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Abstract:

Toxoplasma gondii has long been considered a ubiquitous parasitegsissg) the
capacity of infecting virtually all warm-bloodediarals globally. Occasionally, this
parasite can also infect cold-blooded animals sischish if their body temperature
reaches 37°C. However, we are currently lackingraderstanding of key details such
as the minimum temperature required Togondii invasion and proliferation in these
cold-blooded animals and their cells. Here, wegreredin vitro T. gondii infection
experiments with rat embryo fibroblasts (REF celisbuper Epinephelus coioides)
splenocytes (GS cells) and zebra fiBlaio rerio) hepatocytes (ZFL cells), at 27°C,
30°C, 32°C, 35°C and 37°C, respectivalye found thafl. gondii tachyzoites could
penetrate REF, GS nd ZFL cells at 27°C but cldaibition of multiplication was
observed. Intriguingly, the intracellular tachyzsitretained the ability to infect mice
after 12 days of incubation in GS cells culture@ &tC as demonstrated by bioassay.
At 30°C, 32°C and 35°C, we observed that the manamaklls (REF cells) and fish
cells (GS and ZFL cells) could suppdrigondii invasion and replication, which
showed a temperature-dependent relationship ictiofeand proliferation rates. Our
data demonstrated that the minimum temperaturé. fgondii invasion and
replication was 27°C and 30°C respectively, whindicated that temperature is a key
factor forT. gondii invasion and proliferation in host cells. This sesjig that
temperature-dependent infection determines theréifices in the capability &f
gondii to infect cold- and warm-blooded vertebrates.

Key words: Toxoplasma gondii; invasion; proliferation; fish cellsn vitro cultivation;
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1. Introduction

Toxoplasma gondii is an important intracellular protozoan parasiteiclv is
distributed globally and can infect almost all wasiooded animals, including
humans, but is thought to be incapable of infectiolgl-blooded animals except as
transport hosts (Dlugonska, 2017). Felids are #imitive host ofT. gondii, in which
sexual reproduction occurs in the epithelial ceflthe small intestine, leading to the
production of unsporulated oocysts in feces. Viyyall warm-blooded vertebrates
can be infected with oocysts and serve as intembetiosts in whici. gondii
undergoes asexual reproduction ultimately formiagwhant tissue cysts (Halonen and
Weiss, 2013). In general, warm-blooded animalstamdans can also be infected via
consumption of water or meat contaminated wWitgondii oocysts or cysts (Dubey
and Beattie, 1988). In most warm-blooded animalduding humans, infection is
asymptomatic but acute infection during pregnasayetrimental to the developing
fetus and can result in devastating neurologicgliinment or abortion (Hampton,
2015).

There is growing concern that toxoplasmosis is &rearne zoonosis being
transmitted to animals and humans through watetaconated with oocysts (Dubey,
2004). A large outbreak of human toxoplasmosis stesvn to be linked with oocyst
contamination of a municipal water reservoir in &aa by wild felids infected with.
gondii (Bowie et al., 1997), suggesting that infectiveysts are stable in aquatic
environments. This is further supported by reptiréd sporulated. gondii oocysts

can survive in seawater for at least 24 monthsdday and Dubey, 2009). Meanwhile,
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substantial evidence has shown that poikilotheanimals are capable of serving as
vectors ofT. gondii oocysts, including oysters (Lindsay et al., 200dyssels (Arkush
et al., 2003, Miller et al., 2008), filter feedifigh (Massie et al., 2010), abalones
(Schott et al., 2016) and gammarids (Bigot-Clivicale 2016). These findings above
suggest that. gondii is likely to encounter cold-blooded animals in aiig
environments, which raises an interesting questto whether. gondii can
penetrate cells of cold-blooded animals and refdiea tachyzoites.

As an obligate intracellular parasite, invasiomost cells is the most important
first step forT. gondii to establish a successful infection. Studies dis rem
cold-blooded animals indicated that they couldrifedted byT. gondii via
tachyzoites at a temperature of 37°C (Omata e2@05). Additionally, ann vivo
study on zebrafish at 37°C showed that intrapeg@bmjection ofT. gondii cysts led
to the multiplication of tachyzoites in differemgues including heart, blood vessel,
liver parenchyma, spleen and brain with correspagdistological and pathological
changes, resembling the situation found in acdeziion in mammals (Sanders et al.,
2015). However, so far as we know, there is noengé thafl. gondii tachyzoites
invade and proliferate in the cells of cold-bloodedimals at temperatures below
37°C. This suggests that the major limitationTogondii establishing an infection in
cold-blooded vertebrates may be highly dependen¢mperature.

