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Abstract

The Toxoplasma gondii genome contains two aromatic amino acid hydroxylase genes,
AAH1 and AAH2 encode proteins that produce L-DOPA, which can serve as a precursor of
catecholamine neurotransmitters. It has been suggested that this pathway elevates host
dopamine levels thus making infected rodents less fearful of their definitive Felidae hosts.
However, L-DOPA is also a structural precursor of melanins, secondary quinones, and dityr-
osine protein crosslinks, which are produced by many species. For example, dityrosine
crosslinks are abundant in the oocyst walls of Eimeria and T. gondii, although their structural
role has not been demonstrated, Here, we investigated the biology of AAH knockout para-
sites in the sexual reproductive cycle within cats. We found that ablation of the AAH genes
resulted in reduced infection in the cat, lower oocyst yields, and decreased rates of sporula-
tion. Our findings suggest that the AAH genes play a predominant role during infection in the
gut of the definitive feline host.

Author summary

Toxoplasma gondii is an intracellular parasite that infects up to one-quarter of humans
worldwide. Although it can infect virtually any warm-blooded animal, its definitive host is
the cat where the sexual cycle occurs in enterocytes of the small intestine, producing
microscopic, durable oocysts that are shed in feces and can remain infectious for extended
periods of time in the environment. Two parasite genes, AAHI and AAH2, code for aro-
matic amino acid hydroxylases, which produce L-DOPA, the precursor to dopamine.
However, L-DOPA is also a precursor of other structural molecules including dityrosine,
which may play a role in the wall of the oocyst. We investigated the effect of AAH deletion
on the ability of the parasites to undergo sexual reproduction in cats, and found that
AAH-deficient parasites were defective in their ability to produce oocysts, and those
oocysts were partially defective in their ability to undergo maturation once produced. Col-
lectively, these results suggest that the AAH genes play their primary role in transmission
through the definitive host.
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Introduction

Toxoplasma gondii is an obligate intracellular parasite and a member of the phylum Apicom-
plexa. It is related to Plasmodium spp., the causative agents of malaria, as well as parasites of
human and veterinary importance including Cryptosporidium spp., Eimeria spp., and Neospora
spp. T. gondii is one of the most widely distributed parasites in the world, and can be found on
every continent and in virtually every species of warm-blooded animal investigated [1]. The
definitive host of T. gondii is the cat, including all members of the family Felidae [2]. Within
enterocytes of the cat intestine, T. gondii is capable of producing oocysts that are shed in the
feces [3]. Oocysts are spheroid, 10-12 um in size, and are comprised of an outer wall encapsu-
lating two sporocysts that each contain four infectious sporozoites [4]. Oocysts are structurally
robust with an elasticity and strength similar to common plastics [5]. They are very environ-
mentally resilient, able to withstand a wide range of physical and chemical challenges including
bleach, ethanol, acids, and bases [6], can stay infectious for years in the environment [7], and
represent a significant source of dissemination for the parasite [8]. Omnivorous and herbivo-
rous animals such as livestock can become infected by eating oocysts that contaminate range-
land, or by ingestion of contaminated water supplies [1]. Humans can also be infected by
accidental ingestion of oocysts in contaminated food sources such as vegetables [9], or by
ingestion of oocysts in water [10].

The walls of T. gondii oocysts are highly proteinaceous, composed of >90% protein [6], as
well as B 1-3 glucan carbohydrates [11], and acid-fast lipids [12]. Large-scale proteomic analy-
ses have identified 1,031 [13] or 1,304 [14] individual, non-redundant proteins associated with
the oocyst. Although the function and localization of many remain unknown, two classes of
oocyst wall structural proteins have been identified in other apicomplexans. In Cryptosporid-
ium parvum, cysteine-rich COWPs (Cryptosporidium oocyst wall proteins) form a proteina-
ceous structure through extensive disulfide bridges [15]. Alternatively, tyrosine-rich EmGam
(Eimeria gametocyte) proteins form a proteinaceous structure through extensive dityrosine
linkages in the oocyst walls of Eimeria maxima [16-18]. The T. gondii genome contains seven
cysteine-rich TgOWP proteins that are thought to be homologous to the COWPs. TgOWP pro-
teins TgOWPI-3, were characterized and described in the outer oocyst walls but not the inner
sporocyst walls [19]. Although T. gondii does not contain clear homologues of Eimeria’s
EmGam proteins, many tyrosine-rich proteins have been identified in both outer oocyst wall
and inner sporocyst wall fractions by mass spectrometry [13, 14], although they have not been
definitively identified as structural components in the oocyst wall [5].

The genome of T. gondii contains two genes encoding aromatic amino acid hydroxylases
referred to as AAHI and AAH2 [20]. These genes encode predicted secretory proteins that cat-
alyze conversion of phenylalanine to tyrosine, and tyrosine to 3,4 dihydroxyphenylalanine (L-
DOPA) [20]. Conversion of tyrosine to L-DOPA is the rate-limiting step of dopamine synthe-
sis in metazoans [21]. Although initial studies suggested that these enzymes are involved in
modulating dopamine production in mammalian hosts [20, 22, 23], we were unable to repli-
cate these findings in our previous work that focused on generating a knockout of AHH2 [24].
Moreover, our findings failed to reveal an elevated level of dopamine in chronically infected
animals or in dopaminergic cells infected in vitro [24], consistent with recent reports by other
authors [25, 26]. Hence, we sought to investigate other pathways that could require aromatic
amino acid hydroxylase activity by T. gondii.

L-DOPA serves as a precursor to many structural components across other branches of
eukaryotes, including helminths, molluscs, annelids, ascidians [27], and insects [28], and in
coccidian apicomplexan parasites. In E. maxima, L-DOPA has been identified in the oocyst,
where conversion of tyrosine to 3,4 dihydroxyphenylalanine (i.e. L-DOPA) on the tyrosine-
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rich EmGam precursor glycoproteins is an intermediate step in the formation of dityrosine
crosslinks that provide structural strength to the Eimeria oocyst wall [16, 17]. Dityrosine has a
strong blue auto fluorescence under UV light, a fluorescence observed in the oocysts of both
Eimeria and T. gondii [29]. Furthermore, microarray data indicates that the AAH genes are
upregulated during oocyst development in T. gondii [30], and protein mass spectrometry iden-
tifies both tyrosine-rich proteins and the tyrosine hydroxylases AAH1 and AAH?2 in the oocyst
of T. gondii [13, 14]. In contrast, these hydroxylases are not found in similar mass spectromet-
ric analyses of tachyzoites or bradyzoites [14].

Here we sought to investigate the role of the T. gondii AAH genes in oocyst development
using a combination of genetic, cellular, and biochemical studies. Although deletion of AAH2
alone caused a mild defect, ablation of AAH], or loss of both genes, caused a severe defect in
infection of the intestine and oocyst yield. Together, our results show that the AAH genes play
an important role in parasite development during the sexual cycle in the intestinal epithelium
of the cat.

Materials and methods
Ethics statement

Animal studies on mice were approved by the Institutional Animal Studies Committee (School
of Medicine, Washington University in St. Louis). All procedures on cats were carried out in
accordance with relevant guidelines and regulations following a protocol approved by the
Beltsville Area Animal Care and Use Committee (BAACUC), United States Department of
Agriculture, Beltsville, MD, USA.

