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Abstract: 24 

  Toxoplasma gondii has long been considered a ubiquitous parasite possessing the 25 

capacity of infecting virtually all warm-blooded animals globally. Occasionally, this 26 

parasite can also infect cold-blooded animals such as fish if their body temperature 27 

reaches 37°C. However, we are currently lacking an understanding of key details such 28 

as the minimum temperature required for T. gondii invasion and proliferation in these 29 

cold-blooded animals and their cells. Here, we performed in vitro T. gondii infection 30 

experiments with rat embryo fibroblasts (REF cells), grouper (Epinephelus coioides) 31 

splenocytes (GS cells) and zebra fish (Danio rerio) hepatocytes (ZFL cells), at 27°C, 32 

30°C, 32°C, 35°C and 37°C, respectively. We found that T. gondii tachyzoites could 33 

penetrate REF, GS nd ZFL cells at 27°C but clear inhibition of multiplication was 34 

observed. Intriguingly, the intracellular tachyzoites retained the ability to infect mice 35 

after 12 days of incubation in GS cells cultured at 27°C as demonstrated by bioassay. 36 

At 30°C, 32°C and 35°C, we observed that the mammalian cells (REF cells) and fish 37 

cells (GS and ZFL cells) could support T. gondii invasion and replication, which 38 

showed a temperature-dependent relationship in infection and proliferation rates. Our 39 

data demonstrated that the minimum temperature for T. gondii invasion and 40 

replication was 27°C and 30°C respectively, which indicated that temperature is a key 41 

factor for T. gondii invasion and proliferation in host cells. This suggests that 42 

temperature-dependent infection determines the differences in the capability of T. 43 

gondii to infect cold- and warm-blooded vertebrates.  44 

Key words: Toxoplasma gondii; invasion; proliferation; fish cells; in vitro cultivation; 45 
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cold-blooded animals 46 
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1. Introduction 49 

Toxoplasma gondii is an important intracellular protozoan parasite, which is 50 

distributed globally and can infect almost all warm-blooded animals, including 51 

humans, but is thought to be incapable of infecting cold-blooded animals except as 52 

transport hosts (Dlugonska, 2017). Felids are the definitive host of T. gondii, in which 53 

sexual reproduction occurs in the epithelial cells of the small intestine, leading to the 54 

production of unsporulated oocysts in feces. Virtually, all warm-blooded vertebrates 55 

can be infected with oocysts and serve as intermediate hosts in which T. gondii 56 

undergoes asexual reproduction ultimately forming dormant tissue cysts (Halonen and 57 

Weiss, 2013). In general, warm-blooded animals and humans can also be infected via 58 

consumption of water or meat contaminated with T. gondii oocysts or cysts (Dubey 59 

and Beattie, 1988). In most warm-blooded animals, including humans, infection is 60 

asymptomatic but acute infection during pregnancy is detrimental to the developing 61 

fetus and can result in devastating neurological impairment or abortion (Hampton, 62 

2015). 63 

There is growing concern that toxoplasmosis is a waterborne zoonosis being 64 

transmitted to animals and humans through water contaminated with oocysts (Dubey, 65 

2004). A large outbreak of human toxoplasmosis was shown to be linked with oocyst 66 

contamination of a municipal water reservoir in Canada by wild felids infected with T. 67 

gondii (Bowie et al., 1997), suggesting that infective oocysts are stable in aquatic 68 

environments. This is further supported by reports that sporulated T. gondii oocysts 69 

can survive in seawater for at least 24 months (Lindsay and Dubey, 2009). Meanwhile, 70 
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substantial evidence has shown that poikilothermic animals are capable of serving as 71 

vectors of T. gondii oocysts, including oysters (Lindsay et al., 2001), mussels (Arkush 72 

et al., 2003, Miller et al., 2008), filter feeding fish (Massie et al., 2010), abalones 73 

