion with 0.25% (wt/vol) glutaraldehyde in 0.1 mol/L PBS at 20 °C for
4 h. Subsequently, cells were spun down at 500 g for 10 min and col-
lected for sample preparation as previously described”®’°. Samples
sectioning (60-70 nm thick) was done using the EM UC6 Ultra-
microtome (Leica, Germany) system. Then, the samples were stained
with 2% (vol/vol) uranyl acetate and examined under a Hitachi 80 kV
transmission electron microscope (H-7650 TEM; Hitachi High-Tech
Group, Japan).

Quantitative Proteomics using TMT
Parasites of the SNF2L-mAID strain treated with or without IAA for 24 h
(three biological replicates for each condition) were purified by fil-
tration (through membranes with 3 um pore size), proteins were
reduced by incubation with tris (2-carboxyethyl) phosphine (TCEP,
final concentration was 10 mM) (Thermo Scientific, USA) at 55°C for1h
and then alkylated with iodoacetamide (final concentration is
18.75 mM) (Sigma-Aldrich, USA) for 30 min at room temperature in
dark. After that, six volumes of pre-chilled acetone were added to
precipitate the proteins overnight. The protein pellet was air-dried for
2-3min. The pellet was subsequently resuspended with 100 mM
HEPES pH 8.5 and digested with trypsin at 1:40 (w/w) (Promega, USA)
overnight at 37 °C. The concentration of digest proteins was measured
with Quantitative Colorimetric Peptide Assay (Thermo Scientific, USA).
Then, 80 pug peptides of each sample (three samples for the +IAA
group and three for the -IAA group) were subjected to TMT-6plex
labeling, according to the manufacturer’s instructions. The TMT-
labeled samples were then vacuum centrifuged to near dryness and
desalted on a MonoSpinTM C18 (GL Science, Japan).

A quarter of the pooled TMT-labeled peptides was resuspended in
300 pL 10% buffer C (50 mM ammonium hydroxide, pH 10). Separation
was performed using Agilent 1260 pump and a 4.6 mm x 250 mm BEH

C18, 3.5 um column (Waters, USA) with a 58 min gradient from 5% to
80% buffer B (100% acetonitrile) at a flow rate of 0.5 ml/min while
buffer C was running constantly at 10% of total flow rate during the
process. Buffer A was 100% water. Fractions were collected over 75 min
at 2min intervals after the start of the gradient in 1.5ml Eppendorf
tubes. A total of 50 fractions were collected, which were then con-
solidated into 25. Samples were subsequently vacuum centrifuged to
near dryness and reconstituted in 5% formic acid for LC-MS/MS
analysis.

All 25 fractions were analyzed by a home-made 30 cm-long pulled-
tip analytical column (75um ID packed with ReproSil-Pur C18-AQ
1.9 um resin, Dr. Maisch GmbH). The column was placed in line with an
Easy-nLC 1200 nano HPLC (Thermo Scientific, San Jose, CA) for mass
spectrometry analysis. The analytical column temperature was set at
55 °C during the experiments. The mobile phase and elution gradient
used for peptide separation were as follows: 0.1% formic acid in water
as buffer A and 0.1% formic acid in 80% acetonitrile as buffer B,
0-1min, 1%-8% B; 1-104 min, 8-35% B; 104-114 min, 35%-50% B, 114-
115 min, 50%-100% B, 115-120 min, 100% B. Data-dependent tandem
mass spectrometry (MS/MS) analysis (2 s cycle time) was performed
with an Orbitrap Eclipse Tribrid mass spectrometer (Thermo Scientific,
San Jose, CA). Peptides eluted from the column were directly electro-
sprayed into the mass spectrometer with the application of a distal 2.3-
kV spray voltage. MS1 spectra were acquired in the Orbitrap (R =120k;
AGC target: standard; MaxIT: auto; RF Lens=40% mass
range =400-1600). Dynamic exclusion was employed for 60s,
excluding all charge states for a given precursor. MS2 spectra were
collected in the Orbitrap (R=30k; first mass =110 m/z; AGC target =
250,000; MaxIT = 54 ms). MS scan functions and LC solvent gradients
were controlled by the Xcalibur data system (Thermo Scientific, USA).

RNA-Seq analysis

Tachyzoites of the iSNF2L, iSLIF1, and iSLIF2 strains treated with IAA
for 0, 12, or 24 h (three replicates were independently prepared and
analyzed for each condition) were purified and collected. Total RNA
was extracted using the TRIzol reagent (Invitrogen, USA) according to
the manufacturer’s protocol. RNA purity and concentration were
evaluated using the NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA). RNA integrity was assessed using the Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Then, the libraries for
sequencing were constructed using the VAHTS Universal V6 RNA-seq
Library Prep Kit according to the manufacturer’s instructions. The
mRNA sequencing and analyses were conducted by OE Biotech Co.,
Ltd. (Shanghai, China). The libraries were sequenced on the illumina
Novaseq 6000 platform, and 150 bp paired-end reads were generated.
Raw reads were first processed using fastp, and low-quality reads were
removed to obtain the clean reads”. The clean reads were mapped to
the reference genome of ME49 using HISAT2"2 FPKM of each gene was
calculated, and the read counts of each gene were obtained by HTSeq-
count”. PCA analysis was performed using R (v 3.2.0) to evaluate the
biological duplication of samples. Differential expression analysis was
performed using the DESeq2’*. Adjusted P (Q) value <0.05 and fold-
change > 2 were set as the threshold for differential expression genes
(DEGs). Raw data have been deposited to the GEO database with the
accession numbers GSE268892, GSE268652, and GSE268750.

