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Toxoplasma gondiihas a complex two-host life-cycle between intermediate hosand

de nitive host. Understanding proteomic variations acros the life-cycle stages of
T. gondii may improve the understanding of molecular adaption mechaesm of T. gondii

across life-cycle stages, and should have implications fothe development of new
treatment and prevention interventions againsfl. gondii infection. Here, we utilized
LC-MS/MS coupled with iTRAQ labeling technology to identifdifferentially expressed
proteins (DEPS) speci c to tachyzoite (T), bradyzoites-attaining cyst (C) and sporulated
oocyst (O) stages of the cyst-formingT. gondii Prugniuad (Pru) strain. A total of 6285
proteins were identi ed in the three developmental stages bT. gondii. Our analysis
also revealed 875, 656, and 538 DEPs in O vs. T, T vs. C, and C v, respectively.
The up- and down-regulated proteins were analyzed by Gene Qplogy enrichment,

KEGG pathway and STRING analyses. Some virulence-relateddtors and ribosomal

proteins exhibited distinct expression patterns across ta life-cycle stages. The virulence
factors expressed in sporulated oocysts and the number of upregulated virulence factors
in the cyst stage were about twice as many as in tachyzoites. Othe 79 ribosomal

proteins identi ed in T. gondii, the number of up-regulated ribosomal proteins was
33 and 46 in sporulated oocysts and cysts, respectively, corpared with tachyzoites.

These results support the hypothesis that oocyst and cystictages are able to adapt to
adverse environmental conditions and selection pressureisduced by the host's immune

response, respectively. These ndings have important imptations for understanding
of the developmental biology ofT. gondii, which may facilitate the discovery of novel
therapeutic targets to better control toxoplasmosis.
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INTRODUCTION electrophoresis (2-DE) combined with matrix-assisted laser
desorption/ionization time of ight mass spectrometry (MALDI
Toxoplasma gondinfection represents a signi cant global health TOF-MS) (Cohen et al., 2002 Zhou et al. employed two-
burden, with considerable social and economic implicatiditss  dimensional di erence gel electrophoresis (2D-DIGE) coupled
parasite can infect all vertebrate animals and humansiile  with MALDI-TOF-MS to compare the di erentially expressed
et al., 201 Although most immuno-competent individuals do proteins of four dierent genotypes off. gondii tachyzoites
not develop clinical diseaSé-,. gondll infection in immuno- (Zhou et al., 201)4 A|SO, proteins expressed by oocysts and
compromised individuals, such as AIDS or cancer patientssporozoites off. gondiihave been studied-(itz et al., 2012;
can cause severe encephalitis and retinochoroidifisz(ki  possentietal., 20).3However, global protein expression patterns
et al., 1996; Kijlstra and Jongert, 2008; Herrmann et algcross the developmental stagesTofgondii have yet to be
2013). Also, congenital infection withT. gondiiis a major determined. In order to understand the functional di ererse
cause of spontaneous abortion, preterm labor, or signi canbmong di erent stages of. gondiilife-cycle it is important to
diseases in the survived neonatelofitoya and Liesenfeld, jdentify and quantify the protein's content of these stages.
2009. Current treatments are expensive and toxldc{eod Comparative proteomic analysis requires the use of
et al, 200§ and together with the lack of a vaccine exceptionally sensitive mass spectrometric approaches. In
makes the need for new therapeutic agents very urgenthis study, we utilized LC-MS/MS analysis coupled with isabari
Development of new treatment and prevention approachegags for relative and absolute quanti cation (iTRAQ) laibel
including anti-T. gondii drugs and vaccines can be mostand SCX fractionation to identify and quantify di erentially
potent if targeted at specic life-cycle stages and/or speci Gexpressed proteins of dierent stages ®f gondii life-cycle.
proteins expressed at these developmental stages. TherefQgRAQ is a quantitative proteomic method that can generate
better understanding of the developmental biology and stagenformation on the abundance of hundreds of proteins at one
speci ¢ molecular determinants of the life-cycle stagesgently  time. Also, it allows parallel biological or technical repties to
needed. be multiplexed (4-plex or 8-plex iTRAQ labeling) in one LC-
Toxoplasma gondihas a complex, two-host life-cycle that MS/MS experiment, thus overcomes the inter-assay variations
involves both asexual (takes place in any vertebrate anisn@ha that occur in a single MS-based shotgun pro ling experiment
intermediate host) and sexual (occurs only in the felid déve  (wu et al., 2006; Pierce et al., 2008; Craft et al., RS0, this
host) reproductive cycles3(ader et al., 20)5The sexual cycle method has been successfully used to determine the di eriyntia
of T. gondiioccurs eXClUSiVE'y in the enteroepithelial cells of th%xpressed proteins of. gond“ Oocysts during Sporu|ation
intestine of the felid's hostHehnke et al., 20)4nd culminates  (zhou et al., 2016 The present study aimed to unravel the
in the production of oocysts, which are adapted to surviveset of proteins that are unique to three life-cycle staged.of
under adverse climatic condition®(bey, 201)) Toxoplasma gondij namely oocyst, tachyzoite, and bradyzoites-containing
gondii oocysts are shed non-sporulated (non-infective) in cakyst using 8-plex iTRAQ labeling and LC-MS/MS. We identi ed

