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fecal dysbiosis associated with 
colonic hypersensitivity and 
behavioral alterations in chronically 
Blastocystis-infected rats
Manon Defaye1,2, Céline nourrisson1,3, Elodie Baudu2,4, Amandine Lashermes2, 
Maëva Meynier2, Mathieu Meleine2, Ivan Wawrzyniak1, Virginie Bonnin4, Julie Barbier2, 
Benoit chassaing6,7,8,9, Catherine Godfraind5, Agathe Gelot2, Nicolas Barnich4, Denis Ardid2, 
Mathilde Bonnet4, Frédéric Delbac1, Frédéric Antonio carvalho2,10 ✉ & philippe poirier1,3,10 ✉

Background: Infectious gastroenteritis is a risk factor for the development of post-infectious Irritable 
Bowel Syndrome (PI-IBS). Recent clinical studies reported a higher prevalence of the intestinal parasite 
Blastocystis in IBS patients. Using a rat model, we investigated the possible association between 
Blastocystis infection, colonic hypersensitivity (CHS), behavioral disturbances and gut microbiota 
changes. Methods: Rats were orally infected with Blastocystis subtype 4 (ST4) cysts, isolated from 
human stool samples. Colonic sensitivity was assessed by colorectal distension and animal behavior 
with an automatic behavior recognition system (PhenoTyper), the Elevated Plus Maze test and the 
Forced Swimming tests. Feces were collected at different time points after infection to study microbiota 
composition by 16 S rRNA amplicon sequencing and for short-chain fatty acid (SFCA) analysis. Results: 
Blastocystis-infected animals had non-inflammatory CHS with increased serine protease activity. 
Infection was also associated with anxiety- and depressive-like behaviors. Analysis of fecal microbiota 
composition showed an increase in bacterial richness associated with altered microbiota composition. 
These changes included an increase in the relative abundance of Oscillospira and a decrease in 
Clostridium, which seem to be associated with lower levels of SCFAs in the feces from infected rats. 
Conclusions: Our findings suggest that experimental infection of rats with Blastocystis mimics IBS 
symptoms with the establishment of CHS related to microbiota and metabolic shifts.

Chronic visceral pain related to colonic hypersensitivity (CHS) is generally described as a poorly localized, diffuse 
and stabbing sensation that can be associated with many gastrointestinal disorders such as Inflammatory Bowel 
Disease (IBD) and Irritable Bowel Syndrome (IBS)1. IBS generates a significant health care burden, is one of the 
most common disorders encountered in gastrointestinal practice and greatly affects the quality of life. The Rome 
IV criteria define IBS as a functional chronic disorder characterized by abdominal pain, changes in bowel habits 
and no macroscopic organic lesions2. Patients are classified into four subgroups: IBS-C for patients with pre-
dominant constipation, IBS-D when diarrhea is predominant, IBS-M for patients with alternating constipation 
and diarrhea and IBS-U when no clear classification can be established3. The pathophysiology of IBS is complex 
and poorly understood, and its etiology is suspected to be multifactorial. IBS patients exhibit several biological 
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perturbations such as disturbances in gut epithelial barrier integrity leading to increased intestinal permeabil-
ity, immune activation and modifications of intestinal microbiota composition and function2,4. Psychological 
co-morbidities also occur in more than half of cases, such as anxiety, depression and hypochondria5.

Infectious gastroenteritis is a key risk factor for the development of IBS, referred to as post-infectious IBS 
(PI-IBS)6. PI-IBS often has characteristics of IBS-D, and can occur in 4% to 31% of patients following infectious 
acute gastroenteritis6. Several studies have supported a role in PI-IBS for pathogen-mediated modifications in 
the resident intestinal microbiota, epithelial barrier integrity and immune activation7–9. The role of certain path-
ogenic bacteria such as Shigella spp., Escherichia coli, Salmonella and Campylobacter jejuni or protozoa such as 
Giardia intestinalis is now well established10. Interestingly, a recent meta-analysis showed that the risk of IBS was 
higher after a protozoa-related or parasitic enteritis than with a bacterial infection11.

Blastocystis spp. are the most frequent enteric protozoa found in the intestinal tract of humans and various 
animals12. These parasites have been classified into 17 subtypes (ST) according to the small subunit ribosomal 
RNA-encoding gene. Subtypes ST1 to ST9 and ST12 have been recovered in human stool samples with ST3 being 
the most frequent followed by ST1, ST2 and ST413–15. Interestingly, ST4 was reported to be the most frequent 
ST in some studies performed in Europe16–19. Blastocystis spp. prevalence in humans ranges from 0.5% to 100% 
according to country and hygiene conditions and sanitary practices13,20. However, the involvement of Blastocystis 
spp. in human diseases is highly debated. Interest of the scientific and medical communities in Blastocystis spp. 
infection has increased in the last few years since epidemiological studies reported a higher prevalence of the par-
asite in IBS patients21–24. Changes in the microbiota of Blastocystis-infected subjects are often reported but results 
can also be heterogeneous19,22,25,26. Some clinical studies reported an increase in microbiota diversity, suggesting 
a potential benefit for Blastocystis-associated microbiota19,25,26. In contrast, one other study described a decrease 
in protective bacteria22. A more recent study reported a decrease in short-chain fatty acid (SCFA) levels in fecal 
samples from Blastocystis-infected patients26 SCFAs, including acetate, propionate and butyrate, enhance epithe-
lial barrier function and immune tolerance, promoting gut homeostasis27.