In order to find the minimum temperature foigondii invasion and replication,
we performed experiments at a range of temperawitbscells from rat Rattus

norvegicus), grouper Epinephelus coioides) and zebra fishd¥anio rerio).
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2. Materials and methods
2.1. Mice and rats

All mice (Swiss Webster, male) and rats (SD, felnadere purchased from the
Experimental Animal Center of Sun Yat-Sen Univgrsat age of 6-8 weeks
(weighing 20 - 25 g for mice and 150 - 200 g fdsyaAll animals were strictly
maintained in a special pathogen free room withkamim access to food and water
according to protocols approved by the Laboratamywal Use and Care Committee

of Sun Yat-Sen University under license NO. 20179600400.

2.2. Cell culture and staining

Rat embryo fibroblasts (REF cells) were derivedrfran embryo collected from
the uterus of a healthy pregnant SD rat after elglation. GrouperHEpinephelus
coioides) splenocytes (GS cells) and zebrafiBrardio rerio) hepatocyte (ZFL cells)
cell lines were gifted by Professor Qi-Wei Qin froine College of Marine Sciences,
South China Agricultural University and ProfessanAShen Li from the School of
Life Sciences, Sun Yat-Sen University. REF cellsenmaintained in RPMI 1640
medium supplemented with 10% FBS (fetal boviners¢rand 100 units/ml of
penicillin and 10Qug/ml streptomycin at 37°C. GS cells were maintaimeld-15
medium supplemented with FBS, penicillin and stvepicin as described at 27°C
(Liang et al., 2018). While, ZFL cells were maimizd in 50% L-15 medium and 40%

RPMI 1640 medium supplemented with 10% FBS, pdimaind streptomycin at
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27°C as described (Lopes et al., 2018). After digeswith 0.25% trypsin and 0.02%
EDTA, REF, GS and ZFL cells were harvested and thene seeded onto the wells of
a 24-well plate at an initial density of2@ell, and non-adherent cells were washed

away after 12 h incubation at the temperature destrabove.

2.3. Toxoplasma gondii strains and infection

Tachyzoites of th&. gondii RH strain, a type | strain initially isolated fraan
toxoplasmic encephalitis case in 1939 which shofastér growth, enhanced
extracellular survival rate and inability to formdue cysts after a long history of
passage in mice and vitro cultivation (Yang et al., 2013). The RH straindige this
study was genetically manipulated to express gile@enescence protein (Nishikawa
et al., 2003) and was cryopreserved in liquid g before use. After thawing,
tachyzoites were inoculated into two mice and pgedanto another two mice. At the
late stage of infection (usually 4 days post integt infected animals were
euthanized, ascites were collected after injeatioh ml PBS (phosphate buffer saline,
pH 7.4) into the peritoneal cavity. Macrophagesenemoved from ascites by adding
0.25% trypsin and 0.02% EDTA as a final concertra{Derouin et al., 1987). After
centrifugation at 4°C, 2000 xg for 10 min, pelletadhyzoites were resuspended in
culture medium at 27°C (see below) and quantifisidgia haemocytometer.

The host cells (REF, GS and ZFL cells) were platdatie designed experimental
temperatures (27°C, 30°C, 32°C, 35°C and 37°Cy¥er one hour before an

infection assay. After 12 hours of incubation witlgondii using a 5 to 10 multiplicity
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of infection (MOI), free tachyzoites were washedagwith fresh medium and more
than 300 infected cells were counted under a feamet microscope. The infection
rate was represented by the ratio of infected /tetéd cells. Meanwhile, at the time
points of 12 h, 24 h and 36 h, numberd.ajondii tachyzoites in 100 host cells were
counted by fluorescence microscopy (Vert Al, Zeiss)

Otherwise, cells were seeded onto coverslips agealamd were washed with fresh
medium and stained by Diff-Quik. Samples were tmemunted with neutral resins

and observed by microscopy (Imager Al, Zeiss).