Parasite strains

Parasites were propagated by serial passage in human foreskin fibroblast (HFF (obtained from
the laboratory of Dr. John Boothroyd, Stanford University School of Medicine)) cells grown in
Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies, Carlsbad, CA) containing
10% fetal bovine serum (FBS) (Hyclone, Logan, UT) 10mM HEPES, pH 7.4, 1mM glutamine,
10 pg/mL gentamycin, under 5% CO, at 37°C (D10 media). The parental ME49Ahxg::Luc
strain was obtained from Laura Knoll (University of Wisconsin, Madison) [31]. A complete
list of strains and clones used or generated in this study is provided in S1 Table. Tachyzoites
were maintained by serial passage in HFF cells, grown as above. For induction of bradyzoites,
cultures were switched to Roswell Park Memorial Institute 1640 medium (RPMI 1640), 50
mM HEPES pH 8.2 (Thermo Fisher Scientific, Grand Island, NY) and grown at 37°C without
CO,, as described previously [32]. Cultures were determined to be free of mycoplasma using
the e-Myco plus kit (iNtron Biotechnology). Parasites were harvested for experiments by
scraping infected HFF monolayers into suspension, lysing HFFs and liberating tachyzoites by
passage through a 20 g needle, and purifying tachyzoites with a 3.0 micron polycarbonate
filter.

CNV estimation

CNV data was obtained from an Illumina sequencing dataset of sixteen T. gondii reference
strains and 46 non-reference strains, aligned using Bowtie2 using the end-to-end option [40].

Generation of plasmids

A complete list of plasmids used or generated in this study is provided in S2 Table. CRISPR/
Cas9 plasmids were adapted from the pSAG1:CAS9,U6:sgUPRT plasmid previously generated
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by our lab [33]. The guide RNA of the plasmid was modified to target the AAH2 5 UTR by Q5
mutagenesis (New England Biolabs, Ipswich, MA), creating the plasmid pSAG1:CAS9,U6:
sgAAH?2. A second guide RNA expression cassette targeting the AAH2 3° UTR was inserted
into the same plasmid backbone by traditional cloning steps to create the CRISPR/Cas9 AAH2
double cut plasmid pSAGI:CAS9,U6:dgAAH?2. The same plasmid backbone was similarly
adapted to target the AAHI 5 and 3° UTRs (pSAG1:CAS9,U6:sgAAHI and pSAG1:CAS9,Ué6:
dgAAH]I). The pSAGI:CAS9,U6:sgUPRT plasmid described previously [33] was also modified
to create a double-cutting CRISPR/Cas9 plasmid targeting the HXGPRT gene pSAGI:CAS9,
U6:dgHXGPRT [34]. Plasmids used to generate the Aaah2 knockout using the HXGPRT select-
able marker to replace the gene in the ME49Ahxg::Luc strain [31], and to restore expression of
AAH?2 were described previously [24]. Plasmids used to generate the Aaahl mutant by replace-
ment with the selectable marker DHFR-T5, and to complement expression with a cDNA con-
struct targeted to the uracil phosphoribosyl transferase (UPRT) locus, were created using
Gibson assembly (New England Biolabs).

Generation of parasite transgenic lines

To generate transgenic ME49 parasites, 10” tachyzoites, harvested as described above, were
mixed with 5ug of CRISPR plasmids and 15ug of the appropriate homologous repair construct
as plasmids linearized by restriction digest. Parasites were transfected by electroporation, and
allowed to recover on HFF monolayers for 24 h. Positive selection for the HXGPRT cassette
was done with 25 pg/mL mycophenolic acid (Sigma-Aldrich, St. Louis, MO) supplemented
with 50 pg/mL xanthine (Sigma-Aldrich) [34]. Negative selection against the HXGPRT cas-
sette was done with 340 pug/mL 6-Thioxanthine (Toronto Research Chemicals, Toronto, ON)
[35]. Positive selection for the DHFR-Ts construct was done with 5uM pyrimethamine (Sigma-
Aldrich) [36]. Negative selection against the UPRT locus was done with 10uM 5-fluorodeox-
yuracil (FUDR) (Sigma-Aldrich) [37]. Clones were isolated by limiting dilution in 96-well
plates containing HFF monolayers, grown as above. Clones were screened by PCR against the
selectable marker and the AAH genes (S3 Table).

Growth assays

Parasites were seeded into T-25s containing monolayers of HFF cells and allowed to invade
and grow for 24 h. Infected T-25s were then rinsed three times with PBS to remove any extra-
cellular parasites. Intracellular parasites were harvested as previously described, counted by
hemocytometer and seeded into 96-well plates containing monolayers of HFFs with fresh D10
media at a concentration of 10° parasites per well. Plates were allowed to grow for 24 h before
being lysed with 30uL of 1x Cell Culture Lysis Reagent (Promega, Madison, WI). Lumines-
cence was developed with the Luciferase Assay Kit (Promega), and imaged on a Cytation 3
imaging system (Biotek, Winooski, VT).

Infection of mice

Parasites were harvested as previously described, counted by hemocytometer, and diluted into
PBS. Eight-week old female CD1 mice (Charles River Laboratories, Wilmington, MA) were
injected i.p. in a volume of 200 uL PBS containing 10° parasites and monitored daily. One
month post-infection, mice were euthanized by CO, asphyxiation followed by cervical disloca-
tion. Brains were removed, homogenized by passage through a 20 g needle, and stained with
Dolicos biflorus lectin (DBL) as previously described [38]. Fifteen pL of stained homogenate
was examined using a Zeiss wide-field epifluorescence microscope. Three separate aliquots
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were counted per brain sample, and total brain cyst load was determined based on the total
volume of the brain homogenate and the average count per 15 pL.

Toxoplasma gondiiinfection in cats

All procedures described here were carried out in accordance with relevant guidelines and reg-
ulations following a protocol approved by the Beltsville Area Animal Care and Use Committee
(BAACUC), United States Department of Agriculture, Beltsville, MD, USA. T. gondii -free Kit-
tens (10- to 12-week old) were used to study T. gondii infections. Briefly, T. gondii infected
mouse brains were homogenized by syringe and fed to the cats by placing them at the back of
the tongue. All feces for each cat were collected daily after feeding infected mouse brains, and
examined for T. gondii oocysts. The screening and harvesting of T. gondii oocysts were done
between 3 to 21 days after infection by following procedures as described previously [1]. Cats
were euthanized on day 21 post infection and blood was collected to do modified agglutination
tests (MAT) to test for immunological reactivity to T. gondii antigens. Oocysts were collected
by floatation methods using sucrose solution with a specific gravity of 1.15 or higher. Concen-
trated oocyst pellets were suspended in an aqueous solution containing 2% H,SO,, and aerated
on the shaker for 7 days at room temperature (20-22°C) to allow for oocyst sporulation.
Oocysts were counted using a disposable hemocytometer. Total oocysts shed by individual
cats were calculated based on total counts, dilution factor, and total volume.

Histological examination

For histological studies, infected cats were euthanized at day 6/7 and portions of intestinal
ileum were fixed in 10% buffered neutral formalin. Fixed tissues were cut into sections (2.5 x
0.7 cm), placed in cassettes, embedded in paraffin, and sectioned 4-5 um thick. Slides were
deparaffinized, rehydrated, and stained with hematoxylin and eosin (Leica Microsystems, Buf-
falo Grove, IL), or by immunohistochemistry with Rabbit anti-RH polyclonal antibody [39]
and Streptavidin-HRP (Jackson Labs, West Grove, PA), according to standard protocols [1].

Microscopy

Images were taken on a Zeiss AxioSkop wide field epifluorescence microscope equipped with
AxioCam CCD camera and images were captured using AxioVision v3.1 (Carl Zeiss Inc.,
Thornwood, NY). For each image, 10 puL of oocyst-laden cat fecal suspension were placed on a
slide and imaged with a DAPI filter (300-390 nm excitation, 420 nm emission).