In the present study we aimed to characterize whether chronic Blastocystis infection can lead to IBS-like symp-
toms. We first characterized non-inflammatory CHS associated with anxiety- and depressive-like behaviors in 
infected rats. We then demonstrated that Blastocystis infection was associated with microbiota and metabolic 
shifts that can induce intestinal epithelial barrier dysfunction.

Results
Blastocystis infection induces non-inflammatory colonic hypersensitivity with an increase 
in serine protease activity. Four-week-old Wistar rats were infected with 105 ST4 cysts purified from a 
healthy human carrier (Supplementary Fig. 1). Infection monitoring by xenic culture of the feces showed the 
presence of parasites from day 1 until euthanasia on day 31 post-infection, as described previously28.

Colorectal distension (CRD) showed that colonic sensitivity was significantly increased at 60 mmHg (p = 0.01) 
in Blastocystis infected rats at D31 (Fig. 1a). AUC from 20 to 80 mmHg were almost 2-times higher in infected rats 
than in control rats (Fig. 1b).Interestingly, colonic hypersensitivity was not correlated with a relative abundance 
of Blastocystis obtained by 16 S sequencing (Fig. 1c).

We then assessed anatomical parameters and inflammatory mediator production at D31 post-infection. 
Surprisingly, chronic infection had no effect on body weight (Supplementary Fig.  2a), colon weight 
(Supplementary Fig. 2b) or length (Supplementary Fig. 2c), and was not associated with any histological changes 
such as cell infiltration, edema or crypt disruption (Supplementary Fig. 2d). Colonic levels of IL-6 and lipocalin-2 
proteins were unchanged in infected animals (Fig. 2a,b). In addition, GATA-3 (transcription factor promoting 
T-helper 2 differentiation) mRNA expression was not higher in infected rats (Fig. 2c).

Figure 1. Evaluation of colonic hypersensitivity after infection with Blastocystis ST4. (a) Representative colonic 
response to colorectal distension (CRD) in infected (n = 12) and control (n = 6) rats at D31. (b) Area under 
the curve (AUC) of colonic response calculated by the trapeze method between 20 mmHg and 80 mmHg. (c) 
Correlation between relative abundance of Blastocystis and AUC of colonic response. Statistical analysis: a, 
Two-way ANOVA test followed by a Sidak post-hoc test; b, t-test; c, Spearman-test; *p < 0.05 **p < 0.01; three 
independent experiments were performed.
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The potential impact of infection on intestinal barrier integrity was then explored by a functional test using 
FITC-Dextran 4 kDa on D21 and mRNA quantification of two tight junction components on D31. Intestinal 
permeability in vivo and mRNA levels of ZO-1 were unchanged in the infected animals (Fig. 2d,e) we observed 
a strong decrease in occludin expression (Fig. 2f). Because intestinal permeability was performed at D21 and 
a decrease in occludin expression observed at D31, we assessed epithelial barrier function ex vivo with Ussing 
chambers. As previously observed, intestinal permeability was not altered in infected rats (Supplementary Fig. 3).

Serine protease activity, which is suspected to participate in CHS, was measured in fecal samples at D31. A 
significant increase in serine protease activity was observed in the supernatant of infected rat feces (Fig. 2g). 
Interestingly, colonic hypersensitivity was significantly correlated with the increase in serine protease activity 
(p = 0.03) (Fig. 2h).

