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Abstract
The water-borne protozoan parasite Cryptosporidium parvum forms oocysts that can persist for long periods of time in the environment, even though the sporozoites inside the oocysts may no longer be viable, making it difficult to assess the associated risk of infection. In this study, we compared the ability of various in vitro methods to discriminate viable from non-viable oocysts, including excystation, DAPI/PI staining, RNA FISH, PMA-qPCR and a novel polymer slide adhesion method. With the notable exception of our in vitro excystation protocol, all methods were found to be useful for identifying viable oocysts.
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1.  Introduction
Cryptosporidium are single-celled parasites that are prevalent in many water-based environments; approximately 10,000 human cases of cryptosporidiosis caused predominantly by Cryptosporidium parvum and Cryptosporidium hominis are reported worldwide annually (Efstratiou et al., 2017). Additionally, Cryptosporidium infect other mammals, particularly ruminants and thus, impose a significant burden on livestock farming (Olson et al., 2004). Persistence of Cryptosporidium is enabled due to the formation of oocysts, which are resistant to many environmental conditions and water treatments including chlorination, aluminum flocculation, and liming (Robertson et al., 1992).

A number of different methods have historically been used to assess viability of Cryptosporidium. Excystation was one of the first methods developed to determine whether or not oocysts were viable. Cryptosporidium sporozoites can be induced to excyst by incubating the oocysts at 37 °C and neutral pH with bile salts or surfactants such as sodium dodecyl sulfate (Campbell et al., 1992; Fayer and Leek, 1984; Reduker and Speer, 1985). Subsequently, excystation of sporozoites is confirmed using bright-field microscopy. Alternatively, sporozoites that have failed to excyst can be visualized inside the oocysts with a DNA binding dye, such as DAPI (Campbell et al., 1992; Kato et al., 2001). However, it has been shown that a certain percentage of sporozoites that do not excyst are nevertheless infectious when administered to neonatal mice (Neumann et al., 2000). Furthermore, several studies found that excystation consistently overestimated the viability of oocysts (Black et al., 1996; Finch et al., 1993).

Other viability protocols take advantage of the varied membrane permeability of DNA binding dyes; viable organisms only permit uptake of membrane permeable dyes, while non-viable organisms with compromised lipid bilayers allow incorporation of all dyes. For example, staining oocysts in a mildly acidic suspension with a membrane permeable dye, such as DAPI, together with a membrane impermeable dye, such as propidium iodide (PI), allows for identification of viable oocysts without the need to stimulate excystation (Jones and Senfit, 1985; Robertson et al., 1992). Nevertheless, when compared to animal infection models, DAPI and PI staining also tend to overestimate the quantity of viable oocysts (Black et al., 1996).

Other methods have been developed that use PCR in conjugation with a viability selection, such as integrated cell culture, immunomagnetic capture, or the viability dye propidium monoazide (PMA), to identify viable oocysts (Brescia et al., 2009; Deng et al., 1997; LeChevallier et al., 2003). For example, DNA amplification by qPCR is inhibited when bound to the membrane impermeable dye, PMA, thus only permitting detection of DNA from viable organisms. While this newer method has been used extensively for bacterial organisms (Nocker et al., 2007), it has only recently been tested for use with other organisms, including C. parvum (Liang and Keeley, 2012). Comparison of different PMA-qPCR protocols has shown that the ability of the method to discriminate viable organisms depends on the length or choice of the amplified target (Agulló-Barceló et al., 2014; Coudray-Meunier et al., 2013; Karim et al., 2015).

Unlike DNA, which remains detectable in non-viable organisms for some time, RNA is degraded more quickly via ribonucleases present in the oocyst or the environment (Mroczek and Kufel, 2008). Therefore, viable oocysts expressing RNA can be identified using reverse transcriptase quantitative PCR or fluorescence in-situ hybridization (FISH) (Liang and Keeley, 2011; Stinear et al., 1996; Vesey et al., 1998). However, detection of RNA can be technically challenging, as high levels of ribonucleases present in some environmental samples may reduce RNA levels (Vesey et al., 1998). Thus, mRNA does not persist in all viable oocysts and only correlates poorly with viability (Jenkins et al., 2002). In contrast, ribosomal rRNA expression is more stable, but only moderately correlates with infectious C. parvum as measured by infection models (Jenkins et al., 2002; Widmer et al., 1999). 