feces, and in a few days they undergo a sporulation process dferentially expressed proteins, which are speci ¢ to the three
the environment and with appropriate climatic conditions they infective life-cycle stages ®f gondii

mature to sporulated oocysts. In the intermediate hdsigondii
undertakes asexual reproduction cycle, which follows ingest
of sporulated oocysts or ingestion of tissue containgondii MATERIALS AND METHODS
cysts full of bradyzoitesCattoli et al., 201). Asexual cycle Ethics Approval

involves two di erent tissue stages produced in di erent phase\|| protocols were reviewed and approved by the Animal
of the infection process and play di erent roles. These twoestag Research Ethics Committee of Lanzhou Veterinary Research
existas areplicative tachyzoite stagel(l et al., 201lpwhichcan  |nstitute, Chinese Academy of Agricultural Sciences. The
transform to slowly replicating bradyzoites within a tisstiest, experiments were performed in a strict accordance with the
which are commonly found in the central nervous systéinifne  Animal Ethics Procedures and Guidelines of the People's
et al., 1993 Both of tachyzoite and bradyzoite are infective toRepublic of China. All e orts were made to minimize su ering
cats. of the animals.

Advances in proteomic technologies have already contribute
to an increasing understanding of the protein expression inViice, Cats, and Parasite Strain
T. gondii For example, in 2002 the rst proteome map Six to eight week-old female BALB/c mice and 10 week-old
of T. gondii tachyzoite was constructed using 2-dimensionatemale kitten were obtained from Laboratory Animal Centér o
Lanzhou Veterinary Research Institute. Type Il Prugniuad (PRU)
strain of T. gondiiwas maintained in our laboratory by passaging
Abbreviations: SPF, speci ¢ pathogen free; PBS, phosphate bu ered saline; DEPE)€ CYsts in mice as described previoudlfidu et al., 2016
di erentially expressed proteins; 2-DE, 2-dimensional electrophsre3iRAQ,

isobaric tags for relative and absolute quanti cation; MALDOF-MS, matrix- Preparation Of Parasite Materia|s
assisted laser-desorption/ionization time of ight mass spectrioyeD-DIGE, . .

two-dimensional uorescence di erence gel electrophoresis; FlaRe discovery CO"eCtIO_n of Tachy20|tes i .

rate; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes amoifies; PPI, Tachyzoites of Type Il Prugniuad (PRU) strain were collected
Protein-protein interactions; CV, Coe cient of variation. using a previously described methodh(u et al., 2011, 20}4
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Brie y, specic-pathogen free (SPF) mice were treated withThe concentration of the protein was determined by the protein
0.2 mg of dexamethasone (DSMS) every other day for three timegsiantitative kit (QuantiProTM BCA Assay Kit, Sigma).