Figure 2. Quantification of inflammatory mediators after infection with Blastocystis.(a,b) Quantification of 
Interleukin-6 (IL-6) (a) and Lipocalin-2 (b) in colonic tissues of control (n = 5) and infected rats (n = 11) at 
D31. Values were expressed as pg/mg protein. (c) Colonic expression of GATA-3 in control (n = 6) and infected 
rats (n = 11) at D31. (d) FITC-Dextran 4 kDa concentration in serum of control (n = 6) and infected (n = 11) 
rats at D21. Colonic expression of ZO-1 (e) and occludin (f) in control (n = 6) and infected rats (n = 11) at D31. 
(g) Serine protease activity (U/mg feces) in supernatants from feces of control (n = 6) and infected rats (n = 12) 
at D31. (h) Correlation between serine protease activity and AUC of colonic response. Statistical analysis: Values 
were expressed as relative expression compared to GAPDH expression. Statistical analysis: a and b, Mann-
Whitney test: c, d, e, f, g and h t-test; Spearman-test; *p < 0.05 **p < 0.01; ***p < 0.001; three independent 
experiments were performed.
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Blastocystis infection induces behavioral changes. We analyzed the impact of Blastocystis infection 
on animal behavior at D27 with PhenoTyper. Infected rats did not present any differences in distances trave-
led (Fig. 3a), time spent in the hidden zone (Fig. 3b), velocity (Fig. 3c), and in drinking and eating behaviors 
(Supplementary Fig. 4a,b). However, the total duration of grooming (p = 0.004), rearing (p = 0.0006) and sniffing 
(p = 0.01) was significantly shorter during the dark period (Fig. 3d,e,f) suggestive of anxiety- and depression-like 
behavior. These behavioral alterations were confirmed at D29 with a series of more classical tests including the 
Elevated Plus Maze (EPM) test and the Forced Swimming Test (FST). The EPM test showed that infected rats 
entered the open arms less frequently and spent much less time there (Fig. 3g,h). In addition, immobility time 
during the FST was longer in infected rats (Fig. 3i), indicative of depressive-like behavior. Interestingly, the AUC 

Figure 3. Behavior assessments of rats after infection with Blastocystis in a representative experiment. Control 
and infected rats were placed in PhenoTyper home cages at D27 for 24 h video recording. The total distance 
moved (a) and time spent inside the shelter (b) were determined during a 12 h:12 h light-dark cycle. Mean 
velocity (c), grooming (d), rearing (e) and sniffing (f) times were only measured during the 12-hour dark 
period. Time spent (g) and entry frequency (h) of control and infected rats into the open arms of the Elevated 
Plus Maze (EPM) at D29. (i) Immobility time during the Forced Swimming Test of control and infected rats at 
D29. (j) Correlation between the areas under the curve (AUC) of colonic sensitivity and the frequency of entries 
into the open arms of the EPM. Each plot represents one rat. Statistical analyses: a and b, Two-way ANOVA 
test followed by a Sidak post-hoc test; c, e, f, g and i, t-test; d and h, Mann-Whitney; j, Spearman-test; *p < 0.05, 
**p < 0.01, ***p < 0.001; two independent experiments with 12 rats per group were performed.
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value of intracolonic pressure in response to CRD was negatively correlated with the frequency of entry in the 
open arms (Fig. 3j).

Blastocystis infection is associated with fecal microbiota modifications in rats. To evaluate the 
influence of Blastocystis infection on intestinal microbiota, the fecal microbiota composition of both infected 
and control rats was characterized by Illumina sequencing (SRA accession PRJNA607663). At D0 (i.e. before 
infection), no difference in fecal microbiota composition was observed between groups (Supplementary Fig. 5). 
At D31, bacterial richness was significantly greater in chronically-infected rats (p = 0.02) (Fig. 4a,b). In addition, 
the PCoA of beta-diversity clearly demonstrated significant differences (Adonis, p = 0.001) in the evolution of 
microbial composition between infected and control rats (Fig. 4c). This was accompanied by an increase in the 
relative abundance of Proteobacteria and Tenericutes in infected animals (Fig. 4d). The decrease in the Firmicutes/
Bacteroidetes ratio (Fig. 4e, p = 0.0623) was correlated with colonic hypersensitivity (p = 0.04) (Fig. 4f). At the 
genus level, we observed a decrease in the relative abundance of Clostridium, Pseudomonas and Rhodoplanes 
in infected rats, whereas the relative abundance of Anaerovorax, Oscillospira and Parabacteroides was greater 
(Fig. 4f). Interestingly, colonic hypersensitivity was significantly correlated with the decrease in the relative abun-
dance of Oscillospira (p = 0.0129) (Fig. 4g) and the increase in that of Clostridium (p = 0.0151) (Fig. 4h).

Shifts in microbiota community composition were associated with metabolite changes in infected rats. We 
quantified the ratio of SCFAs between the end and beginning of the experiment (D31/D0). We observed a 
decrease in the D31/D0 ratio for both acetate and propionate (Fig. 5a,b). The decrease in the butyrate ratio was 
not significant, however, (p = 0.06) (Fig. 5c) in the feces of infected rats.

Discussion
The role of Blastocystis spp. as a human pathogen remains unclear since, although some studies have associated it 
with acute or chronic digestive disorders29,30, it can be found in both symptomatic and asymptomatic patients. In 
symptomatic patients, blastocystosis is associated with non-specific symptoms, such as chronic diarrhea, abdom-
inal pain and bloating, sometimes mimicking IBS symptoms31,32. Interestingly, an increasing number of studies 
have suggested an association between Blastocystis spp. and IBS21–23. In numerous studies, Blastocystis spp. was 
more frequently detected in IBS patients than in control groups21–24. Experimental and genomic data support 
this association and suggest interactions between the intestinal microbiota and Blastocystis spp., which could be 
involved in the gut dysbiosis associated with IBS33. Our results also suggest that Blastocystis spp. chronic infec-
tion may lead to IBS-like symptoms. We characterized non-inflammatory CHS associated with anxiety- and 
depressive-like behaviors in infected rats. We then demonstrated that Blastocystis infection was associated with 
both microbiota and metabolic shifts that can lead to CHS.