2.4. Mouse bioassay

In order to detect the ability dt gondii to infect mice when continually cultured
in GS cells at 27°C, tachyzoites were collectedhftbe infected GS cells after 12
days infection and were intraperitoneally inoculsiteto 10 mice, each with 3 x 10
tachyzoites (Gao et al., 2017). Tachyzoites kephédia at 27°C for 12 days were
inoculated as an extracellular group (10 mice), @Rdcells were used as negative

control (10 mice). Inoculated mice were monitoredyd

2.5. Statistical Analysis

Statistical analysis was carried out using GrapH®&imn 6.0 software. All data
were showed as the means standard deviations of at least three independent
experiments. Data were compared and analyzed b$ttigent’s pairetitest, andP <

0.05 was accepted as statistically significant.
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3. Results
3.1 Growth of T. gondii in mammalian and fish cells at 27°C and 37°C

We firstly investigated the possible invasion aegealopment ofl. gondii
tachyzoites in the mammalian REF cells at 27P.@ondii tachyzoites were collected
from an infected mouse and resuspended in 27°@Qreutbedium, added to the REF
cells, and incubated at 27°C. To our surprisewatéehyzoites could be found in
parasitophorous vacuoles (PV), although proliferatvas obviously limited and
could only be observed at a later stage at 72 hmassinoculation (hpi). While the
control group at 37°C, which was treated in theesaray, showed normal
multiplication of tachyzoites in PV at 48 hpi. We@applied the same test in
cold-blooded fish cells. Similarly, in the GS calldtured at 37°C, multiplication of
tachyzoites was found at 24 hpi even though sontleeoGS cells shrunk and rounded
up as 37°C is not a suitable temperature for thWhile at 27°C,T. gondii tachyzoites
were still able to penetrate into the GS cellsthatproliferation was not observed at
72 hpi (Fig. 1A). A further observation, taking advage of detection of fluorescence
in theT. gondii strain, also revealed a decreasing number ofdelitdar tachyzoites

from day 1 till day 9 (data not shown).
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178
179  Fig. 1. REF and GS cells infected witf. gondii tachyzoites at 27°C and 37°C

180  respectively and subsequent bioassays after 12 daydtured at 27°C.

181  A. Afew tachyzoites (arrows) were observed witthie REF cells cultured at 27°C,
182 72 hours post infection (hpi). B. Many tachyzoifasows) were found within the

183 infected REF cells cultured at 37°C, 48 hpi (A&lls were stained with Diff-Quik).
184  C. Proliferation of tachyzoites was significanthhibited in GS cells cultured at 27°C,
185 24 hpi (arrows showing several intracellular tadites located in few

186  parasitophorous vacuoles (PVs) in a one-to-one eraout multiplication was not

187  found). D. Replication of tachyzoites was obsemwe@S cells at 37°C, 24 hpi

188  (arrows showing multiplying intracellular tachyzs). All infections in A-D were

189  done with MOI = 10 unless specified and all scaeslare equal to 2em. E. The

190  survival rate of mice inoculated with intracellulargondii, extracellulafT. gondii and
191  GS cells respectively. GS cells infected witlgondii (MOI =5, GS+RH group) and
192  extracellular tachyzoites without host cells (Rldugp) were incubated at 27°C for 12
193  days, which were then harvested, quantified anduladed into 10 mice

194  intraperitoneally (3 x 1btachyzoites per mouse) each group. GS cells (GSpyr

195  withoutT. gondii infection were inoculated to 10 mice as a control.
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To reveal the viability of the tachyzoites, a bemgwas carried out by inoculating

10 mice with a fixed amount of fluorescent tachie®i3 x 16) from the infected GS
cells at 27°C harvested on day 12. A survival cuexealed that the intracellular
tachyzoites remained infective, while the extradall tachyzoites and
tachyzoites-free GS cells from parallel experimé¢h&sdays in medium) were not
(Fig. 1B).

Together, the tachyzoites ©fgondii could invade both mammalian and fish cells
at 37°C and 27°C, and retain viability for at led8tdays post infection at 27°C,

although the proliferation was clearly inhibited.