Statistics

Statistical analysis was done in Prism 6 for Mac OSX (GraphPad Software, La Jolla, CA). One-
way and two-way ANOV As for parametric data sets and Kruskal-Wallis tests for nonparamet-
ric data sets were conducted with a threshold of P < 0.05 considered significant.

Results

The MEA49 strain has a duplication in the AAH2 gene

Previous studies have described two genes AAHI and AAH2 that are very closely related and
located on chromosome V (ToxoDB ver. 8 ME49 genome) [40]. Analysis of copy number vari-
ation (CNV) of AAH2 TgMEA49_212740 showed approximately two copies in the type 1 strain
GT1, the type 2 strain Pru, the type 3 strain VEG and the type 10 strain VAND (Fig 1A). In
contrast, the type 2 strain ME49 had a CNV level consistent with three copies (Fig 1A).
Although AAHI and AAH2 genes appeared as tandem loci in ToxoDBv8, v9 and subsequent
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Fig 1. Copy number analysis of AAH2in T. gondii strains. (A) Copy number variation (CNV) of Tg_ME49_212740 (AAH2) in five representative
strains. (B) CNV at each base across the AAH2 gene in ME49. Red lines indicate the start and stop codons of AAH2. (C) PCR using primers (Z28+ Z65)
(S3 Table) common to both AAH1 and AAH2 were used against the ME49 genome to amplify both genes for Sanger sequencing and single nucleotide
polymorphism (SNP) determination. (D) Sanger sequencing of PCR fragments against the AAH genes of the wild type ME49 Ahxg:: Luc strain shows a 2:1
ratio of AAH2to AAH1 SNPs, indicating a duplication of the AAH2 gene. Each SNP in the chromatograph is marked by a red dot. In the Aaah2::HXG
knockout, all AAH2 SNPs are no longer visible, indicating loss of both copies of the AAH2 gene.

https://doi.org/10.1371/journal.ppat.1006272.g001

assemblies placed AAHI (TgME49_087510) on an unassembled contig (KE139705), and con-
tains an additional third gene consistent with AAH2 (TgME49_212710) on another unassem-
bled contig (KE139818), while recognizing only one tyrosine hydroxylase AAH2 within the
parasite genome itself, located on chromosome V.

Mapping reads across each base pair of the AAH2 locus showed a consistent CNV of
approximately 3 across the coding region of AAH2 (Fig 1B). To further examine the nature of
the predicted third copy, we amplified the 3’ region of AAH1/ AAH2 using primers common
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to both genes (Fig 1C). We then interrogated the nature of the alleles present in the ME49
strain using Sanger sequencing. Inspection of the chromatographs from Sanger sequencing
indicated a 2:1 ratio of AAH2 to AAH1 single nucleotide polymorphisms (SNPs), consistent
with a duplication of AAH2 in ME49 (Fig 1D). These sequencing results also confirmed the
ToxoDB ver. 8 arrangement of flanking regions for AAHI and AAH2.

Deletion of AAH71 and AAHZ2 in the ME49Ahxg::Luc

We previously reported that deletion of AAH2 in the type 2 Pru strain has no effect on growth
in vitro or development of bradyzoites in vivo [24]. To examine the ability of Aaah2 mutants

to be passaged through cats, we decided to generate a similar Aaah2 deletion in the type 2
MEA49 strain, which has a high capacity for oocyst generation. We targeted the AAH2 gene for
replacement with the HXGPRT selectable marker in the ME49Ahxg::Luc strain (referred to as
wild type (WT)), which has a deletion on the hxgprtlocus and is also tagged with firefly lucifer-
ase. To efficiently delete the AAH2 gene, a CRISPR/Cas9 plasmid containing two guide RNAs
targeting the 5" and 3° UTRs of AAH2 was created (Fig 2A) (S2 Table). This double-cutting
plasmid was co-transfected into the parental WT strain with an HXGPRT drug resistance cas-
sette targeted to the AAH2locus to create the clone Aaah2:HXG (S1 Table). Sanger sequencing
of this clone revealed that both copies of AHH2 had been removed, while the AHHI gene
remained intact (Fig 1D). To remove the HXGPRT selectable marker, a CRISPR/Cas9 double-
cutter of HXGPRT was co-transfected with an aah2-null fusion construct of the AAH2 5’ and
3" UTRs (pAaah2) or a complement construct of its 5 and 3° UTRs appended to a cDNA copy
of AAH2 (pAAH?2) to make the clean knockout clone Aaah2 (referred to as Ah2) and the com-
plement clone Aaah2::AAH?2 (referred to as Ah2-H2), which restores expression of AAH2

(Fig 2A).

Subsequently, to knock out AAH1, we created a double-cutting CRISPR/Cas9 construct tar-
geted to the UTRs of the AAH]I gene, and co-transfected it with a Aaahl::DHFR-Ts construct
(pAaah1::DHFR-Ts) (S2 Table) into WT or Ah2 strains to make the clones Aaahl (referred to
as Ahl) and AaahlAaah?2 (referred to as Ah1Ah2) (Fig 2B) (S1 Table). To restore AAH1, we co-
transfected the pSAG1:CAS9,U6:sgUPRT CRISPR plasmid with a repair construct containing
HXGPRT and a cDNA copy of AAHI to create the clones Aaah1-AAHI (referred to as
Ahl-H1) and AaahlAaah2-AAH]I (referred to as AhlAh2-HI) (S1 Table).

Growth and differentiation of the wild type and knockout strains

Having generated a single knockout of each of the Aaahl and Aaah2, as well as the double
AaahlAaah2 knockout and several complemented strains, we decided to compare their growth
and differentiation abilities in vitro and in vivo. Consistent with the fact that we were able to
obtain the mutants readily in culture without any apparent growth defect, their growth as
tachyzoites was similar when compared using a highly quantitative luciferase assay (Fig 2D).
We also tested their ability to differentiate to bradyzoites in vitro under conditions of pH 8.2
stress, as assessed by staining with Dolichos biflorus lectin, which stains carbohydrates in the
cyst wall. We observed that the ability of the knockout and complemented strains to differenti-
ate into bradyzoites was unaffected (Fig 3A and 3B). Additionally, these strains were injected
into mice in order to assess their ability to form cysts in the brains of chronically infected
mice. Loss of the AAHI or AAH?2 genes did not affect the ability to produce cysts in the mouse
brain, and although the complementation of the double Aaah1Aaah2 (Ah1Ah2) with the AAH1
gene showed slightly higher cyst burdens, this was not significant (Fig 3C). The lack of a
discernable phenotype on the development of bradyzoites is consistent with our previous stud-
ies in the Pru strain, albeit this was previously only tested with the Aaah2 mutant [24].
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and a single-cutting CRISPR-Cas9 construct targeted to the UPRT gene (S2 Table), creating the complement clones Aaah1-AAH1 (Ah1-H1) and
Aaah1Aaah2-AAH1 (Ah1Ah2-HT). Brown & Yellow Bars: CRISPR targeting sites. Black bars: PCR screening primer target regions (S3 Table). (C)
PCR verification of successful ablation and complementation of knockouts. Expected product sizes: Tubulin (Tub): 0.378kb. AAH1 (H1): 0.745kb
(Native), 0.278kb (cDNA). AAHZ2 (H2): 0.745kb (Native), 0.278kb (cDNA). (D) Growth assays of parasites seeded into 96-well plates and allowed to
proliferate for 24 h, then quantified using a luciferase assay. The WT, Ah1, Ah2, Ah1Ah2, Ah1-H1, Ah2-H2, and Ah1Ah2-H1 parasites showed no
significant difference in total growth (Kruskal-Wallis test, P=0.0672, N = 3 per strain).