The origins of CHS associated with IBS remain elusive. However, CHS occurs in up to 80–90% of IBS 
patients34. Thus, the epidemiological link between Blastocystis spp. and IBS needs to be clarified. Using a recent 
model of chronic infection with Blastocystis ST4 in rats, our study establishes for the first time the relationship 
between Blastocystis spp. infection and CHS. As previously described by Leder et al., we didn’t correlate the rela-
tive abundance with the CHS in infected rats35.

During acute gastroenteritis the immune system is highly activated, leading to inflammatory response. After 
gastroenteritis resolves, inflammation should subside but some studies have described infiltration of immune 
cells and high cytokine levels in PI-IBS patients, which suggests that the establishment of low grade inflammation 
following gastroenteritis could be a causal factor of CHS10. Some in vitro studies have also shown immunomod-
ulatory effects of Blastocystis spp. on mammalian cell cultures. The production of pro-inflammatory cytokines, 
including IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1β, IL-6, and Tumor Necrosis 
Factor-α (TNF-α) in response to acute Blastocystis exposure have been described in vitro in epithelial cell lines 
and murine macrophages36,37. In our experimental conditions, we did not observe any clearance of the parasite 
until 31 days after infection, as observed in PI-IBS, suggesting that the Blastocystis infection model is an infectious 
model of IBS. However, we observed no inflammation or tissue perturbations on D31 (histological analysis, IL-6 
and lipocalin-2 levels and GATA-3 mRNA). The disease activity index (DAI) including body weight loss, stool 
consistency and blood in stool was monitored every week until 31 days post-infection and any modifications 
were characterized especially in stool consistency. On D21, IL-6 and TNF-α levels in the serum were too low to 
be quantified in either group.

In absence of inflammation, altered epithelial barrier function is probably one of the most important mecha-
nisms involved in IBS2. An increase in intestinal permeability would allow the diffusion of luminal antigens and/
or proteases to the submucosal compartments38. This intestinal permeability is related to an altered expression of 
tight junction (TJ) proteins, including a decrease in the expression of occludin and ZO-138. Biopsy analysis from 
Blastocystis-infected patients showed disturbances of barrier function integrity and permeability39. These modifi-
cations are probably the result of multiple factors, but congruent data have been reported in some in vitro experi-
ments showing the ability of Blastocystis factors to interfere with ZO-1 and occludin, leading to TJ dysfunctions40. 
In our model, infected animals had lower occludin mRNA expression in the colon and intestinal permeability was 
not altered. However, study reports that the barrier function of the intestinal epithelium was normal in occludin 
knockout mice41. In our study, the absence of inflammation and barrier impairment could have been due to the 
use of Blastocystis ST4, which is considered to be of murine origin and probably the best suited to rats. Moreover, 
the isolate used in our study was purified from stools of an asymptomatic human carrier. Interestingly, Hussein 
et al. reported that the degrees of severity of pathological changes and intestinal permeability in rats were corre-
lated with the intensity of symptoms in patients from whom isolates were collected and with STs of Blastocystis, 
suggesting the existence of other, more virulent strains/subtypes42.

Hydrolases and proteases have been identified as candidate virulence factors of Blastocystis spp. and the panel 
which are secreted could explain the difference in terms of virulence33,43,44. Interestingly, several studies showed 
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an increase in serine protease activity in IBS patients45–47. Likewise, higher serine protease activity was observed 
in a PI-IBS mouse model48. Taken together, the data above suggest an important role for serine proteases in IBS. 
Diffusion to the submucosa of serine proteases, which was increased in our infected rats, could be responsible for 
activation of the neuronal protease activated receptor (PAR) and nociceptive signal45. However, the origin of the 
serine proteases was unclear. Although Blastocystis can produce serine proteases, serine protease activity origi-
nates mainly in the host49 and the contribution of the gut microbiota to their production is not inconsiderable43,50. 

Figure 4. Fecal microbiota variations associated with Blastocystis infection in rats in a representative 
experiment. (a) Alpha diversity was determined by observed Operational Taxonomic Unit (OTU) measurement 
according to sequences per sample in feces of control (n = 6) and infected (n = 12) rats at D31. (b) Area under 
the curve (AUC) of the observed OTUs for control and infected rats. (c) Principal coordinates analysis (PCoA) 
of the unweighted UniFrac distance of control (red plots) and infected (blue plots) rats at D31. Significance 
(p = 0.001) and the strength of explained variation (R² = 0.0962) were assessed with Adonis. (d) LEfSE (LDA 
Effect Size) was used to investigate bacterial taxa that drive differences between control and infected rats. Red, 
taxa higher in controls; Green, taxa higher in infected rats. (e) Ratio Firmicutes/Bacteroides in control (n = 6) 
and infected (n = 12) rats at D31. (f) Correlation between AUC of colonic sensitivity and Firmicutes/Bacteroides 
ratio. (g-h) Correlation between AUC of colonic sensitivity and relative abundance of Oscillospira (g) and 
Clostridium (h). Statistical analyses: a Two-way ANOVA test followed by a Sidak post-hoc test; b, t-test; e, Mann-
Whitney; f, g and h, Spearman-test; *p < 0.05.
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Further experiments are required to identify this origin and assess how the increase in intra-luminal serine pro-
teases could have contributed to CHS in our model.