3.2 Growth of T. gondii tachyzoites at 35°C, 32°C, 30°C and 27°C

To identify how the temperature affects the growfttachyzoites, we performed
experiments with a temperature series at 35°C, 3200C and 27°C, respectively,
using mammalian (REF) and fish (GS, ZFL) cellss intriguing that GS and ZFL
cells grew well at 35°C, as did the invadedondii parasites, both in a similar
manner to growth in the REF cells (Fig. 2 A). Quiative analysis revealed that
tachyzoites could grow well in REF, GS and ZFLsé&lbm 30°C to 35°C, but not at
27°C (Fig. 2 A-D). Infection rates in these grouwgse also determined at 12 hpi, and
mild host preferences were observed at the testefddratures (Fig. 2E). Clearly, the
growth of T. gondii in REF, GS and ZFL cells at the tested temperaeres
indicated a temperature-dependent manner (Fig.H#yever, to our surprise, a

11
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significant difference in growth rates was foundWwezn mammalian REF and fish
GS cells p = 0.049), while the difference between REF ankl AL cells

approached significance € 0.062).
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Fig. 2. The status of growth and infection rates of. gondii in REF, GS and ZFL
cells cultured at 35°C, 32°C, 30°C and 27°C.

A, B, C and D, logarithmic scale (or linear scale D) growth curves of tachyzoites
in REF, GS and ZF-L cells cultured at 35°C (A), B(dB), 32°C (C) and 27°C (D),
respectively. Tachyzoites were assessed in aroddadlls per well using fluorescent
microscopy. E, infection rates of REF, GS and ZEllsccultured at 35°C, 32°C, 30°C
and 27°C, respectively. More than 200 cells pet wele counted under an inverted
fluorescence microscope at 12h post infection vetiyzoites and the infection rate
was expressed as the ratio of infected cells & talls. F, Logarithmic scale curves

of tachyzoite growth rates (per hour) in REF, G8 ARL cells cultured at 35°C,
12
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32°C, 30°C and 27°C, respectively. All infectionsresdone with a MOI = 6. Each
measurement was performed in triplicate and repeaatee times (n = 3) and all
presented values are meanittg SD. Statistical significance was indicated by gsan
paired Student'stest between different grougd? < 0.05;**P < 0.01;***P < 0.001;

N.S., not significant.

Furthermore, we selected temperatures of 32°C @@ ® get a clearer visual
observation of tachyzoite infection in REF, GS @id. cells at 24 hpi. Consistent
with the experiments aboveé,gondii showed obvious multiplication in REF, GS and

ZFL cells at 32°C, while no signs of proliferatiarere observed at 27°C (Fig. 3).
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Fig. 3. The growth ofT. gondii in REF, GS and ZFL cells cultured at 32°C and
27°C respectively and stained with Diff-Quik.

Black arrows indicate the tachyzoites within thesPWhile red arrows indicate the
tachyzoites without PVs. Images were taken at 24Ni@I = 6, scale bar for all

photos = 2Qum.

Taken together, these results showed that at S0C,3. gondii tachyzoites could
invade and multiply in both marine and fresh wdit cells, although this was not as

efficient as in mammalian cells.
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4. Discussion

Toxoplasma gondii has been widely known to be capable of invadimally all
nucleated cells of warm-blooded animals includinoghns since the discovery of this
marvelous parasite (Dubey et al., 1998). Howevaether animals apart from
homothermic ones can serve as potential hosk fgondii remains a controversy.
Interestingly,T. gondii tachyzoites could survive in thréedes cell lines at 35°C for

at least 15 days, as verified using intraperitdgeabculated mice with washed cell
suspensions, nevertheless, no datd. g@ondii tachyzoite proliferation was mentioned
in the study (Buckley, 1973). Attempts to infecteiats withT. gondii indicated a
maximum of three days survival of the parasitenmnavivo study of four species of
mosquito, judged by the retained infectivity oheit cysts or tachyzoites orally fed to
mosquitoes, whether the temperature was 26°C & 8Zhapman and Ormerod,
1966). However, the combination of the above ressliggested. gondii failed to
penetrate mosquito cells during ilmevivo test, whereas. gondii survived for a much
shorter time than in the vitro test. In other worddl. gondii may not be capable of
infecting insects.

In addition, results from some previous studiescaietd thafl. gondii could
survivein cold-blooded animals from fish to reptiles batider natural (Nasiri et al.,
2016) and experimental conditions (Sanders e2@l5). However, cold-blooded
animals including filter-feeding fish and other atja invertebrates were only
considered as carriers ©fgondii oocysts in the wild (Arkush et al., 2003, Milldr e
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al., 2008, Massie et al., 2010, Bigot-Clivot ef 2016). To our knowledge, there is no
direct evidence in the literature shows thagondii can naturally multiply in the cells
of wild cold-blooded animals to expand its popwlatiTherefore, it still remains an
attractive question as to what is the key factat timits the invasion and

proliferation ofT. gondii in cold-blooded animals or their cells.