CUT&Tag

Intracellular parasites of the iSNF2L (treated with or without IAA for
12 h) or SNF2L-3HA strains were mechanically released from host cells
by needle passage and purified by filtration. Each strain or condition
contained three biological replicates. Approximately 5x10° tachy-
zoites were collected and processed using lllumina’s Hyperactive
Universal CUT&Tag Assay Kit (Vazyme Biotech, China), according to
the manufacturer’s instructions. Mouse anti-HA was used as primary
antibody for immunoprecipitation. For samples from the SNF2L-3HA
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strain, parallel experiments using naive mouse IgG were included as
controls. For the iSNF2L samples, the IAA-treated samples were used as
controls for those without IAA treatment. The resulting DNA was
amplified using the TD 202 TruePrep Index Kit V2 for Illumina (Vazyme
Biotech, China) for library construction. The libraries were enriched,
quantified, and sequenced using the PE150 model on a NovaSeq
6000 sequencer (Illlumina). High-throughput sequencing and data
analysis were performed by Yingzi Gene Technology Co., Ltd (Wuhan,
China). Briefly, raw sequencing data were initially filtered using Cuta-
dapt (version 2.5) to remove low-quality reads and trim adapter-
contaminated sequences. Clean readings were then mapped to T.
gondii reference genome (ME49) using Bowtie 2 (version 2.3.4.1) with
default parameters. Library quality was assessed by calculating insert
size using Samtools (version 1.12) and analyzing read distribution
around transcription start sites (TSS) using DeepTools (version 3.5.1).
Peak identification was performed using MACS 2 version 2.1.1. Bigwig is
generated using bigWigMerge and bedGraphToBigWig (version 4.11.1).
Peaks were annotated with ChIPseeker (version 1.32.1). Visualization of
peaks in genomic regions was performed using IGV Genome Browser.
The original data have been deposited in the GEO database under
accession numbers GSE293095 and GSE293409.

ATAC-Seq

Fresh tachyzoites of the ME49 SNF2L-mAID strain treated with or
without IAA for 12h were harvested, filtered through 3 um poly-
carbonate membranes, and centrifuged at 1000 xg for 8 min. The
tachyzoites that were collected were then ground in liquid nitrogen for
a period of ~30 min. Then, 980 pL of cell lysis buffer (including 50 mM
HEPES (Life technologies, USA), 140 mM Nacl (Invitrogen, USA), 1 mM
EDTA (Invitrogen, USA), 10% glycerol (Sigma-Aldrich, USA), 0.5% NP-40
(Thermo Scientific, USA), and 0.25% Triton X-100 (Thermo Scientific,
USA)) and 20 pL protease inhibitor (50x) (Roche, Switzerland) were
added to each sample and vortexed for 1 min. Nuclei from the lysed
parasites were enriched following the previously described ATAC-seq
method”. Then, 50 pL of transposition reaction mixture (ATAC-seq
library prep kit, Yingzi Gene, China) was added and incubated at 37 °C
for1h. The products were then recovered using a DNA purification and
concentration kit (Jian Shi Biotechnology, China). The recovered pro-
ducts were subjected to PCR amplification using NEB Next High-
Fidelity 2X PCR Master Mix (NEB, USA) and adapter primers. The PCR
products were purified and size-selected using KAPA Pure Beads
(KAPA BIOSYSTEMS, USA). The prepared libraries were sequenced on
the Illumina Nova6000 PE150 platform. The bigwig files containing
enriched peaks were generated and visualized as described above in
the CUT&Tag section. Sequencing and data analyses were provided by
Wuhan Yingzi Gene Technology Co., Ltd The original ATAC-Seq data
have been deposited to the GEO database and can be accessed through
the accession number GSE268890.

Co-immunoprecipitation (Co-IP) and mass spectrometry

Freshly egressed tachyzoites of indicated strains were collected and
purified through 3 pm polycarbonate membranes. Then, 5 x 10® para-
sites of each strain were harvested, washed three times with ice-cold
PBS, and lysed with 400 pl ice-cold IP lysis buffer (500 pL NP-40 Lysis
Buffer with 10 pl PMSF) (Beyotime, China). During lysis, the samples
were placed in a water bath sonicator and sonicated for 15 min in iced
water. The lysates were then centrifuged at 1800 x g for 5 min, and the
supernatants were collected for subsequent co-IP experiments. For co-
IP, the supernatants of parasite lysates were incubated with mouse IgG
pretreated Protein G magnetic beads (ABclonal, China) at4 °Cfor1hto
remove proteins that bound the beads or mouse IgG. The cleared
supernatants were then added to Protein G magnetic beads loaded
with mouse anti-HA antibody (MBL International Corporation, Japan)
(or mouse IgG antibody as control) and incubated at 4 °C for 10 h.