and then inoculated orally with 100-150 cysts. Nine daysraft

infection the peritoneal cavity was rinsed with sterile phasiga ~ Protein Digestion and iTRAQ Labeling

bu ered saline (PBS, 137mM NaCl, 2.7mM KCI, 10mMFor protein digestion, 100g protein of each sample
NaxHPO4, 2 MM KH2POy) to harvest the tachyzoites. Then, thewas reduced, alkylated, and then precipitated by the
peritoneal wash containing the tachyzoites was collectatl armethanol/chloroform precipitation method. Firstly, 50 mM
centrifuged for 15 min at 1,68@followed by two further washes Reducing Reagent ( nal concentration, 8-plex iTRAQ kit, AB
with PBS. After the nal wash the supernatant was decanted anficiex, USA) were added into each sample followed by incubation
the pellet was digested with 0.25% trypsin at@for 20 minand at 60 C for 1 hr. Then, the sample was mixed with 200 mM
centrifuged for 15 min at 1,68@ The supernatant was removed Cysteine-Blocking Reagent ( nal concentration, 8-plex iTRAQ
and the nal protein pellet was suspended in 1 mL PBS and wast, AB Sciex, USA) and held at ambient temperature for 10

kept in an Eppendorf tube at 80 C until analysis. min. Following rinsing the 10 KD ultra ltration cartridge
with 70% ethanol and deionized water, the protein solution
Isolation and Puri cation of Cysts was poured into ultraltration cartridge and centrifuged at

Mice were infected orally with 100-190 gondiicysts and were 13,400g for 20 min. Solution at the bottom of ultra ltration
humanely sacri ced 4 weeks later. Mice brains were collectecartridge was discarded and the ultra Itration cartridgeasv
and grinded with a pestle and mortar. During grinding, 1 ml of centrifuged with 100 0.25M TEAB (triethyl ammonium
PBS per mouse brain was added slowly as grinding proceedscarbonate) three times at 13,4@0for 20 min. The protein
The brain homogenate was layered on the top of Lymphocytgellets were reconstituted in 5@ of 6 M urea/50 mM TEAB
Separation Medium (Solarbio, Beijing, China) in a plastic tubavith sonication Possenti et al., 20)and digested in 2% trypsin
followed by centrifugation at 2,299 for 30 min. The parasite overnight (Promega). Then, the digested peptides were dried

cysts were harvested and kept &0 C until use. and reconstituted in 0.5 M TEAB. Then, peptides were labeled
) according to the instructions of 8-plex iTRAQ kit (Applied
Preparation of Sporulated Oocysts Biosystems/MDS Sciex, Foster City, CA). Label reagent mixed

Speci c-pathogen-free kitten was infected with 200 cystsvith 150m isopropyl alcohol was mixed with samples and
recovered from mice brain and its feces was collected dailjicubated for 2 hr at ambient temperature. The reaction was
to isolate oocysts using caesium chloride (CsCl) centéifiod  terminated with deionized water and samples were thoroughly
method as described previouslyteggs et al., 200Brie y, fecal  mixed. Following vacuum centrifugation, dried samples were
samples were mixed in water and Itered through 26@ mesh.  preserved at 80 C until use. Proteins of sporulated oocysts
The Itrates were pelleted by centrifugation and the supeamit were labeled with 115 and 116, whereas the proteins of the

was discarded. Following three washes in PBS, the supetnatajsts and tachyzoites were labeled with 117, 118, and 119, 12
was discarded and the pellet was mixed with 5 volumes of secrogespectively.

solution with 1.15 speci ¢ gravity. The supernatant contami

oocysts were collected, suspended in TE bu er (10 mM Tris-HCISCX Fraction and LC-MS/MS Analysis

1mM EDTA, pH D 8.0) and centrifuged using discontinuous Strong cation exchange (SCX) fractionation chromatograpay
CsCl gradient method. Oocysts at the opaque-to-white laygserformed using the high performance liquid chromatography
interface were collected and washed with 0.85% salineII)F,ina (HPLC) system (Phenomenex columns; Gemini-NX 3u C18
the oocyst pellet was suspended in PBS and maintained@t 4 110A; 1502.00mM). The iTRAQ-labeled peptides were
To induce sporulation, the oocysts suspension was centdfug separated by a linear gradient formed by mobile phase A (20 mM
and the pelleted oocysts were mixed with 2%S5€, and were  HCOONH4, pH 10) and mobile phase B (20 mM HCOONH4,
maintained in an aerobic condition at ambient temperaturefo  80% ACN, pH 10). The ow of peptides elution was set to a
days. Then the oocyst's suspension was washed with 0.858 saltonstant rate of 2081/min. A total of 24 fractions were collected
and the mature/sporulated oocysts were mixed with 2%65€ by a linear gradient (1 collection every 1min, 100 min) and

and stored at 4C until analysis. were acidi ed with tri uoroacetic acid (50%). The fractiomgere
) _ vacuum-dried for further analysis with LC-MS. Fractions (8%)
Protein Extraction were dissolved in buer A [0.1% formic acid, 2% acetonitrile