Psychological disturbances, especially anxiety and depression, are the most frequent comorbidities associated 
with visceral pain51. In our study, global behavior was analyzed with the PhenoTyper, a video tracking system 
which allows continuous and long-term monitoring of animals’ home cage behavior. Some behaviors in rats have 
been reported to be associated with specific psychological or physiological changes. A decrease in grooming 
is positively associated with depressive-like behavior, and a decrease in sniffing, related to curiosity or explo-
ration, is positively associated with anxiety-like behavior52,53. Rearing, which is also considered as a behavior 
related to exploration, can be an effective indicator of pain54. These three behavior profiles were modified in our 
study and confirmed by EPM and FST reference tests. Our results show that Blastocystis-infected rats presented 
both anxiety- and depressive-like behaviors, probably related to visceral pain. Indeed, we observed a correlation 
between an increase in time spent in the open arms (EPM test) and CHS severity, which reinforces the role of 
visceral pain in the behavioral changes seen in our models.

Finally, because gut microbiota is a key player in the pathophysiology of IBS4, we characterized the microbiota 
modifications in Blastocystis-infected rats. In the absence of low grade inflammation, colonic hypersensitivity can 
be explained by alterations in intestinal microbiota composition that result in metabolite changes. Some recent 
studies described either a healthy Blastocystis-associated microbiota characterized by increased bacterial richness 
and certain beneficial bacteria such as Akkermansia, or dysbiosis accompanied by a decrease in SCFA-producing 
bacteria19,22,25,26. A recent study showed that Blastocystis ST7 isolate causes changes in the microbiota composi-
tion of infected mice, with a decrease in beneficial bacteria55, which is consistent with previous results of ours22. 
The association between Blastocystis and microbiota composition still needs to be clarified, as does the causal 
link between microbial community changes and Blastocystis. Our results showed that Blastocystis ST4 infection 
in rats is associated with bacterial community shifts, confirming for the first time the effect of this parasite on 
microbiota composition. The changes were characterized by an increase in bacterial richness and a decrease in 
the Firmicutes/Bacteroidetes ratio, which was correlated with CHS. The increase in bacterial richness in human 
intestinal microbiota associated with Blastocystis infection has been reported in different clinical studies, and is 
usually associated with a healthy microbiota26. The Firmicutes/Bacteroidetes ratio is a rough indicator of bacte-
rial population shifts, and both a higher and lower ratio of Firmicutes/Bacteroidetes have been described in IBS 
patients4. Deeper analysis showed that the relative abundances of bacterial genera were modified in infected 
animals including an increase in the relative abundance of Oscillospira and a decrease in that of Clostridium, both 
being correlated with CHS. Our results are, therefore, in agreement with previous reports describing a decrease 
in Clostridium genus in IBS patients, and the association of that genus with visceral pain56,57. The Clostridiaceae 
family, including the Clostridium genus, also belongs to SCFA-producing bacteria58. SCFAs, including acetate, 
propionate and butyrate, play an important role in the maintenance of a healthy epithelial barrier, and a decrease 
in their number has been reported in IBS patients27,59. In our study, the feces composition of infected rats was 
characterized by a decrease in the overall content of SFCAs. Interestingly, a recent study observed a reduc-
tion in acetate, propionate and butyrate production in Blastocystis-colonized humans, in combination with an 
over-representation of Oscillospira26. A recent meta-analysis showed that the fecal level of propionate and butyrate 
was significantly lower in IBS-C60, which is consistent with the absence of epithelial barrier alterations in our 
study. However, SCFAs might influence neuropsychiatric disorders and psychological functioning as depres-
sion61. Thus, the decrease of these metabolites may participate to the behavioral disturbance observed in our 
model.

To conclude, we demonstrate for the first time that establishment of Blastocystis within gut microbiota is 
responsible for bacterial community perturbations associated with metabolic shifts leading to CHS. Interestingly, 

Figure 5. Impact of microbiota modifications on fecal Short-Chain Fatty Acid (SCFA) levels in a representative 
experiment. D31/D0 ratio of acetate (a), propionate (b) and butyrate (c) in feces from control and infected rats. 
The SCFAs were quantified by gas liquid chromatography in feces of control (n = 6) and infected rats (n = 12) at 
D31. Statistical analysis: a-c, t-test *p < 0.05.
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some of the modifications observed in the infected rats have also been reported in humans25,26. The mechanisms 
of Blastocystis-induced CHS are not fully understood but the perturbations observed were sufficient to affect 
animal behavior. Our results showed that blastocystosis symptoms in rats mimic human IBS, which raises the 
question of eradication of this protist in Blastocystis-positive IBS patients. The Blastocystis rat model seems to be 
a good model to decipher non-inflammatory CHS.