(Schott et al., 2016) and gammarids (Bigot-Clivot et al., 2016). These findings above 74 

suggest that T. gondii is likely to encounter cold-blooded animals in aquatic 75 

environments, which raises an interesting question as to whether T. gondii can 76 

penetrate cells of cold-blooded animals and replicate as tachyzoites. 77 

As an obligate intracellular parasite, invasion of host cells is the most important 78 

first step for T. gondii to establish a successful infection. Studies on cells from 79 

cold-blooded animals indicated that they could be infected by T. gondii via 80 

tachyzoites at a temperature of 37°C (Omata et al., 2005). Additionally, an in vivo 81 

study on zebrafish at 37°C showed that intraperitoneal injection of T. gondii cysts led 82 

to the multiplication of tachyzoites in different tissues including heart, blood vessel, 83 

liver parenchyma, spleen and brain with corresponding histological and pathological 84 

changes, resembling the situation found in acute infection in mammals (Sanders et al., 85 

2015). However, so far as we know, there is no evidence that T. gondii tachyzoites 86 

invade and proliferate in the cells of cold-blooded animals at temperatures below 87 

37°C. This suggests that the major limitation on T. gondii establishing an infection in 88 

cold-blooded vertebrates may be highly dependent on temperature.  89 

In order to find the minimum temperature for T. gondii invasion and replication, 90 

we performed experiments at a range of temperatures with cells from rat (Rattus 91 

norvegicus), grouper (Epinephelus coioides) and zebra fish (Danio rerio).  92 
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 93 

2. Materials and methods 94 

2.1. Mice and rats 95 

All mice (Swiss Webster, male) and rats (SD, female) were purchased from the 96 

Experimental Animal Center of Sun Yat-Sen University, at age of 6-8 weeks 97 

(weighing 20 - 25 g for mice and 150 - 200 g for rats). All animals were strictly 98 

maintained in a special pathogen free room with ad libitum access to food and water 99 

according to protocols approved by the Laboratory Animal Use and Care Committee 100 

of Sun Yat-Sen University under license NO. 2017YFD0500400. 101 

 102 

2.2. Cell culture and staining 103 

Rat embryo fibroblasts (REF cells) were derived from an embryo collected from 104 

the uterus of a healthy pregnant SD rat after euthanization. Grouper (Epinephelus 105 

coioides) splenocytes (GS cells) and zebrafish (Danio rerio) hepatocyte (ZFL cells) 106 

cell lines were gifted by Professor Qi-Wei Qin from the College of Marine Sciences, 107 

South China Agricultural University and Professor Wen-Shen Li from the School of 108 

Life Sciences, Sun Yat-Sen University. REF cells were maintained in RPMI 1640 109 

medium supplemented with 10% FBS (fetal bovine serum) and 100 units/ml of 110 

penicillin and 100 μg/ml streptomycin at 37°C. GS cells were maintained in L-15 111 

medium supplemented with FBS, penicillin and streptomycin as described at 27°C 112 

(Liang et al., 2018). While, ZFL cells were maintained in 50% L-15 medium and 40% 113 

RPMI 1640 medium supplemented with 10% FBS, penicillin and streptomycin at 114 
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27°C as described (Lopes et al., 2018). After digestion with 0.25% trypsin and 0.02% 115 

EDTA, REF, GS and ZFL cells were harvested and they were seeded onto the wells of 116 

a 24-well plate at an initial density of 105/well, and non-adherent cells were washed 117 

away after 12 h incubation at the temperature described above.  118 

 119 

2.3. Toxoplasma gondii strains and infection 120 

Tachyzoites of the T. gondii RH strain, a type I strain initially isolated from a 121 

toxoplasmic encephalitis case in 1939 which showed faster growth, enhanced 122 

extracellular survival rate and inability to form tissue cysts after a long history of 123 

passage in mice and in vitro cultivation (Yang et al., 2013). The RH strain used in this 124 

study was genetically manipulated to express green fluorescence protein (Nishikawa 125 

et al., 2003) and was cryopreserved in liquid nitrogen before use. After thawing, 126 

tachyzoites were inoculated into two mice and passaged into another two mice. At the 127 

late stage of infection (usually 4 days post infection), infected animals were 128 

euthanized, ascites were collected after injection of 5 ml PBS (phosphate buffer saline, 129 

pH 7.4) into the peritoneal cavity. Macrophages were removed from ascites by adding 130 