Proteins were extracted from at least two biological repeats §ACN)] and pelleted at 13,44@ for 20 min. The supernatant
each of the life-cycle stages, namely tachyzoiteb®}), cysts was loaded onto analytical columns and was identi ed with an
(10" and oocysts (10°). Brie y, each biological sample was online Q Exactive system (Thermal Scienti ¢). Component of
homogenized with 5 volumes glass sand and lysed in 800 mobile phase A and mobile phase B of LC-MS was formic acid
radioimmunoprecipitation assay (RIPA) bu er (20 mM Tris-HCI (0.1%) and 80% ACN containing 0.1% formic acid, respectively.
pH 7.5, 150 mM sodium chloride, 2mM EDTA, 1% DOC, 1%The ow rate of analytical columns was set at 350 nl/min and
Triton X-100) containing phenylmethylsulfonyl uoride (PMS. the peptides were analyzed within 65 min 3-step gradient (80%
Then, samples were sonicated (2%, 1s ON and 1s OFF cyd®N in 0.1% formic acid from 4 to 50% over 45 min, 50 to 90%
5 times, 8 repeats) and the supernatant containing total $elubover 5min and kept at 90% for 5min). The parameters of the
proteins was collected after 20-min centrifugation at 18,40 rst grade MS included scan ranges from 350 to 1,800 m/z at
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a resolution of 70,000 with a maximum injection time of 40Protein Quanti cation and Hierarchical
ms. The second grade MS spectra were acquired in a resoluti@|ustering Analysis

of 17,500 with 60 ms maximum injection time and the 20 topjn, prief, 875 proteins, 656 proteins, and 538 proteins were dé ne

precursors for each MS cycle were selected. as di erentially expressed protein (DEPs) in O vs. T, T vs. C
and C vs. O, respectively (|lpdold changet 1 andP < 0.05)

Database Search and Bioinformatics (Tables S%S9. Among DEPs in each group, 801 proteins and 74

Analysis proteins were upregulated or downregulated in oocyst compared

The raw MS data was transformed into mascot generit‘"ith tachyzoite stage. There were 146 upregulated proteids an
format (.mgf) les with Proteome DiscoverBt 1.4 and 510 downregulated proteins in T vs. C. Further, 180 proteins
the data le was used to queryl. gondii ME49 strain and 358 proteins had higher or lower expression level in cyst
database (http://Awww.toxodb.org/common/downloads/esie- than in oocyst. Numbers of DEPs in di erent level are presented
10.0/TgondiiME49/fasta/data/), which contains 8322 protei in Figure 2 Results of the hierarchical clustering analysis of the
sequences. The ProteinPil¥t Software 4.5 (AB SCIEX) was identi ed proteins are shown ifigure 3

used to further identify and quantity proteins. To Iter the
results, we employed false discovery rate (FDR) of less th
0.01 for identi cation and the condence level of 95% or
unused con dence score larger than 1.3 for quanti catiomr F
di erentially expressed proteins (DEPs), those with jdgld
changet 1 were deemed upregulated or downregulated protein
respectively.

Bene Ontology Analysis of DEPs
The DEPs were subjected to functional classi cation by Gene
Ontology (GO) analysis. We identi ed 3371, 2846, and 1998 GO
terms in O vs. T, T vs. C and C vs. O, respectively. Among
%hese GO terms, there were 1708 molecular function termé, 87
. R biological process terms and 789 cellular component terms in O
aC(I::ourz(i:r:Ig;)na':o clzés::](éatlglmglfog;he (gg)PS a\rl]vr?ostat?;:forr;rfgvs. T. GO terms ir.1 T vs. C included 1392 molecular function
enrichment  (http://www.geneontology.org) analysis. Theterms, 832 b|olog|c:_a| process terms, 622 cellular compor_lent
DEPs were classied into three categories, namely moleculterms and GO termsin C vs. O included 1083 molecular function

' ?erms, 634 biological process terms and 281 cellular component

function, biological process and cellular component. Th . . .
Kyoto Encyclopedia of Genes and Genomes (KEG(%erms. Those GO terms were classi ed and enriched in order

(http:/Awww.kegg.jp/kegg/) was used to predict molecular® investigate the properties of upregulated and downregdlate

. . ] A roteins in each group. The most 40 enriched GO terms in each
function, biological processes and signi cant DEPs pathway . . . .