https://doi.org/10.1371/journal.ppat.1006272.g002

Deletion of AAH1/ AAHZ2 causes a defect in oocyst production and
development

To investigate development during the sexual cycle, tissue cysts contained in mouse brain
homogenate were fed orally to cats and oocyst shedding was monitored. The normal prepatent
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Fig 3. Development of bradyzoites in vitro and in vivo. (A) There was no significant difference in
bradyzoite differentiation in vitro across the parasite lines in either tachyzoite conditions (left) (P> 0.99) or
bradyzoite conditions (right) (P> 0.99) (Two-way ANOVA).(B) Representative pictures of tachyzoites, partial
cysts, and complete cysts produced in vitro as assessed by DBL staining. (C) Brain cyst yields in mice 1-2
months post-infection. All parasite lines produced similar numbers of tissue cysts in vivo (Kruskal-Wallis, ns).

https://doi.org/10.1371/journal.ppat.1006272.9003
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Fig 4. Development of oocysts following infection of cats. (A) Yields of oocysts shed from infected cats. The yield of knockout mutants as a
whole were significantly reduced relative to the wild-type (Kruskal-Wallis, P <0.05), however due to low sample size, pairwise comparisons between
each mutant and the WT approached, but did not reach significance (Ah1 P=0.116, Ah2 P=0.821, Ah1Ah2 P=0.116). (B) The sporulation success
rate of shed oocysts shows a significant defect in mutant lines (Dunn’s multiple comparisons test, for wild type vs. Ah2 P =0.0008; and for the wild
type vs. Ah1-H1 P=0.0178 and Ah1Ah2-H1 P< 0.0001). The oocyst yields of Ah1 and Ah1Ah2 parasites were not sufficient to allow quantification
(not done = N.D.). Each result is displayed as the Mean +SD of three replicate counts of oocysts (n > 50 per count) from one cat.

https://doi.org/10.1371/journal.ppat.1006272.9004

period for oocyst shedding following infection with bradyzoites is 3-5 days with peak shedding
from 5-8 days [2]. Consistent with this, cats that showed oocysts shedding commenced within
the first week. However, to be sure we collected all of the oocysts produced, we extended the
observation period to 21 days. Infection with the WT strain consistently yielded around
10°-107 total oocysts shed during this time period (Fig 4A). Although the Aaah2 (Ah2) mutant
yielded much lower levels of oocyst in two of three cats, a third animal showed only ~ 10 fold
reduction to ~10° total oocysts (Fig 4A). In contrast, the Aaahl mutant (Ah1) and AaahlAaah2
double mutant (4h14h2) showed a severe defect in oocyst yield in two of two cats tested, lead-
ing to only ~10” total oocysts per animal (Fig 4A). The differences observed in these animals
were significant when the knockout strains were compared as a whole to the wild type (Fig
4A). However, they did not reach statistical significance when compared individually to the
wild type (Fig 4A), due to the low sample sizes used. Given the magnitude of the phenotype,
and the consistency among mutants, we did not feel it was worthwhile to use more animals
simply to achieve an arbitrary level of statistical significance. The moderate defect in the Aaah2
(Ah2), and the very severe defect in both the Aaahl (AhI) and the double AaahlAaah2
(Ah1Ah2) knockouts, were fully restored in the respective complemented strains (Fig 4A).

We also tested the ability of shed oocysts to undergo sporulation, since meiosis occurs after
oocyst shedding. The sporulation rate is a measure of viability as unless oocyst mature to form
sporozoites, they remain non-infectious [4]. Wild type oocysts showed a successful sporulation
rate of 75-80% and this dropped significantly to ~ 60% in the Aaah2 (Ah2) (Fig 4B). Oocyst
shedding was so low that we were not able to adequately quantify the efficiency of sporulation
in the single Aaahl (Ahl) and double AaahlAaah2 (Ah1Ah2) mutants (Fig 4B); however, based
upon very limited counts, the sporulation success rate of these strains varied from 10-50%
across samples. Complementation of AAH1 to the Aaahl (Ahl) single knockout or the
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Fig 5. Representative fluorescence microscope images of dityrosine autofluorescence in sporulated and unsporulated oocysts of WT, Ah1,
Ah2, and Ah1Ah2 oocysts. Allimages were taken at 1000-1600ms exposure using a DAPI UV filter, but due to rapid photobleaching and differing
levels of background signal in different oocyst fecal suspensions, direct comparison and quantification of fluorescence is not feasible. Scale bar = 10um.

https://doi.org/10.1371/journal.ppat.1006272.9005

AaahlAaah2 (Ah1Ah2) double knockout partially rescued sporulation efficiency (Fig 4B).
Dityrosine fluorescence is normally much stronger on the inner sporocyst walls, and conse-
quently the intensity of fluorescence under UV illumination was lower in unsporulated oocysts
(Fig 5). Although the single and double mutants showed variable defects in the extent of sporu-
lation (Fig 4B), when oocyst sporulation was normal, the resulting fluorescence of the inner
sporocyst walls was similar among all the strains tested (Fig 5). We successfully hatched Aaah2
oocysts and recovered them back into in vitro culture as tachyzoites, indicating that the oocysts
that appeared to develop successfully were viable. However, the yield of the Aaahl and
AaahlAaah2 knockouts was too low to allow for this method of recovery.

We reasoned that any defect during asexual expansion in the cat intestine or during the sex-
ual cycle could cause a block that resulted in fewer oocysts being formed. Infection in the cat
intestine initially proceeds though asexual expansion, termed A-E forms, which divide by
endodyogeny and schizogony, before sexual development commences with the formation of
macro and microgamocytes [2]. This process culminates with the exflaggelation of microga-
metes followed by fertilization of the macrogamete to yield a zygote that matures into an
oocyst [2]. To examine the parasite infectivity and development of stages that occur in the cat
intestine, we euthanized animals during the initial phase of oocyst shedding and examined tis-
sue sections by conventional histology. In tissue sections from cats infected with the wild type
(WT), Aaahl (Ahl) and Aaah2 (Ah2) parasites taken at 6-7 days post-infection, parasite infec-
tion of the intestinal ileum was readily seen (Fig 6A-6C). However, the Aaah1 parasites
showed a significant defect in overall density of infection (Fig 6D). We were readily able to rec-
ognize merozoites, schizonts, microgamonts and macrogamonts, indicating that these lines
grow well in the gut (Fig 7). Although the density of infection was lower in the Aaahl mutant
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Fig 6. Representative images of cat intestinal ileum infected with WT (A), Ah1 (B), and Ah2 (C) parasites stained with a polyclonal anti- T. gondii
antibody and Streptavidin-HRP (brown). Parasites are located throughout the intestinal villi (dark deposits). Scale bar = 50um. (D) Parasite density per
villus in intestinal sections infected with WT, Ah1and Ah2 parasites. Ah1-infected intestines showed significant reduction of parasite density (P< 0.0001,
Dunn’s Multiple Comparisons test, N = 50 villi counted per section, 4 (WT, Ah2) or 6 (Ah1) independent sections counted per strain).

https://doi.org/10.1371/journal.ppat.1006272.9006

(Fig 8A), the relative distribution of parasite stages was not significantly different (Fig 8B, S4
Table), ruling out the possibility of a defect in any specific stage of parasite sexual development
inside the intestinal ileum. Collectively, these findings indicate that AAHI plays a role in infec-
tion in the cat intestine, and that both AAHI and AAH? affect the efficiency of oocyst forma-
tion in vivo, and to a lesser extent the sporulation efficiency, and that these phenotypes are
partially penetrant.