Materials and Methods
Animals. Three-week-old specific pathogen-free (Charles River Lab, Saint Germain Nuelles, France) Wistar 
male rats were housed two or three per cage in animal biosafety level 2 (21–22 °C, 12 h:12 h light-dark cycle) 
with access to food and water ad libitum. All experiments were performed according to the ethical guidelines set 
out in the Guide for the Care and Use of Laboratory Animals and with approval of the “Comité d’Ethique pour 
l’Expérimentation Animale Auvergne” (C2E2A), the local ethics committee (Reference number: EU0116–3003), 
and followed the guidelines of the Committee for Research and Ethical issues of the International Association for 
the Study of Pain62.

Experimental infections. An asymptomatic human carrier of Blastocystis ST4 was enrolled after a state-
ment attesting to informed consent for study participation by the medical laboratory of Parasitology of the 
Clermont-Ferrand teaching hospital. All experiments were performed in accordance with the relevant guidelines 
and regulations, and approved by the research ethics committees, “Comité de Protection des Personnes Sud-Est 
6”, France, agreement ref: 2014/CE29). Three days prior experiments, rats were pre-screened to ensure that they 
were healthy and free of Blastocystis or any other intestinal parasites. Four-week-old Wistar male rats were then 
orally inoculated with sterile PBS as control (n = 12) or with 105 Blastocystis ST4 cysts purified from human stools 
(n = 12) as previously reported28. The success of infection was confirmed by fecal cultures in Jone’s medium at 
37 °C, as previously described28. Body weight of animals was monitored and feces were sampled every week until 
euthanasia and stored at −80 °C. Rats were euthanized at the end of the experiment (D31), and colon tissues 
were collected and split to be stored at −80 °C for molecular assays or in 4% paraformaldehyde for histological 
analyses.

Colorectal distension (CRD) test. This test assesses visceral sensitivity by measuring the response of the 
colon when submitted to distension. The CRD protocol was adapted for rats from Larauche et al.63. At D31, after 
30 min in a restrainer, rats were anesthetized (3% Isoflurane) to introduce the CRD devices into the colon-rectum 
before being connected to an amplifier (Millar Instruments, Houston, TX, USA). The CRD protocol consisted of 
a set of distensions at constant pressures from 20 to 80 mm Hg, performed in duplicate as follows: 20 mm Hg steps 
of 20 sec duration with 4.5 min inter-stimuli intervals. P-spectrum was extracted from raw data with “smoothsec” 
at a time constant of 1.5 sec, followed by “absolute valor” and finally another “smoothsec” at a time constant of 
1.5 sec to exclude the slower and tonic changes. Colonic response to CRD (mmHg.s) was quantified by measuring 
the area under the curve (AUC) during 20 sec of distension using the Integral relative to Minimum in Labchart.

Behavior recognition system PhenoTyper. The PhenoTyper (Noldus Information Technology, 
Wageningen, The Netherlands) is an automated infrared (IR) video-tracking system developed to measure the 
behavior of laboratory animals. The device is composed of eight Plexiglas cages (45 cm × 45 cm), each contain-
ing an opaque plastic square shelter accessible by two entrances and delimited areas for feeding and drinking. 
The cages are surrounded by a top unit provided with an infrared (IR) sensitive camera for video recording and 
IR led units. Briefly, at D27 rats were transferred into PhenoTyper cages (1 per cage) and animal activities were 
recorded with Mediarecorder (Noldus Information Technology, Wageningen, The Netherlands) for 24 h, includ-
ing a light-dark cycle (12 h:12 h). Rats had ad libitum access to food, water and shelter. Raw data were analyzed 
with Ethovision XT software (Version 12, Noldus Information Technology, Wageningen, The Netherlands) and 
various specific behaviors were compared between infected and control rats.

Elevated-Plus-Maze (EPM) test. At D29, EPM was performed as previously described64. Animals were 
recorded for 5 min by Mediarecorder software. Analysis was performed by Ethovision XT software (version 12).

Forced Swimming Test (FST). At D29, each rat was placed in a glass cylinder (30 cm diameter x 50 cm 
height) containing water at 22 ± 1 °C. The immobility time of rats was recorded for 6 min. Each rat was judged to 
be immobile when it stopped swimming and floated, making only those movements necessary to keep its head 
above water65.