. A : . - group and their destination to three main GO categories are
Protein-protein interactions (PPl) were predicted in the

Search Tool of the Retrieval of Interaction Genes/ProteingreAssri];e:h';s\'I%uﬁ:?'ure 4A for O vs. T, the top ve enriched
(STRING) database and the interaction network was illusttate g N b

by Cytoscape software. The PPI whose combined score @&s GO ‘efms fqr ulpregula.ted proteins W'th'.n .mole_cular funcyqn
. . . . were ion binding, oxidoreductase activity, kinase aqgivit
were subjected to further interaction network analysis.

peptidase activity and structural constituent of ribosome.
The top ve enriched GO terms for downregulated proteins

RESULTS were kinase activity, DNA binding, helicase activity, RNA
. . . binding, and oxidoreductase activity. Translation, small

Overview of Primary Data and Protein molecule metabolic process, catabolic process, cellulargeitro

Identi cation compound metabolic process and transport were the ve top

iITRAQ was used to identify the proteomic di erences among life terms for upregulated proteins under biological process. The
cycle stages of. gondij namely sporulated oocyst, tachyzoite,top ve enriched GO terms for downregulated proteins
bradyzoites-containing cyst. Representative SCX chromatog in biological process were cellular nitrogen compound
of the results is shown ifrigure S1 A total of 6,285 proteins metabolic process, biosynthetic process, small molecule
were identi ed from 53,335 peptides, which were matched withmetabolic process, cellular protein modi cation process,
76,534 spectra at a false discovery rate of 1%. Multiple proteimnd DNA metabolic process. The most abundant GO terms
were identi ed, among which, 1667, 1697, and 1791, proteinfor upregulated proteins under cellular component were
were identied in O vs. T (oocysts vs. tachyzoites), T vs. Gntracellular, followed by protein complex, cytoplasm, ribogom
(tachyzoites vs. cysts) and C vs. O (cysts vs. oocysts)cteghe  and nucleus. Protein complex, nucleus, chromosome, cytoplasm
after ltration (CV  0.5) (Tables S£S3. Using 99% con dence and intracellular were the ve top terms for downregulated
level (CV 0.5), 1602, 1625, and 1719 proteins were identi edoroteins.

in Ovs. T, Tvs. C, and C vs. O, respectivelalfles S4S6. With regard to GO enrichment for upregulated proteins in
Compared with analysis using 95% con dence level, 65 protein3 vs. C, ion binding, biosynthetic process, extracellulaiaeg

72 proteins and 72 proteins were lost in O vs. T, T vs. C, and @ere the most enriched terms in molecular function, biotai

vs. O. Repeatability analysis based on the Coe cient of vemmt process and cellular component respectively. For downregllate
(CV) showed that 79.3, 81.8, and 90.7% proteins can be coverprbteins, ion binding, structural constituent of ribosome, RN

in the total identi ed proteins in O vs. T, T vs. C, and C vs. O, binding were the top three terms under molecular function
respectively, when the CV was less than Bigyre 1). and translation, cellular nitrogen compound metabolic progess
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FIGURE 1 | Repeatability analysis based on Coef cient of Variation (Q\6f O vs. T, T vs. C and C vs. O. The x-axis represents values oMCThe y-axis on the left
represents the number of proteins. The y-axis on the right mresents the cumulative percentage of proteins(A—C) represent repeatability analysis of O vs. T, T vs. C
and C vs. O, respectively. O, oocysts; T, tachyzoites; C, bidyzoites-containing cysts.

transport were the most three enriched terms under biologicaproteins. The most ve prominent terms for downregulated
process. The top ve terms within cellular component includedproteins were ion binding, oxidoreductase activity, kinase
intracellular, cytoplasm, protein complex, ribosome, nusleuactivity, peptidase activity, and lyase activity. Biosynthet
(Figure 4B). process and small molecule metabolic process occupied top
Among molecular function terms in C vs. O, ion binding, one position in biological process for upregulated proteins and
oxidoreductase activity, ligase activity, kinase agtigitd DNA  downregulated proteins respectively. The mostly enrichment
binding were the mostly prevalent terms for upregulatedterms within cellular component for upregulated proteins
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or downregulated proteins were cytoplasm and intracellula