Discussion

Previous studies have suggested that the presence of aromatic amino acid hydroxylase genes
AAHI and AAH2 in T. gondii may be an adaptation for altering host dopamine levels and
thereby affecting behavior [20, 22, 23]. However, in prior studies [24] we were not able to
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A

Fig 7. Representative images of hematoxylin and eosin-stained tissue sections of cat intestinal ileum infected with WT (A, B), Ah1(C, D), and
Ah2 (E, F) parasites. Multiple stages of the parasite’s sexual cycle can be seen. m: merozoite, is: immature schizont, s: schizont, fg: female gamont, mg:
male gamont. Scale bar = 5um.

https://doi.org/10.1371/journal.ppat.1006272.9007

replicate the association between T. gondii infection and elevated dopamine that was seen in
mice [41] or in dopaminergic cell lines [22]. Additionally, alternative explanations for the
AAH genes are provided by studies showing that oocyst walls of E. maxima [16, 17] contain
dityrosine crosslinks, and fluorescence under UV illumination suggests similar modifications
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Fig 8. Distribution of parasite sexual developmental stages in cat intestinal ileums infected with WT, Ah1 or Ah2 mutant parasites. (A) Pooled
counts from four (WT, Ah2) or six (Ah1) independent intestinal sections from an infected cat are summarized. (B) The relative proportion of each stage

observed across the four or six samples are shown +/- SD. No significant differences in the distribution of parasite stages were seen (P>0.9999, Two-way
ANOVA).
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exist in T. gondii oocyst walls [29]. To resolve the potential role of the T. gondii AAH genes in
oocyst formation, we disrupted one or both genes using CRIPSR-based genome editing [33].
Our findings reveal that AAH2 plays a moderate role, while AAH]I plays a much stronger role
in formation of oocysts during infection in the cat. Additionally, AAHI may play a role in par-
asite survival inside the cat intestinal epithelium as it showed a defect in infectivity even at
early stages of merogony and schizogony. It is possible that dityrosine or other L-DOPA
derived products produced by these AAH genes play a protective role in shielding or cloaking
the parasite from the host’s innate immune response in a manner analogous to the role of mel-
anin in Cryptococcus neoformans [42], or the AAH genes may play an additional role in nutri-
ent availability for the parasite, converting scavenged phenylalanine to tyrosine or vice-versa.
Although these findings do not rule out a CNS role for the AAH genes, they suggest that one
primary function is during infection in the cat intestine, leading to formation of mature
oocysts.

Although the AAH genes of T. gondii have been proposed as candidate effectors for the par-
asite’s ability to manipulate host behavior via manipulating dopamine in the host [23, 25, 41,
43-48], our previous work failed to reproduce the parasite’s described ability to exert effects
upon host dopamine levels [24], consistent with other reports [25, 26]. Further, inconsistencies
in cat-aversive behavior and other reported behavioral changes including anxiety, activity
level, learning, memory, and more, challenge the robustness of this behavioral manipulation
[25, 26, 46, 49-53]. Finally, the hypothesis that tissue cysts of brain-resident parasites actively
alter host dopamine to exert behavioral control faces exceptional challenge from the observa-
tion that parasites defective in their ability to establish lifelong residency in the brain still result
in abnormal cat attraction [51]. Additionally, the expression of the AAH genes is relatively low
in both the lytic and chronic asexual stages [24] and is only upregulated in the sexual stages
[30] and mass spectrometry has failed to find evidence of these proteins in tachyzoite or brady-
zoite stages but identified them in the oocyst [14]. Hence if the AAH gene products are
involved in altering dopamine levels in the CNS of infected rodents, they would need to do so
based on exceedingly low expression levels, and in a localized region. We are presently exam-
ining neurotransmitter levels and behavioral change in mice infected with AAH mutants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006272 March 13,2017 14/19


https://doi.org/10.1371/journal.ppat.1006272.g008
https://doi.org/10.1371/journal.ppat.1006272

o ®
@ : PLOS | PATHOGENS Aromatic amino acid hydroxylases of Toxoplasma gondii

describe here, and such studies could potentially resolve the role of these genes in such
pathways.

Because of the high variability in findings regarding the effects of T. gondii infection on
brain neurotransmitters and behaviors, we sought to explore alternate roles for these genes in
the parasite life cycle. One obvious candidate would be the contribution of L-DOPA to the for-
mation of protein-protein dityrosine crosslinks in the proteinaceous oocyst wall, analogous to
what has been described in E. maxima [16, 17]. Recently, the oocyst wall proteins TgOWP1-7,
which are cysteine-rich structural proteins analogous to the Cryptosporidium oocyst wall pro-
teins, were characterized and shown to localize to the outer oocyst wall, but not the inner spo-
rocyst walls [19]. Mass spectrometry data also reveal that tyrosine rich proteins are found in
oocysts [13, 14], but as yet there is not direct biochemical evidence for dityrosine cross linked
proteins in the oocyst wall. However, consistent with the presence of such crosslinks, both the
outer oocyst wall and inner sporocyst walls show dityrosine fluorescence, although the signal
is significantly brighter in the sporocyst walls. Using the efficiency of CRISPR/Cas9 to direct
genetic disruption, we demonstrated that ablation of AAHT or both AAHI and AAH2 causes a
severe defect in oocyst yield, as well as a maturation defect in the oocysts that do emerge. Para-
sites ablated for AAHI were compromised in replication and development during growth in
the cat intestine, and parasites ablated for AAH2 were able to develop normally within the cat
intestine but were compromised in their yield and maturation efficiency after shedding into
the environment.

One potential function for the AAH genes is in generating modified tyrosine residues (i.e.
3,4 dihydroxyphenylalanine) that are the precursor for dityrosine crosslinks in oocyst wall pro-
teins. This modification is expected to increase oocyst resistance to environmental conditions.
The observed decrease in oocyst yield from the aah mutants following purification from cat
feces is consistent with them being more fragile and prone to loss during the intensive process
of osmolar, physical, and chemical treatments that are used during isolation. Although we
were able to recover a small number of oocysts from the mutants, they underwent sporulation
less efficiently. Since sporulation is associated with increased levels of UV fluorescence, the
reduced rate of sporulation in the aah mutants is consistent with formation of fewer dityrosine
crosslinks. However, some oocysts shed by the mutants were able to undergo sporulation and
form oocysts with normal UV fluorescence, although at a much lower total numbers than the
wild type. This suggests that if the AAH enzymes normally participate in dityrosine crosslinks,
this function can be rescued in the absence of the parasite genes, albeit inefficiently. In this
regard, there are at least two other potential sources for 3,4 dihydroxyphenylalanine that serves
as a precursor for this reaction: the host cell and the microbiome. Hence, it is possible that sal-
vage from these other sources may enable T. gondii to generate dityrosine crosslinks at a lower
frequency in the absence of AAH genes.