By definition, one of the fundamental distinctiviferences between
cold-blooded and warm-blooded animals is their biedyperature; therefore, we
assumed that temperature could be the prereqtosife gondii to establish invasion
and proliferation in various host cells. As expdcigsing marine and fresh water fish
cells in the present study, we demonstratedThgandii could invade and proliferate
in these cells at temperatures of 30°C, 32°C an@ .34t 27°C, a temperature lower
than 30°C, invasion and proliferation Bfgondii tachyzoites was significantly
inhibited, although parasites remained infectiventoe for at least 12 days. These
findings are supported by previous observatiormaxperimental temperature of
37°C in whichT. gondii could establish an infection in goldfisGafassius auratus)
cellsinvitro (Omata et al., 2005) and zebra fistvivo (Sanders et al., 2015).

More importantly, our study also revealed a temjpeeadependent manner for
gondii invasion and proliferation at the range of 27°@%C, with higher
temperature associated with greater invasion efiy and faster growth of the
parasite. Indeed, Omata and his colleagues fownitar tendency using two
temperature conditions of 33°C and 37°C with gahiitells (Omata et al., 2005).
Interestingly, this temperature dependent manneotisestricted td. gondii infecting

16
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cold-blooded hosts, as a similar behavior was efesein the rat cells. We found that
tachyzoites had a slightly better growth and inmagfficiency in the rat cells than
the two types of fish cells, which may indicateaataption byT. gondii to its natural
warm-blooded host. On the other hand, the viabdlfty. gondii in the fish cells for

12 days at 27°C also indicated a tolerance to amhbeenperature (27°C) of this
parasite, retaining its infectivity to new host &irleast 12 days.

It is well known thatfTl. gondii is a parasite which can infect most warm-blooded
vertebrates, while many other related speciesamfiicomplexa, such &meria
tenella only naturally infects the cecum of chickens (€lar al., 2017), and
Plasmodium fal ciparum specifically infects humans and chimpanzees (Méteal.,
2002). Our findings suggest a mechanism limitirgylthoad host range @f gondii
that is determined by a low-temperature-barriev@néing the infection of. gondii
in poikilothermal animals. Therefore, although festrom the earlier investigations
demonstrated that gondii was found in amphibians and reptiles (Nasiri et24116),
it is unlikely thatT. gondii can establish a persistent infection in these biddded
animals. In other words, cold-blooded vertebrat@slbiting regions that have
temperatures at 30°C to 37°C (Sun, 1996, Engeszdr, 2007, Zhang et al., 2010,
Woolway et al., 2016, Chaidez et al., 2017, Nogimperate Lakes, 2010), may be at
risk of T. gondii infection. Therefore, an epidemiological surveryTogondii
infections in fish and other cold-blooded animakpecially in tropical areas, could
obtain some very interesting results pertinentrideustanding the endemic statusrof
gondii in these animals. Based on our current resultgelated published data, we
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consider that temperature, rather than cell typeost, is a key contributor to the
successful development ®fgondii in cells (and hosts) at least in vertebrates. This
raises an interesting question as to the natunestfparasite interactions that
determine this temperature dependence. It canfeered thafl. gondii is capable of
infecting nucleated cells of virtually all vertebea, which reflects the advantages of
employingT. gondii as a perfect model to explore the evolutionargtr@hships

between intracellular parasites and host cellshieamore, the high plasticity of
host-parasite interactions Thgondii may be determined by such studies and provides
insights into the potential of this fascinating gmite to evolve the capability of

infection in cold-blooded vertebrates.
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Highlights

» Toxoplasma gondii RH strain tachyzoites are capable of invading ¢islhs and
maintaining infectivity for at least 12 days pasiection at 27°C although
proliferation was clearly inhibited.

* Multiple temperatures (27°C, 30°C, 32°C and 35°@)amested fof. gondii
infection, and the minimum temperature Togondii invasion is 27°C and for
replication is 30°C.

+ T. gondii infection is highly dependent on temperature whietermines the
differences in the capability to infect cold- andmm- blooded vertebrates, rather

than cell type or host.