: . A
respectivelyKigure 40). 45D - -
. 400
KEGG Pathway Analysis of DEPs 350
To identify the biological pathways operating durifig gondii 300 r 246
development, we mapped the DEPs in each group to reference 250
pathways contained in the KEGG pathway database. Among igg I 113

DEPs identi ed in each group, 401 DEPs, 654 DEPs, 536 DEPs 1

had a KEGG Orthology (KO) ID and coqld be mapped to| 50 | 17 12 8 6
55 pathways, 55 pathways, 61 pathways in O vs. T, T vs. C, 0 S

and C vs. O, respectively. Of the 55 enriched pathways in >4 | 34| 2-3 | 1-2 |2 --1L3 --2L4 --3‘ <-4
group O vs. T, 42 pathways were upregulated and no pathway B Upregulation Downregulation

was downregulated. The top 5 enriched upregulated pathways

were metabolic pathways, biosynthesis of secondary méteol :gg [ 397
biosynthesis of antibiotics, carbon metabolism, and rivos 350 -
(Figure 5A). 300

There were 5 upregulated pathways and 13 downregulated 250 |
pathways in T vs. C. Ribosome, fatty acid metabolism, 200 |
biosynthesis of unsaturated fatty acids, alpha-Linolersida | 130 | 83 105

metabolism, galactose metabolism were upregulated pathways 1(5)8 i 55

and the top 5 enriched downregulated pathways included 0 8 l
metabolic pathways, carbon metabolism, aminoacyl-tRNA 34 2-3 ‘ 12 | -2 __1‘_3 =2 | <4 =B
biosynthesis, RNA transport, and protein processing in
endoplasmic reticulumKigure 5B).
In C vs. O, 2 and 25 pathways were up- and down;
regulated, respectively. The up-regulated pathways include
aminoacyl-tRNA biosynthesis, pyruvate metabolism and th
ve most enriched downregulated pathways were metaboli
pathways, biosynthesis of secondary metabolites, biosgitiof
antibiotics, carbon metabolism, and biosynthesis of ananimls
(Figure 50.

C Upregulation Downregulation

Analysis of Virulence Factor Expression
To study the expression pattern of virulence factors across
the life-cycle stages of. gondij the expression levels of 23
virulence factors, which SimU|tan60U5|y appear inall groupEEW | FIGURE 2 | Distributions of differentially expressed proteins (DEPsf O vs. T,
analyzed. None of these virulence factors were downregilat| Tvs. C and C vs. O in different level of differentiatiofA-C) represent
and 20 factors were upregu|ated in Oocyst Compared with distributions of DEPs of O vs. T, T vs. C and C vs. O, respectilg The x-axis
tachyzoite except RON4, PHIL1, and RONBidure 6A). In indicates values of log fold changes. The y-axis indicates the number of

. . proteins. Red and green colors represent upregulated and denregulated
T vs. C, while ve virulence factors (SPATR' PP2C, VP, DEPs. O, oocysts; T, tachyzoites; C, bradyzoites-containg cysts.
ROP5, AMA1) were upregulated in tachyzoite vs. cyst, th
number of downregulated virulence factors was 10 (RONS5,
ROP16, RON2, GRA4, MIC3, ROP2A, GRA1, GRA6, GRA7,
MIC6) (Figure 6B. The outcome of comparison between String Analysis of Protein-Protein
C and O was similar to O vs. T. No virulence factor|nteractions for DEPs

exhibited higher expression level in cyst and 11 virulencghe protein-protein interactions (PPI) whose combined score
factors were upregulated in the oocysts (GRA7, ROM4, MIC3yas> 0.9 were used to build network using Cytoscape tool in each
MIC6, PP2C, ROP18, VP1, AMA1, MIC2, SPATR, ROPS5}yroup. As shown irFigures 7 8, there were 310 nodes and 1501

Upregulation Downregulation

(Figure 60. edges in the PPI network of O vs. T, and 273 nodes and 1769
edges in the PPI network of T vs. C. The PPI network of C vs. O
Expression Pattern of Ribosomal Proteins contained 152 nodes and 308 edgéigire 9).