Combined with previous findings, our results suggest that T. gondii builds its oocyst walls
using a hybrid strategy combining features of Cryptosporidium’s cysteine-cross-linked walls
and Eimeria’s dityrosine-cross-linked walls. We hypothesize that the proteinaceous part of the
outer oocyst wall of T. gondii is predominantly Cryptosporidium-like, composed of TgOWPs
cross-linked by disulfides. A secondary Eimeria-like component of tyrosine-rich proteins
cross-linked by dityrosines comprises the proteinaceous inner sporocyst walls in T. gondii
oocysts. In this model, the aromatic amino acid hydroxylases AAHI and AAH2 are expected to
catalyze the conversion of tyrosine residues on wall proteins into 3,4 dihydroxyphenylalanine
residues for subsequent dityrosine bond formation. The final conversion of these residues into
cross-linked proteins is also likely to require a peroxidase, and a putative oxidoreductase that
reliably emerges as the most abundant protein in mass spectrometry analyses provides a candi-
date for this activity [13, 14, 30]. The reduction in infectivity in the AAHI mutant suggests that
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dityrosine or secondary quinones may also play a role as a virulence factor throughout earlier
stages of development, analogous to the role of melanin in the neurotropic yeast Cryptococcus
neoformans [42]. Alternately, the AAH genes may be involved in the conversion of phenylala-
nine to tyrosine to cope with nutrient limitations for growth in vivo. To test these models, fur-
ther studies would be needed to define the localization of the putative tyrosine-rich protein
precursors, confirm the presence of dityrosine crosslinks, and investigate the interaction of the
AAH enzymes with such substrates during sexual stage and oocyst development. However, at
present such studies are hindered by the necessity for sexual development to take place in the
complex environment of the cat intestine. However, further exploration of these pathways
may also be of value for defining attenuated mutants of T. gondii that are unable to yield infec-
tious oocysts and yet which may induce protective immunity in the cat, thus potentially break-
ing transmission of the life cycle.

Supporting information

S§1 Table. Strains and clones used in this study.
(PDF)

S2 Table. Plasmids used in this study.
(PDF)

S3 Table. Primers and plasmids used in this study.
(PDF)

S$4 Table. Number of enteroepithelial stages in HE-stained histological sections of cat
ileum.
(PDF)

Acknowledgments

We thank Kymberli Carter at the Digestive Diseases Research Core Center (DDRCC, Wash-
ington University), for assistance in preparation of histological samples, Qiuling Wang for
assistance with mouse studies, Michael Benkhe for providing CNV data for T. gondii strains,
and Jennifer Barks for assistance with cell culture. We are grateful to Laura Knoll for providing
the ME49Ahxg:Luc strain.

Author Contributions
Conceptualization: ZTW JPD LDS.
Formal analysis: ZTW LDS.
Funding acquisition: LDS.
Investigation: ZTW SKV JPD.
Methodology: ZTW SKV JPD.
Project administration: JPD LDS.
Supervision: JPD LDS.

Validation: JPD LDS.

Visualization: ZTW.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006272 March 13,2017 16/19


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006272.s001
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006272.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006272.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006272.s004
https://doi.org/10.1371/journal.ppat.1006272

@’PLOS | PATHOGENS

Aromatic amino acid hydroxylases of Toxoplasma gondii

Writing - original draft: ZTW LDS.

Writing - review & editing: JPD LDS.

References

1.
2.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dubey JP. Toxoplasmosis of animals and humans. Boca Raton: CRC Press; 2010. 313 p.

Dubey JP, Frenkel JF. Cyst-induced toxoplasmosis in cats. Journal of Protozoology. 1972; 19:155-77.
PMID: 5008846

Dubey J, Miller N, Frenkel J. The Toxoplasma gondii oocyst from cat feces. Science. 1970:636—-62.

Dubey JP, Miller NL, Frenkel JK. Characterization of the new fecal form of Toxoplasma gondii. Journal
of Parasitology. 1970; 56(3):447-56. PMID: 5467864

Dumeétre A, Dubey JP, Ferguson DJP, Bongrand P, Azas N, Puech P-H. Mechanics of the Toxoplasma
gondii oocyst wall. Proceedings of the National Academy of Sciences. 2013; 110(28):11535—40.

Mai K, Sharman P, Walker R, Katrib M, DeSouza D, McConville M, et al. Oocyst wall formation and
composition in coccidian parasites. Memorias do Instituto Oswaldo Cruz. 2009: 104(2): 281-9. PMID:
19430654

Dubey J. Toxoplasma gondii oocyst survival under defined temperatures. Journal of Parasitology.
1998: 84(4): 862-5. PMID: 9714227

Torrey E, Yolken R. Toxoplasma oocysts as a public health problem. Trends in Parasitology. 2013:1-5.
Jones JL, Dubey JP. Foodborne Toxoplasmosis. Clin Infect Dis. 2012; 55:864—51. Epub 2012/05/24.

Jones JL, Dubey JP. Waterborne toxoplasmosis—recent developments. Exp Parasitol. 2010; 124
(1):10-25. Epub 2009/03/28. https://doi.org/10.1016/j.exppara.2009.03.013 PMID: 19324041

Bushkin GG, Motari E, Magnelli P, Gubbels MJ, Dubey JP, Miska KB, et al. beta-1,3-glucan, which can
be targeted by drugs, forms a trabecular scaffold in the oocyst walls of Toxoplasma and Eimeria. MBio.
2012; 3(5).

Bushkin GG, Motari E, Carpentieri A, Dubey JP, Costello CE, Robbins PW, et al. Evidence for a struc-
tural role for acid-fast lipids in oocyst walls of Cryptosporidium, Toxoplasma, and Eimeria. MBio. 2013;
4(5):e00387-13. https://doi.org/10.1128/mBio.00387-13 PMID: 24003177

Fritz HM, Bowyer PW, Bogyo M, Conrad PA, Boothroyd JC. Proteomic analysis of fractionated Toxo-
plasma oocysts reveals clues to their environmental resistance. PLoS One. 2012; 7(1):€29955. https://
doi.org/10.1371/journal.pone.0029955 PMID: 22279555

Possenti A, Fratini F, Fantozzi L, Pozio E, Dubey JP, Ponzi M, et al. Global proteomic analysis of the
oocyst/sporozoite of Toxoplasma gondii reveals commitment to a host-independent lifestyle. BMC
Genomics. 2013; 14:183. https://doi.org/10.1186/1471-2164-14-183 PMID: 23496850

Templeton TJ, Lancto CA, Vigdorovich V, Liu C, London NR, Hadsall KZ, et al. The Cryptosporidium
oocyst wall protein is a member of a multigene family and has a homolog in Toxoplasma. Infect Immun.
2004; 72(2):980-7. https://doi.org/10.1128/IAl.72.2.980-987.2004 PMID: 14742544

Belli SI, Wallach MG, Luxford C, Davies MJ, Smith NC. Roles of tyrosine-rich precursor glycoproteins
and dityrosine- and 3,4-dihydroxyphenylalanine-mediated protein cross-linking in development of the
oocyst wall in the coccidian parasite Eimeria maxima. Eukaryot Cell. 2003; 2(3):456—64. https://doi.org/
10.1128/EC.2.3.456-464.2003 PMID: 12796290

Belli SI, Wallach MG, Smith NC. Cloning and characterization of the 82 kDa tyrosine-rich sexual stage
glycoprotein, GAM82, and its role in oocyst wall formation in the apicomplexan parasite, Eimeria max-
ima. Gene. 2003; 307:201-12. PMID: 12706903

Mai K, Smith NC, Feng ZP, Katrib M, Slapeta J, Slapetova |, et al. Peroxidase catalysed cross-linking of
an intrinsically unstructured protein via dityrosine bonds in the oocyst wall of the apicomplexan parasite,
Eimeria maxima. Int J Parasitol. 2011; 41(11):1157-64. https://doi.org/10.1016/j.ijpara.2011.07.001
PMID: 21819990

Possenti A, Cherchi S, Bertuccini L, Pozio E, Dubey JP, Spano F. Molecular characterisation of a novel
family of cysteine-rich proteins of Toxoplasma gondii and ultrastructural evidence of oocyst wall localisa-
tion. Int J Parasitol. 2010; 40(14):1639—49. https://doi.org/10.1016/}.ijpara.2010.06.009 PMID: 20708619