0.25% trypsin and 0.02% EDTA as a final concentration (Derouin et al., 1987). After 131 

centrifugation at 4°C, 2000 ×g for 10 min, pelleted tachyzoites were resuspended in 132 

culture medium at 27°C (see below) and quantified using a haemocytometer. 133 

The host cells (REF, GS and ZFL cells) were placed at the designed experimental 134 

temperatures (27°C, 30°C, 32°C, 35°C and 37°C) for over one hour before an 135 

infection assay. After 12 hours of incubation with T. gondii using a 5 to 10 multiplicity 136 
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of infection (MOI), free tachyzoites were washed away with fresh medium and more 137 

than 300 infected cells were counted under a fluorescent microscope. The infection 138 

rate was represented by the ratio of infected cells/total cells. Meanwhile, at the time 139 

points of 12 h, 24 h and 36 h, numbers of T. gondii tachyzoites in 100 host cells were 140 

counted by fluorescence microscopy (Vert A1, Zeiss). 141 

Otherwise, cells were seeded onto coverslips as above, and were washed with fresh 142 

medium and stained by Diff-Quik. Samples were then mounted with neutral resins 143 

and observed by microscopy (Imager A1, Zeiss). 144 

 145 

2.4. Mouse bioassay 146 

In order to detect the ability of T. gondii to infect mice when continually cultured 147 

in GS cells at 27°C, tachyzoites were collected from the infected GS cells after 12 148 

days infection and were intraperitoneally inoculated into 10 mice, each with 3 x 104 149 

tachyzoites (Gao et al., 2017). Tachyzoites kept in media at 27°C for 12 days were 150 

inoculated as an extracellular group (10 mice), and GS cells were used as negative 151 

control (10 mice). Inoculated mice were monitored daily. 152 

 153 

2.5. Statistical Analysis 154 

Statistical analysis was carried out using GraphPad Prism 6.0 software. All data 155 

were showed as the means ± standard deviations of at least three independent 156 

experiments. Data were compared and analyzed by the Student’s paired t test, and P < 157 

0.05 was accepted as statistically significant. 158 

Jo
urn

al 
Pre-

pro
of



9 

 

 159 

3. Results 160 

3.1 Growth of T. gondii in mammalian and fish cells at 27°C and 37°C 161 

We firstly investigated the possible invasion and development of T. gondii 162 

tachyzoites in the mammalian REF cells at 27°C. T. gondii tachyzoites were collected 163 

from an infected mouse and resuspended in 27°C culture medium, added to the REF 164 

cells, and incubated at 27°C. To our surprise, a few tachyzoites could be found in 165 

parasitophorous vacuoles (PV), although proliferation was obviously limited and 166 

could only be observed at a later stage at 72 hours post inoculation (hpi). While the 167 

control group at 37°C, which was treated in the same way, showed normal 168 

multiplication of tachyzoites in PV at 48 hpi. We also applied the same test in 169 

cold-blooded fish cells. Similarly, in the GS cells cultured at 37°C, multiplication of 170 

tachyzoites was found at 24 hpi even though some of the GS cells shrunk and rounded 171 

up as 37°C is not a suitable temperature for them. While at 27°C, T. gondii tachyzoites 172 

were still able to penetrate into the GS cells but the proliferation was not observed at 173 

72 hpi (Fig. 1A). A further observation, taking advantage of detection of fluorescence 174 

in the T. gondii strain, also revealed a decreasing number of intracellular tachyzoites 175 

from day 1 till day 9 (data not shown).  176 

 177 
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 178 

Fig. 1. REF and GS cells infected with T. gondii tachyzoites at 27°C and 37°C 179 