In vivo intestinal permeability assay. At D21 intestinal permeability was determined by FITC-dextran in 
fasted animals as previously described66. Briefly, rats were administered 60 mg/100 g body weight of FITC-dextran 
(4 kDa, Sigma-Aldrich, FD-4) by gavage and samples were obtained from the retro-orbital venous plexus 5 h after 
administration. Serum FITC levels were determined by fluorometry at 488 nm using a microplate reader (Tecan, 
Lyon, France). Concentrations were calculated from a standard curve.

Assessment of epithelial barrier function. Two segments of distal colon of each animal were mounted 
in modified Ussing chambers (Biomecatronics, Ruitz, France) after removal of the seromuscular layer, leaving an 
exposed area of 0.0314 cm2. The luminal and basolateral compartments were filled with Krebs‐Ringer bicarbonate 
buffer (NaCl 120 mM, KCl: 5.9 mM, MgCl2: 1.2 mM, NaH2PO4: 1.2 mM, CaCl2: 2.5 mM, NaHCO3: 14 mM) sup-
plemented with 10 mmol/L glucose. Solutions were kept at 37 °C and gassed with carbogen. Transmucosal poten-
tial difference was continuously monitored using calomel electrodes filled with saturated KCl and connected 
to the chambers with 3 M KCl-agar salt-bridges. The transepithelial electrical resistance (TEER) was calculated 
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according to Ohm’s law from the voltage deflections induced by bipolar current pulses of 10 µA with a duration 
of about 2 sec. The TEER values were registered for each tissue just after mounting, at 40 minutes after mounting 
and then at 30‐minute intervals up to 160 minutes. The average TEER between 100 and 160 minutes was calcu-
lated over the two pieces of tissue per animal. These time points were selected because a stable TEER plateau was 
reached in most of the tissues at these times.

Tissue preparation for histological analysis. Flushed colons were opened longitudinally, cut into 4 cm 
and rolled. The samples were fixed in 4% paraformaldehyde (24 h, 4 °C), incubated in 30% sucrose (48 h, 4 °C) and 
embedded in OCT medium (ThermoFisher Scientific, Waltham, MA, USA; Cat. No. 23-730-571). Ten microm-
eter cross-sections were mounted on SuperFrost Plus slides (ThermoFisher Scientific, Waltham, MA, USA; Cat. 
No. 10149870), stained with hematoxylin phloxin safran and examined blindly by an anatomopathologist accord-
ing to the following criteria: cellular infiltration and mucosal alteration (vasculitis, muscular thickening, and 
crypt abscesses) were graded from 0 to 3 (absent, mild, moderate and severe). Submucosal edema was scored 
from 0 to 2 (absent, moderate, and severe).

Enzyme-linked immunosorbent assay (ELISA). Total proteins of rat proximal colon were extracted 
with lysis buffer (50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 10 mM tetrasodium pyrophosphate, 2 mM vana-
date, 100 mM NaF, 0.5 mM PMSF, 100 UI/mL iniprol/aprotinin, 20 µM leupeptin, 1% triton), and protein con-
centrations were determined with a BC Assay Protein quantification kit (Interchim, Montluçon, France; Cat. 
No. UP40840A). Colonic interleukin-6 (IL-6) and lipocalin-2 were quantified with the enzyme linked immuno-
sorbent assay kit (R&D Systems, Minneapolis, MN, USA; Cat. No. Rat IL-6 DuoSet, DY506 and Rat Lipocalin-2/
NGAL DuoSet DY3508) according to the manufacturer’s instructions. Concentrations were calculated from 
standard curve and normalized to the total protein concentration.

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR). Total 
RNAs of proximal colon were extracted with Trizol (ThermoFisher Scientific, Waltham, MS, USA; 
Cat. No. 15596026). DNAse-treated RNAs were reverse transcribed with high capacity cDNA RT kit 
(ThermoFisher Scientific, Waltham, MS, USA; Cat. No. 4368814) for reverse transcription-quantitative PCR 
(RT-qPCR). Specific cDNA were amplified for occludin (occF 5′-AGTACATGGCTGCTGCTGATG-3′; 
o c c R  5 ′ - C C C A C C AT C C T C T T G AT G T G T- 3 ′ ) ,  z o n u l a  o c c l u d e n s - 1  ( Z O - 1 )  ( Z O - 1 F 
5′-AGCGAAGCCACCTGAAGATA-3′; ZO-1R 5′-GATGGCCAGCAGGAATATGT-3′), GATA-3 (GATA-3F 
5′-AAGAGTGCCTCAAGTATCAG-3′; GATA-3R 5′- GCGGATAGGTGGTAATGG-3′) and GAPDH (GAPDHF 
5′-AGACAGCCGCATCTTCTTGT-3′; GAPDHR 5′-TGATGGCAACAATGTCCACT-3′). qPCR assays were 
performed with SsoAdvanced Universal SYBR Green Supermix (Biorad, Hercules, CA, USA; Cat. No. 1725271) 
and carried out on CFX96 Touch Real-Time PCR Detection System (Biorad, Hercules, CA, USA). Relative quan-
tifications of occludin, ZO-1 and GATA-3 genes were expressed as fold-change, using the 2−∆∆Ct method with 
GAPDH as reference gene.