The dierences of ribosomal protein expression among the

di erent life-cycle stages showed upregulation of 33 and 4©|SCUSSION

ribosomal proteins in oocyst and in cyst, compared to tachigzoi

Six ribosomal proteins had higher expression level in cysts order to understand the functional di erences across the
compared with oocysftlable 1). di erent life-cycle stages of. gondij it is important to identify,
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FIGURE 3 | Hierarchical clustering of DEPs of O vs. T, T vs. C and C vs. Oxfression values were log-transformed. TRP1 and TRP2 represent biological replicas
1 and 2. (A—C) represent hierarchical clustering of DEPs for O vs. T, T vs. &nd C vs. O, respectively. O, oocysts; T, tachyzoites; C, bidyzoites-containing cysts.

quantify and compare the protein repertoire of each of thesand cysts, respectively. This indicates that oocysts expresse
life cycle forms. In the context of host-pathogen interantio more virulence factors compared to other stages of the life-
such insights have the potential to reveal new mechanisticycle of T. gondii Interestingly, the number of upregulated
determinants ofT. gondii infectivity and adaptation. In this virulence factors was twice the number of downregulatetbfac
study, we applied iTRAQ labeling coupled with LC-MS/MSin cyst compared with tachyzoite. These ndings seem conslisten
approach to prole and compare the proteome @f gondii with previous data, which reported that genes coding lfer
oocysts, tachyzoites and bradyzoites-containing cystsot&l  oxidation enzymes are not expressed in tachyzoites, but reay b
of 6285 proteins were identied in the three developmentalactive in oocystsHossenti et al., 20).2Additionally, the dense
stages of . gondii The comparative analysis identi ed signi cant granule protein GRAL (a speci c protein that is known to be
di erences in the level of expressed proteins when comparingxpressed at the transformation from tachyzoites to bradgzd
oocysts to tachyzoites (875 proteins), tachyzoites to &6 was found down-regulated in tachyzoites compared to cysts in
proteins) and cysts to oocysts (538 proteins). Based on GO amdir study. This nding is also consistent with pervious work,
KEGG analyses, ribosomal proteins and proteins involved imvhich reported a progressive suppression in the expressionof thi
macromolecule metabolism were the predominant groups. protein during the formation of bradyzoites-containing gise

A number of virulence-related factors and ribosomal protein cysts Cleary et al., 2002GRA1 protein has been shown to be
exhibited distinct expression patterns across the lifeecgtdges. up-regulated in sporulated oocysts as wélll¢y et al., 1997;
Some virulence factors can be upregulated during the spoaulati Possenti et al., 20).3The biological and clinical relevance of
of oocysts \(Vu et al., 2005 In our study, a number of proteins these di erences remain to be investigated using functional
with a virulence function have been identi ed. Compared with assays.
oocysts, none of virulence factors was signi cantly ovpregsed Previous studies have shown that certain proteins might
in tachyzoite and cyst stages. By contrast, 23 and 11 vicaelenbe functional in certain life-cycle stages. For example, while
factors were upregulated in oocyst compared with tachyzoitethe homoserine kinase has been observed in the proteome of
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FIGURE 4 | GO enrichment analysis of DEPs of O vs. T, T vs. C and C vs. O. DEh each group were sorted into three categories. The x-aximeans different GO
terms. The y-axis represents the number of proteins in the @icated categories. (A—C) represent GO enrichment analysis of DEPs for O vs. T, T vs. C diC vs. O,
respectively. O, oocysts; T, tachyzoites; C, bradyzoitegontaining cysts.

oocysts Possenti et al., 20),3genes encoding for homoserine aspartate-semialdehyde dehydrogenase (TGME49_205420), an
kinase (TGME49_216640) and other enzymes in the threonintareonine synthase (TGME49_220840), are known to be
biosynthesis pathway, such as aspartokinase (TGME49_22703pressed at low levels in the tachyzoite stage. In agreement
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FIGURE 6 | Expression pro les of differentially expressed (DE) virulee L10 - - -
factors of O vs. T, T vs. C, and C vs. O. Expression values were o
. X . ", upregulated; #, downregulated; —, non-signi cant changes.
log,-transformed and the expression levels were annotated witl gradient 0, oocysts: T, tachyzoites: C, bradyzoites-containing cysts
color scheme. The horizontal axis represents the logogramfairulence factors. » 000ysts Y T v ysis:
The TRP1 and TRP2 in y-axis means biological replicate 1 and A—C)
represent expression pro les of DE virulence factors for O vsT, T vs. C, and C rocess. small molecule metabolic process. cellular brotein
vs. O, respectively. O, oocysts; T, tachyzoites; C, bradyates-containing cysts. P . ! P . ! . P
modi cation process, and DNA metabolic process in the