Gaskell EA, Smith JE, Pinney JW, Westhead DR, McConkey GA. A unique dual activity amino acid
hydroxylase in Toxoplasma gondii. PLoS One. 2009; 4(3):e4801. https://doi.org/10.1371/journal.pone.
0004801 PMID: 19277211

Kaushik P, Gorin F, Vali S. Dynamics of tyrosine hydroxylase mediated regulation of dopamine synthe-
sis. J Comput Neurosci. 2007; 22(2):147-60. https://doi.org/10.1007/s10827-006-0004-8 PMID:
17053993

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006272 March 13,2017 17/19


http://www.ncbi.nlm.nih.gov/pubmed/5008846
http://www.ncbi.nlm.nih.gov/pubmed/5467864
http://www.ncbi.nlm.nih.gov/pubmed/19430654
http://www.ncbi.nlm.nih.gov/pubmed/9714227
https://doi.org/10.1016/j.exppara.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19324041
https://doi.org/10.1128/mBio.00387-13
http://www.ncbi.nlm.nih.gov/pubmed/24003177
https://doi.org/10.1371/journal.pone.0029955
https://doi.org/10.1371/journal.pone.0029955
http://www.ncbi.nlm.nih.gov/pubmed/22279555
https://doi.org/10.1186/1471-2164-14-183
http://www.ncbi.nlm.nih.gov/pubmed/23496850
https://doi.org/10.1128/IAI.72.2.980-987.2004
http://www.ncbi.nlm.nih.gov/pubmed/14742544
https://doi.org/10.1128/EC.2.3.456-464.2003
https://doi.org/10.1128/EC.2.3.456-464.2003
http://www.ncbi.nlm.nih.gov/pubmed/12796290
http://www.ncbi.nlm.nih.gov/pubmed/12706903
https://doi.org/10.1016/j.ijpara.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21819990
https://doi.org/10.1016/j.ijpara.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20708619
https://doi.org/10.1371/journal.pone.0004801
https://doi.org/10.1371/journal.pone.0004801
http://www.ncbi.nlm.nih.gov/pubmed/19277211
https://doi.org/10.1007/s10827-006-0004-8
http://www.ncbi.nlm.nih.gov/pubmed/17053993
https://doi.org/10.1371/journal.ppat.1006272

@’PLOS | PATHOGENS

Aromatic amino acid hydroxylases of Toxoplasma gondii

22,

23.

24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Martin HL, Alsaady |, Howell G, Prandovszky E, Peers C, Robinson P, et al. Effect of parasitic infection
on dopamine biosynthesis in dopaminergic cells. Neuroscience. 2015; 306:50—62. https://doi.org/10.
1016/j.neuroscience.2015.08.005 PMID: 26297895

Prandovszky E, Gaskell E, Martin H, Dubey JP, Webster JP, McConkey GA. The neurotropic parasite
Toxoplasma gondii increases dopamine metabolism. PLoS One. 2011; 6(9):e23866. https://doi.org/10.
1371/journal.pone.0023866 PMID: 21957440

Wang ZT, Harmon S, O’Malley KL, Sibley LD. Reassessment of the role of aromatic amino acid hydrox-
ylases and the effect of infection by Toxoplasma gondii on host dopamine. Infect Immun. 2015; 83
(8):1039—-47. https://doi.org/10.1128/IA1.02465-14 PMID: 25547791

Gatkowska J, Wieczorek M, Dziadek B, Dzitko K, Dlugonska H. Sex-dependent neurotransmitter level
changes in brains of Toxoplasma gondii infected mice. Experimental Parasitology. 2013; 133:1-7.
https://doi.org/10.1016/j.exppara.2012.10.005 PMID: 23098668

Goodwin D, Hrubec TC, Klein BG, Strobl JS, Werre SR, Han Q, et al. Congenital infection of mice with
Toxoplasma gondii induces minimal change in behavior and no change in neurotransmitter concentra-
tions. J Parasitol. 2012; 98(4):706—12. https://doi.org/10.1645/GE-3068.1 PMID: 22468990

Waite J. The DOPA ephemera: a recurrent motif in invertebrates. Biological Bulletin. 1992: 183: 78—4.

Davis MM, O’Keefe SL, Primrose DA, Hodgetts RB. A neuropeptide hormone cascade controls the pre-
cise onset of post-eclosion cuticular tanning in Drosophila melanogaster. Development. 2007; 134
(24):4395-404. https://doi.org/10.1242/dev.009902 PMID: 18003740

Samuelson J, Bushkin G, Chatterjee A, Robbins P. Strategies to discover the structural components of
cyst and oocyst walls. Eukaryotic Cell. 2013: 12(): 1578-87. https://doi.org/10.1128/EC.00213-13
PMID: 24096907

Fritz HM, Buchholz KR, Chen X, Durbin-Johnson B, Rocke DM, Conrad PA, et al. Transcriptomic analy-
sis of toxoplasma development reveals many novel functions and structures specific to sporozoites and
oocysts. PLoS One. 2012; 7(2):€29998. Epub 2012/02/22. https://doi.org/10.1371/journal.pone.
0029998 PMID: 22347997

Tobin CM, Knoll LJ. A patatin-like protein protects Toxoplasma gondii from degradation in a nitric oxide-
dependent manner. Infect Immun. 2012; 80(1):55-61. https://doi.org/10.1128/IA1.05543-11 PMID:
22006568

Soéte M, Fortier B, Camus D, Dubremetz JF. Toxoplasma gondii: kinetics of bradyzoite-tachyzoite
interconversion in vitro. Exp Parasitol. 1993; 76:259—64. https://doi.org/10.1006/expr.1993.1031 PMID:
7684705

Shen B, Brown KM, Lee TD, Sibley LD. Efficient gene disruption in diverse strains of Toxoplasma gondii
using CRISPR/CAS9. mBio. 2014;13; 5(3):e01114—14. https://doi.org/10.1128/mBio.01114-14 PMID:
24825012

Donald R, Roos D. Gene knockouts and allelic replacements in Toxoplasma gondii: HXGPRT as a
selectable marker for hit-and-run mutagenesis. Molecular and Biochemical Parasitology. 1998: 91:
295-305. PMID: 9566522

Pfefferkorn E, Bzik D, Honsinger C. Toxoplasma gondii: mechanism of the parasitostatic action of 6-
thioxanthine. Experimental Parasitology. 2001: 99: 235—43. https://doi.org/10.1006/expr.2001.4673
PMID: 11888251

Donald R, Roos D. Stable Molecular Transformation of Toxoplasma gondii: A selectable dihydrofolate
reductase-thymidylate synthase marker based on drug-resistance mutations in malaria. Proceedings of
the National Academy of Sciences. 1993:11703-7.

Donald R, Roos D. Insertional mutagenesis and marker rescue in a protozoan parasite: Cloning of the
uracil phosphoribosyltransferase locus from Toxoplasma gondii. Proceedings of the National Academy
of Sciences. 1995:5749-53.