Fecal microbiota analysis. DNA was extracted from rat feces collected at D0 and D31 with the 
NucleoSpin Soil kit protocol (Macherey-Nagel SARL, Hoerdt, France; Cat. No. 740780.250). Illumina high 
throughput sequencing was performed by MRDNA lab (Shallowater, TX, USA) on a MiSeq following 
the manufacturer’s guidelines. Briefly, the V4 region of the bacterial 16 S rRNA gene was amplified by 515 F 
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806 R (5′-GGACTACHVGGGTWTCTAAT-3′) primers and 
HotStarTaq Plus Master Mix Kit (Qiagen, Germantown, MD, USA; Cat. No. 203646) under the following condi-
tions: denaturation 94 °C/3 min, followed by 28 cycles of 94 °C/30 sec, 53 °C/40 sec, and 72 °C/1 min, with a final 
elongation step 72 °C/5 min. Pooled PCR products were purified with calibrated Ampure XP beads. Illumina 
sequencing was performed and DNA libraries built by according to the Illumina TruSeq DNA library preparation 
protocol.

We performed microbiota analysis on Quantitative Insights Into Microbial Ecology (QIIME, version 1.8.0) 
software package67. In summary, sequences were demultiplexed to remove barcodes and primer sequences. 
Chimeric sequences were removed with USEARCH6168. Sequences were clustered with USEARCH61 at a 97% 
homology threshold69. Taxonomic analysis was performed with the Greengenes reference database (version 13-8).

Alpha diversity measures the richness of single microbial taxa within a sample. Observed operational taxo-
nomic unit (OTU) measurements were determined with QIIME using an OTU table rarefied at various depths. 
AUC were calculated for each rarefaction curve. Beta diversity measures the variation in microbiota composition 
between individual samples. Unweighted UniFrac distances between samples were computed to measure beta 
diversity with the rarefied OTUs count table. Principal coordinates analysis (PCoA) was used to further assess 
and visualize beta diversity. Groups were compared for distinct clustering with Adonis. LEfSe (LDA Effect Size) 
was used to investigate bacterial members that drive differences between groups70.

Short chain fatty acid (SCFA) analysis. Acetate, propionate and butyrate were quantified from rat feces 
collected at D0 and D31. Briefly, about 200 mg of fecal samples were diluted in 200 µl of distilled water. After cen-
trifugation, proteins were precipitated overnight with phosphotungstic acid (Sigma-Aldrich, Saint-Louis, MO, 
USA, Cat. No. P4006) and centrifuged to obtain a clear supernatant.

One microliter of the clear supernatant was used to analyze SCFA composition by gas liquid chromatography 
(Agilent technologies 6850 Network GC system, Santa Clara, SA, USA) with a splitless injector, a flame-ionization 
detector and a capillary column (30 m; 0.25 mm; 0.25 µm) impregnated with nitroterephthalic acid modified pol-
yethylene glycol (Agilent technologies, Santa Clara, SA, USA; Cat. No. AT-122-3232E). Carrier gas (Helium) flow 
rate was 0.7 ml/min and inlet, column and detector temperatures were 175, 100 and 240 °C, respectively. Volatile 
free acid mix was used as the internal standard (Supelco. Saint-Quentin-Fallavier, France; Cat. No. CRM46975).
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Data were collected and peaks integrated with OpenLAB software (Agilent technologies, Santa Clara, SA, 
USA). Values were expressed in M/g of feces and the ratio was calculated between D31 and D0.

Serine protease activity assay. About 200 mg of feces were diluted in 1 ml of distilled water, homog-
enized and centrifuged at 1000 g for 5 min. One hundred microliters of fecal supernatants were added to 
100 µl of buffer (50 mM Tris-HCl pH 8, 1 mM CaCl2) containing 100 µM specific serine protease substrate 
(suc-phe-ala-ala-phe-pNA) (Bachem, Switzerland; Cat. No. 4013859) and incubated at 37 °C for 6 h. Substrate 
cleavage was measured at 400 nm with NUNC 96-well plates (ThermoFisher Scientific, Waltham, MS, USA) and 
normalized to the total feces weight.

Statistical analysis. Statistical analysis was performed with Prism 7 software (GraphPad, La Jolla, CA, 
USA). Data were expressed as mean ± standard error of mean (SEM). Colonic sensitivity to gradual CRD, body 
weight, distance moved, time spent in the hidden zone and microbiota analysis (taxonomy) were analyzed by 
two-way ANOVA followed by Sidak post hoc test for multiple comparisons. Rate comparisons were performed by 
Fisher’s exact test. Most comparisons were performed by the Student test. For non-Gaussian data, comparisons 
were performed by the non-parametric Mann Whitney U test (Unpaired data). A p-value ≤ 0.05 was considered 
statistically significant.
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