tachyzoites compared to oocysts. This nding supports the Bigh
with these studies our results based on comparing oocysts moenergetics and metabolic needTafgondiireplicative forms
tachyzoites' DEPs showed kinase activity amongst the t@ v(tachyzoites), which rely heavily on glucose uptake and gigeol
enriched GO terms for di erentially regulated proteins withi for generation of ATP and other intermediates required for
molecular function. Our study also identi ed proteins with energy generation and replicatioAlAnouti et al., 200%.
greater abundance that were involved in biological process) s The ribosome is the factory for protein synthesis that sustai
as cellular nitrogen compound metabolic process, biosyithetthe development of biological organisms. It is assembled from
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FIGURE 7 | Protein-protein interaction networks of DEPs identi ed byTRAQ of oocysts vs. tachyzoites. Proteins were indicated wi nodes and interactions between
proteins were represented by edges. The node color indicateupregulated protein (red) or downregulated protein (greg and the size of node also presents
upregulation (large) or downregulation (small) of DEPs. &lcombined score were presented with edges colors.

both rRNA and ribosomal proteins Meyuhas, 2000 The accompany stage transitions during their developmental life
synthesis and expression of ribosomal proteins is higher ieycles {leyuhas, 2000; Cleary et al., 20Poxoplasma gondii
rapidly dividing cells and are regulated when the cell is undecontains 79 di erent ribosomal proteins, whose encoding genes
stress or is stimulated by growth factorSearson and Haber, are randomly distributed across the. gondii genome (illey
1980; Ju and Warner, 1994; Zhang et al., 2N&rious coccidian et al., 1997; Van Poppel et al., 2D08eventy-one of the 79
protozoan organisms are known to regulate the transcriptionibosomal protein loci are distributed as single loci acrdss t
of ribosome biosynthesis in order to adapt to changes thagenome, but 8 loci are unique in that they are paired at four
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FIGURE 8 | Protein-protein interaction networks of DEPs identi ed byTRAQ of tachyzoites vs. bradyzoites-containing cysts. Pteins were indicated with nodes and
interactions between proteins were represented by edges. fle node color indicates upregulated protein (red) or downgulated protein (green) and the size of node
also presents upregulation (large) or downregulation (sriipof DEPs. The combined score were presented with edges cofs.

locations in a head to head arrangement. In our study, oacysof time outside the hostTorrey and Yolken, 20)3A previous
and cysts showed the highest expression of ribosomal proteissudy indicated that there are stage-associated di ererices
compared to tachyzoites, indicating that these two stagee hathe expression off. gondii ribosomal proteins $chaap et al.,
more metabolic exibility, which may contribute to their dty ~ 2005. Intriguingly, Hutson et al. showed via the generation of
to adapt to stress conditions. Oocysts are the environmentdl rps13strain-de cient in ribosomal protein S13 (RPS13) that
infective forms ofT. gondij and can survive for extensive periodsdisruption of ribosomal proteins can lead to arrestTafgondii
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FIGURE 9 | Protein-protein interaction networks of DEPs identi ed byTRAQ of bradyzoites-containing cysts vs. oocysts. Proteswere indicated with nodes and
interactions between proteins were represented by edges. fle node color indicates upregulated protein (red) or downgulated protein (green) and the size of node
also presents upregulation (large) or downregulation (srifpof DEPs. The combined score were presented with edges cofs.

cell cycle, resulting in dormant parasites which can persistsxpression among the three life-cycle stages of this parasite
for several monthsn vitro, but without forming mature tissue providing new insight into the adaptation mechanisms of these
cysts Hutson et al., 2010 The same authors also demonstratedlife-cycle forms to their habitats. These results lay thenftation

that immunization using the attenuated parasitepsl3strain  for the understanding of the developmental biologyTofgondij

can protect mice against subsequent challenge with wildtypend should facilitate the discovery of novel therapeutic éésg

T. gondii However, it remains to be elucidated which of theand the development of novel stage-speci ¢ diagnostic assays t
di erentially expressed ribosomal proteinsidenti ed inously  augment available prevention measures to control toxoplassno
are essential fof. gondiiribosomes to function properly in the

respective stages of the life-cycle.
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