Fux B, Nawas A, Khan D, Gill C, Sibley L. Toxoplasma gondii strains defective in oral transmission are
also defective in development stage differentiation. Infection and Immunity. 2007: 75: 2580-90. https://
doi.org/10.1128/IA1.00085-07 PMID: 17339346

Mordue DG, Sibley LD. Intracellular fate of vacuoles containing Toxoplasma gondiiis determined at the
time of formation and depends on the mechanism of entry. J Immunol. 1997; 159:4452-9. PMID:
9379044

Lorenzi H, Khan A, Behnke MS, Namasivayam S, Swapna LS, Hadjithomas M, et al. Local admixture of
amplified and diversified secreted pathogenesis determinants shapes mosaic Toxoplasma gondii
genomes. Nature communications. 2016; 7:10147. https://doi.org/10.1038/ncomms10147 PMID:
26738725

Stibbs HH. Changes in brain concentrations of catecholamines and indoleamines in Toxoplasma gondii
infected mice. Journal of Tropical Medicine and Parasitology. 1985; 79(2):153-7.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006272 March 13,2017 18/19


https://doi.org/10.1016/j.neuroscience.2015.08.005
https://doi.org/10.1016/j.neuroscience.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26297895
https://doi.org/10.1371/journal.pone.0023866
https://doi.org/10.1371/journal.pone.0023866
http://www.ncbi.nlm.nih.gov/pubmed/21957440
https://doi.org/10.1128/IAI.02465-14
http://www.ncbi.nlm.nih.gov/pubmed/25547791
https://doi.org/10.1016/j.exppara.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23098668
https://doi.org/10.1645/GE-3068.1
http://www.ncbi.nlm.nih.gov/pubmed/22468990
https://doi.org/10.1242/dev.009902
http://www.ncbi.nlm.nih.gov/pubmed/18003740
https://doi.org/10.1128/EC.00213-13
http://www.ncbi.nlm.nih.gov/pubmed/24096907
https://doi.org/10.1371/journal.pone.0029998
https://doi.org/10.1371/journal.pone.0029998
http://www.ncbi.nlm.nih.gov/pubmed/22347997
https://doi.org/10.1128/IAI.05543-11
http://www.ncbi.nlm.nih.gov/pubmed/22006568
https://doi.org/10.1006/expr.1993.1031
http://www.ncbi.nlm.nih.gov/pubmed/7684705
https://doi.org/10.1128/mBio.01114-14
http://www.ncbi.nlm.nih.gov/pubmed/24825012
http://www.ncbi.nlm.nih.gov/pubmed/9566522
https://doi.org/10.1006/expr.2001.4673
http://www.ncbi.nlm.nih.gov/pubmed/11888251
https://doi.org/10.1128/IAI.00085-07
https://doi.org/10.1128/IAI.00085-07
http://www.ncbi.nlm.nih.gov/pubmed/17339346
http://www.ncbi.nlm.nih.gov/pubmed/9379044
https://doi.org/10.1038/ncomms10147
http://www.ncbi.nlm.nih.gov/pubmed/26738725
https://doi.org/10.1371/journal.ppat.1006272

@’PLOS | PATHOGENS

Aromatic amino acid hydroxylases of Toxoplasma gondii

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Casadevall A, Rosas AL, Nosanchuk JD. Melanin and virulence in Cryptococcus neoformans. Curr
Opin Microbiol. 2000; 3(4):354—8. PMID: 10972493

Kaushik M, Lamberton PH, Webster JP. The role of parasites and pathogens in influencing generalized
anxiety and predation-related fear in the mammalian central nervous system. Hormones and Behavior.
2012; 62(3):191-201. https://doi.org/10.1016/j.yhbeh.2012.04.002 PMID: 22521209

Kaushik M, K S.C.L., Webster JP. What makes a feline fatal in Toxoplasma gondii’s fatal feline attrac-
tion? Infected rats choose wild cats. Integrative and Comparative Biology. 2014:1-11.

Webster JP, Lamberton PH, Donnelly CA, Torrey EF. Parasites as causative agents of human affective
disorders? The impact of anti-psychotic, mood-stabilizer and anti-parasite medication on Toxoplasma
gondii’s ability to alter host behaviour. Proc Biol Sci. 2006; 273(1589):1023-30. https://doi.org/10.1098/
rspb.2005.3413 PMID: 16627289

Xiao J, Kannan G, Jones-Brando L, Brannock C, Krasnova IN, Cadet JL, et al. Sex-specific changes in
gene expression and behavior induced by chronic Toxoplasma infection in mice. Neuroscience. 2012;
206:39-48. https://doi.org/10.1016/j.neuroscience.2011.12.051 PMID: 22240252

Xiao J, Li Y, Prandovszky E, Karuppagounder SS, Talbot CC Jr., Dawson VL, et al. MicroRNA-132 dys-
regulation in Toxoplasma gondii infection has implications for dopamine signaling pathway. Neurosci-
ence. 2014; 268:128-38. https://doi.org/10.1016/j.neuroscience.2014.03.015 PMID: 24657774

Skallova A, Kodym P, Frynta D, Flegr J. The role of dopamine in Toxoplasma-induced behavioural alter-
ations in mice: an ethological and ethopharmacological study. Parasitology. 2006; 133(Pt 5):525—-35.
https://doi.org/10.1017/S0031182006000886 PMID: 16882355

Golcu D, Gebre RZ, Sapolsky RM. Toxoplasma gondii influences aversive behaviors of female rats in
an estrus cycle dependent manner. Physiol Behav. 2014; 135:98—103. https://doi.org/10.1016/].
physbeh.2014.05.036 PMID: 24907696

Ihara F, Nishimura M, Muroi Y, Mahmoud ME, Yokoyama N, Nagamune K, et al. Toxoplasma gondii
Infection in Mice Impairs Long-Term Fear Memory Consolidation through Dysfunction of the Cortex and
Amygdala. Infect Immun. 2016; 84(10):2861-70. https://doi.org/10.1128/I1A1.00217-16 PMID:
27456832

Ingram WM, Goodrich LM, Robey EA, Eisen MB. Mice infected with low-virulence strains of Toxo-
plasma gondii lose their innate aversion to cat urine, even after extensive parasite clearance. PLoS
One. 2013; 8(9):e75246. https://doi.org/10.1371/journal.pone.0075246 PMID: 24058668

Kannan G, Moldovan K, Xiao JC, Yolken RH, Jones-Brando L, Pletnikov MV. Toxoplasma gondii strain-
dependent effects on mouse behaviour. Folia Parasitol (Praha). 2010; 57(2):151-5.

Soh LJT, Vasudevan A, Vyas A. Infection with Toxoplasma gondii does not elicit predator aversionin
male mice nor increase their attractiveness in terms of mate choice. Parasitology Research. 2013; 11
(2):3373-8.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006272 March 13,2017 19/19


http://www.ncbi.nlm.nih.gov/pubmed/10972493
https://doi.org/10.1016/j.yhbeh.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22521209
https://doi.org/10.1098/rspb.2005.3413
https://doi.org/10.1098/rspb.2005.3413
http://www.ncbi.nlm.nih.gov/pubmed/16627289
https://doi.org/10.1016/j.neuroscience.2011.12.051
http://www.ncbi.nlm.nih.gov/pubmed/22240252
https://doi.org/10.1016/j.neuroscience.2014.03.015
http://www.ncbi.nlm.nih.gov/pubmed/24657774
https://doi.org/10.1017/S0031182006000886
http://www.ncbi.nlm.nih.gov/pubmed/16882355
https://doi.org/10.1016/j.physbeh.2014.05.036
https://doi.org/10.1016/j.physbeh.2014.05.036
http://www.ncbi.nlm.nih.gov/pubmed/24907696
https://doi.org/10.1128/IAI.00217-16
http://www.ncbi.nlm.nih.gov/pubmed/27456832
https://doi.org/10.1371/journal.pone.0075246
http://www.ncbi.nlm.nih.gov/pubmed/24058668
https://doi.org/10.1371/journal.ppat.1006272