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

A. A few tachyzoites (arrows) were observed within the REF cells cultured at 27°C, 181 

72 hours post infection (hpi). B. Many tachyzoites (arrows) were found within the 182 

infected REF cells cultured at 37°C, 48 hpi (A, B. Cells were stained with Diff-Quik). 183 

C. Proliferation of tachyzoites was significantly inhibited in GS cells cultured at 27°C, 184 

24 hpi (arrows showing several intracellular tachyzoites located in few 185 

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

found). D. Replication of tachyzoites was observed in GS cells at 37°C, 24 hpi 187 

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

done with MOI = 10 unless specified and all scale bars are equal to 20 μm. E. The 189 

survival rate of mice inoculated with intracellular T. gondii, extracellular T. gondii and 190 

GS cells respectively. GS cells infected with T. gondii (MOI = 5, GS+RH group) and 191 

extracellular tachyzoites without host cells (RH group) were incubated at 27°C for 12 192 

days, which were then harvested, quantified and inoculated into 10 mice 193 

intraperitoneally (3 x 104 tachyzoites per mouse) each group. GS cells (GS group) 194 

without T. gondii infection were inoculated to 10 mice as a control. 195 
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 196 

To reveal the viability of the tachyzoites, a bioassay was carried out by inoculating 197 

10 mice with a fixed amount of fluorescent tachyzoites (3 x 104) from the infected GS 198 

cells at 27°C harvested on day 12. A survival curve revealed that the intracellular 199 

tachyzoites remained infective, while the extracellular tachyzoites and 200 

tachyzoites-free GS cells from parallel experiments (12 days in medium) were not 201 

(Fig. 1B). 202 

  Together, the tachyzoites of T. gondii could invade both mammalian and fish cells 203 

at 37°C and 27°C, and retain viability for at least 12 days post infection at 27°C, 204 

although the proliferation was clearly inhibited. 205 

 206 

3.2 Growth of T. gondii tachyzoites at 35°C, 32°C, 30°C and 27°C 207 

To identify how the temperature affects the growth of tachyzoites, we performed 208 

experiments with a temperature series at 35°C, 32°C, 30°C and 27°C, respectively, 209 

using mammalian (REF) and fish (GS, ZFL) cells. It is intriguing that GS and ZFL 210 

cells grew well at 35°C, as did the invaded T. gondii parasites, both in a similar 211 

manner to growth in the REF cells (Fig. 2 A). Quantitative analysis revealed that 212 

tachyzoites could grow well in REF, GS and ZFL cells from 30°C to 35°C, but not at 213 

27°C (Fig. 2 A-D). Infection rates in these groups were also determined at 12 hpi, and 214 

mild host preferences were observed at the tested temperatures (Fig. 2E). Clearly, the 215 

growth of T. gondii in REF, GS and ZFL cells at the tested temperature series 216 

indicated a temperature-dependent manner (Fig. 2F). However, to our surprise, a 217 
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significant difference in growth rates was found between mammalian REF and fish 218 

GS cells (p = 0.049), while the difference between REF and fish ZFL cells 219 

approached significance (p = 0.062). 220 

 221 

  222 

Fig. 2. The status of growth and infection rates of T. gondii in REF, GS and ZFL 223 

cells cultured at 35°C, 32°C, 30°C and 27°C. 224 

A, B, C and D, logarithmic scale (or linear scale for D) growth curves of tachyzoites 225 

in REF, GS and ZF-L cells cultured at 35°C (A), 30°C (B), 32°C (C) and 27°C (D), 226 

respectively. Tachyzoites were assessed in around 100 cells per well using fluorescent 227 

microscopy. E, infection rates of REF, GS and ZFL cells cultured at 35°C, 32°C, 30°C 228 

and 27°C, respectively. More than 200 cells per well were counted under an inverted 229 

fluorescence microscope at 12h post infection with tachyzoites and the infection rate 230 

was expressed as the ratio of infected cells to total cells. F, Logarithmic scale curves 231 

of tachyzoite growth rates (per hour) in REF, GS and ZFL cells cultured at 35°C, 232 
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32°C, 30°C and 27°C, respectively. All infections were done with a MOI = 6. Each 233 

measurement was performed in triplicate and repeated three times (n = 3) and all 234 

presented values are meaning ± SD. Statistical significance was indicated by using a 235 

paired Student’s t test between different groups. *P < 0.05; **P < 0.01; ***P < 0.001; 236 