Subsequently, the beads were washed three times with cold TBS.
Bound proteins were then sent for mass spectrometry analyses.

Beads were first washed with 200 ul 100 mM Tris-Cl pH 8.5 three
times, then dissolved 50 ul 8 M urea with 100 mM Tris-Cl (pH 8.5).
5 mM Tris(2-Carboxyethyl)-Phosphine HCI (TCEP, Thermo Scientific)
for reduction and 10 mM iodoacetamide (IAA, Sigma) for alkylation
were added, sonicated, and incubated at room temperature in dark for
30 min, respectively. The protein mixture was diluted four times with
100 mM Tris-Cl and digested with Trypsin at 1:50 (w/w) (Promega). The
digestion was stopped by 5% Formic Acid (FA, Thermo Scientific), and
the peptide mixture was desalted by MonoSpinTM C18 column (GL
Science). Desalted mixture was dried with a SpeedVac and resus-
pended in 0.1% FA for MS analysis.

The peptide mixture was analyzed by a home-made 30 cm-long
pulled-tip analytical column (75 pm ID packed with ReproSil-Pur C18-
AQ 1.9 um resin, Dr. Maisch GmbH), and the column was then placed in
line with an Easy-nLC 1200 nano HPLC (Thermo Scientific) for mass
spectrometry analysis. The analytical column temperature was set at
55 °C during the experiments. The mobile phase and elution gradient
used for peptide separation were as follows: 0.1% formic acid in water
as buffer A and 0.1% formic acid in 80% acetonitrile as buffer B,
0-1min, 2%-10% B; 1-81min, 10-35% B; 81-96 min, 35%-60% B,
96-111 min, 60%-100% B, 111-120 min, 100% B. The flow rate was set as
300 nl/min.

Data-dependent MS/MS analysis was performed with a Q Exac-
tive Orbitrap mass spectrometer (Thermo Scientific). Peptides eluted
from the LC column were directly electrosprayed into the mass
spectrometer with the application of a distal 2.0-kV spray voltage. A
cycle of one full-scan MS spectrum (m/z 300-1800) was acquired,
followed by top 20 MS/MS events, sequentially generated on the first
to the twentieth most intense ions selected from the full MS spec-
trum at a 28% normalized collision energy. Full scan resolution was
set to 70,000 with automated gain control (AGC) target of 3e®. MS/
MS scan resolution was set to 17,500 with isolation window of 1.8 m/z
and AGC target of 1e5. The number of microscans was one for both
MS and MS/MS scans, and the maximum ion injection time was 50
and 100 ms, respectively. The dynamic exclusion settings used were
as follows: charge exclusion, 1 and >7; exclude isotopes, on; and
exclusion duration, 15s. MS scan functions and LC solvent gradients
were controlled by the Xcalibur data system (Thermo
Scientific, USA).

The acquired MS/MS data were analyzed against ToxoDB using
Proteome Discoverer 2.4 (Thermo Scientific). Mass tolerances for
precursor ions were set at 20 ppm, and for fragments were set at
0.08 Da. Trypsin was defined as cleavage enzyme; Cysteine alkylation
by iodoacetamide was specified as fixed modification with mass shift
57.02146; Methionine oxidation was set as dynamic modification with
mass shift 15.9949. A decoy database containing the reversed
sequences of all the proteins was appended to the target database to
accurately estimate peptide probabilities and false discovery rate
(FDR), and FDR was set at 0.01.

Statistical analyses

Except the RNA-Seq, CUT&Tag, and co-IP/MS results, all other data
were analyzed using Prism 9 (GraphPad Software Inc., USA). Sample
size was determined based on similar experiments published in pre-
vious literature. Statistical analyses were performed using unpaired
two-tailed Student’s t-test or Kolmogorov-Smirnov test, as indicated in
the figure legends. Chi-squared tests were performed in SPSS (version
27, IBM Inc., USA) to see the degree of gene enrichment of DEGs in
SNF2L-depleted parasites to different categories, as indicated in figure
legends. All immunofluorescence assays (IFA) and Western blots were
independently repeated at least twice, and similar results were
obtained. Only representative images were shown.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data generated in this study have been deposited
in the GEO database of NCBI under the following accession codes:
GSE268892, GSE268750, GSE268652 (RNA-Seq), GSE293409,
GSE293095 (CUT&Tag), and GSE268890 (ATAC-Seq). The TMT quan-
titative proteomics data have been deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository with the identifier number PXD055403.
Other RNA-Seq data analyzed in this study are publicly available from
ToxoDB or NCBI, as indicated in figure legends. All data are included in
the article or the Supplementary Information. Source data are pro-
vided with this paper.
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