N.S., not significant. 237 

 238 

Furthermore, we selected temperatures of 32°C and 27°C to get a clearer visual 239 

observation of tachyzoite infection in REF, GS and ZFL cells at 24 hpi. Consistent 240 

with the experiments above, T. gondii showed obvious multiplication in REF, GS and 241 

ZFL cells at 32°C, while no signs of proliferation were observed at 27°C (Fig. 3). 242 
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 243 

Fig. 3. The growth of T. gondii in REF, GS and ZFL cells cultured at 32°C and 244 

27°C respectively and stained with Diff-Quik.  245 

Black arrows indicate the tachyzoites within the PVs, while red arrows indicate the 246 

tachyzoites without PVs. Images were taken at 24 hpi, MOI = 6, scale bar for all 247 

photos = 20 μm. 248 

 249 

Taken together, these results showed that at 30 - 35°C, T. gondii tachyzoites could 250 

invade and multiply in both marine and fresh water fish cells, although this was not as 251 

efficient as in mammalian cells. 252 
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 253 

4. Discussion 254 

Toxoplasma gondii has been widely known to be capable of invading virtually all 255 

nucleated cells of warm-blooded animals including humans since the discovery of this 256 

marvelous parasite (Dubey et al., 1998). However, whether animals apart from 257 

homothermic ones can serve as potential host for T. gondii remains a controversy. 258 

Interestingly, T. gondii tachyzoites could survive in three Aedes cell lines at 35°C for 259 

at least 15 days, as verified using intraperitoneally inoculated mice with washed cell 260 

suspensions, nevertheless, no data on T. gondii tachyzoite proliferation was mentioned 261 

in the study (Buckley, 1973). Attempts to infect insects with T. gondii indicated a 262 

maximum of three days survival of the parasite in an in vivo study of four species of 263 

mosquito, judged by the retained infectivity of either cysts or tachyzoites orally fed to 264 

mosquitoes, whether the temperature was 26°C or 37°C (Chapman and Ormerod, 265 

1966). However, the combination of the above results, suggested T. gondii failed to 266 

penetrate mosquito cells during the in vivo test, whereas T. gondii survived for a much 267 

shorter time than in the in vitro test. In other words, T. gondii may not be capable of 268 

infecting insects. 269 

In addition, results from some previous studies indicated that T. gondii could 270 

survive in cold-blooded animals from fish to reptiles both under natural (Nasiri et al., 271 

2016) and experimental conditions (Sanders et al., 2015). However, cold-blooded 272 

animals including filter-feeding fish and other aquatic invertebrates were only 273 

considered as carriers of T. gondii oocysts in the wild (Arkush et al., 2003, Miller et 274 
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al., 2008, Massie et al., 2010, Bigot-Clivot et al., 2016). To our knowledge, there is no 275 

direct evidence in the literature shows that T. gondii can naturally multiply in the cells 276 

of wild cold-blooded animals to expand its population. Therefore, it still remains an 277 

attractive question as to what is the key factor that limits the invasion and 278 

proliferation of T. gondii in cold-blooded animals or their cells.  279 

By definition, one of the fundamental distinctive differences between 280 

cold-blooded and warm-blooded animals is their body temperature; therefore, we 281 

assumed that temperature could be the prerequisite for T. gondii to establish invasion 282 

and proliferation in various host cells. As expected, using marine and fresh water fish 283 

cells in the present study, we demonstrated that T. gondii could invade and proliferate 284 

in these cells at temperatures of 30°C, 32°C and 35°C. At 27°C, a temperature lower 285 

than 30°C, invasion and proliferation of T. gondii tachyzoites was significantly 286 

inhibited, although parasites remained infective to mice for at least 12 days. These 287 

findings are supported by previous observations at an experimental temperature of 288 

37°C in which T. gondii could establish an infection in goldfish (Carassius auratus) 289 

cells in vitro (Omata et al., 2005) and zebra fish in vivo (Sanders et al., 2015).  290 

More importantly, our study also revealed a temperature dependent manner for T. 291 

gondii invasion and proliferation at the range of 27°C to 35°C, with higher 292 

temperature associated with greater invasion efficiency and faster growth of the 293 

parasite. Indeed, Omata and his colleagues found a similar tendency using two 294 

temperature conditions of 33°C and 37°C with goldfish cells (Omata et al., 2005). 295 

Interestingly, this temperature dependent manner is not restricted to T. gondii infecting 296 
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cold-blooded hosts, as a similar behavior was observed in the rat cells. We found that 297 

tachyzoites had a slightly better growth and invasion efficiency in the rat cells than 298 

the two types of fish cells, which may indicate an adaption by T. gondii to its natural 299 

warm-blooded host. On the other hand, the viability of T. gondii in the fish cells for 300 

12 days at 27°C also indicated a tolerance to ambient temperature (27°C) of this 301 

parasite, retaining its infectivity to new host for at least 12 days.  302 

It is well known that T. gondii is a parasite which can infect most warm-blooded 303 

vertebrates, while many other related species in the Apicomplexa, such as Eimeria 304 

tenella only naturally infects the cecum of chickens (Clark et al., 2017), and 305 

Plasmodium falciparum specifically infects humans and chimpanzees (Miller et al., 306 

2002). Our findings suggest a mechanism limiting the broad host range of T. gondii 307 

that is determined by a low-temperature-barrier preventing the infection of T. gondii 308 

in poikilothermal animals. Therefore, although results from the earlier investigations 309 

demonstrated that T. gondii was found in amphibians and reptiles (Nasiri et al., 2016), 310 

it is unlikely that T. gondii can establish a persistent infection in these cold-blooded 311 

animals. In other words, cold-blooded vertebrates inhabiting regions that have 312 

temperatures at 30°C to 37°C (Sun, 1996, Engeszer et al., 2007, Zhang et al., 2010, 313 

Woolway et al., 2016, Chaidez et al., 2017, North Temperate Lakes, 2010), may be at 314 

risk of T. gondii infection. Therefore, an epidemiological survey for T. gondii 315 

infections in fish and other cold-blooded animals, especially in tropical areas, could 316 

obtain some very interesting results pertinent to understanding the endemic status of T. 317 

gondii in these animals. Based on our current results and related published data, we 318 
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consider that temperature, rather than cell type or host, is a key contributor to the 319 

successful development of T. gondii in cells (and hosts) at least in vertebrates. This 320 

raises an interesting question as to the nature of host-parasite interactions that 321 

determine this temperature dependence. It can be inferred that T. gondii is capable of 322 

infecting nucleated cells of virtually all vertebrates, which reflects the advantages of 323 

employing T. gondii as a perfect model to explore the evolutionary relationships 324 

between intracellular parasites and host cells. Furthermore, the high plasticity of 325 

host-parasite interactions in T. gondii may be determined by such studies and provides 326 

insights into the potential of this fascinating parasite to evolve the capability of 327 

infection in cold-blooded vertebrates. 328 
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Highlights 

 

· Toxoplasma gondii RH strain tachyzoites are capable of invading fish cells and 

maintaining infectivity for at least 12 days post infection at 27°C although 

proliferation was clearly inhibited. 

· Multiple temperatures (27°C, 30°C, 32°C and 35°C) were tested for T. gondii 

infection, and the minimum temperature for T. gondii invasion is 27°C and for 

replication is 30°C. 

· T. gondii infection is highly dependent on temperature which determines the 

differences in the capability to infect cold- and warm- blooded vertebrates, rather 

than cell type or host. 
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