More recently, the ability of C. parvum oocysts to adhere to various polymer coatings has been investigated (Dai et al., 2004). Interestingly, viable oocysts specifically adhere to certain polymers, and not to others (Wu et al., 2012). The authors suggested that this differential polymer interaction may be due to glycoproteins present on the surface of viable oocysts, which non-viable oocysts lack (Wu et al., 2012). So far, the ability of polymers to discriminate viable oocysts has not been compared to other viability assays.

The focus of our work was to compare in vitro viability assays for Cryptosporidium oocysts, including excystation, DAPI/PI staining, RNA FISH, PMA-qPCR, and polymer coated slide adherence.

2.  Materials and Methods

2.1.  Cryptosporidium sources and heat treatments
C. parvum oocysts (strain Iowa II) were purchased from the Sterling Parasitology Laboratory (University of Arizona, USA) and used for experiments within two months. To compare each viability assay's ability to distinguish between live and dead oocysts, C. parvum oocysts were heated in a water bath for 30 minutes at 10 °C intervals from 50-100 °C. After heating, oocysts were stored in 0.1% Tween-20 in phosphate-buffered saline without calcium and magnesium (PBS-Tween) at 4 °C and used in viability assays within two weeks.

2.2.  DAPI staining and excystation

1x104 oocysts were incubated for 1 hour at 37 °C in 100 μL acidified (pH 2.75) Hank's balanced salt solution (HBSS) (Campbell et al., 1992). Oocysts were washed twice with PBS-Tween after this incubation and after each subsequent incubation. Next, excystation was induced by incubation for 4 hours at 37 °C in 100 μL excystation solution containing 0.0035 M SDS and 0.026 M NaHCO3 in HBSS (Campbell et al., 1992). Then, oocysts were co-stained in suspension with a 1:10 dilution of an anti-Cryptosporidium FITC conjugated antibody (Thermo-Fisher, PA1-73184) and 10 μg/mL DAPI (Sigma, D9542) in PBS-Tween and incubated at 37 °C for 2 hours. After washing, the oocysts were dried onto glass slides and mounted using Mowiol mounting solution (33% glycerol, 13.3% Mowiol, 0.13 M Tris pH 8.5). The number of DAPI and FITC positive oocysts were counted on a Nikon Eclipse E400 equipped with a CoolLED pE-300white light source and the following filter sets: Nikon B-2E/C, Chroma 31000v2, and Chroma 51004v2. Approximately 100 oocysts were counted for each sample in an experiment. Statistical analysis was performed using the R functions fisher.test and binom.confint (R Core Team, 2013). Image files taken at 60X magnification were analyzed using FIJI software to generate the composite images in the graphical abstract (Schindelin et al., 2012).

2.3.  DAPI/PI staining

1x104 oocysts were prepared for DAPI staining as indicated in section 2.2. After the incubation with acidified HBSS and subsequent washing, the oocysts were incubated for 2 hours at 37 °C in suspension with a 1:10 dilution of an anti-Cryptosporidium FITC conjugated antibody (Thermo-Fisher, PA1-73184), 10 μg/mL DAPI (Sigma, D9542), and 10 μg/mL propidium iodide (PI) (Sigma, P4170) in PBS-Tween. Oocysts were washed, dried onto glass slides, mounted and imaged as described in section 2.2.
2.4.  RNA FISH

1x104 oocysts were fixed in 4% formaldehyde for 1 hour at 4 °C and washed twice with PBS-Tween containing 30 units/mL ribonuclease inhibitor (Sigma, R1158), followed by one wash with cold (-20 °C) absolute ethanol (Vesey et al., 1998). All subsequent wash steps indicated here consisted of two washes with PBS-Tween containing 30 units/mL ribonuclease inhibitor. Next, oocysts were incubated for 30 minutes at 80 °C with 0.14 M Hexadecyltrimethylammonium bromide (CTAB) (Sigma, H6269) containing 30 units/mL ribonuclease inhibitor. After washing, oocysts were incubated in suspension for 1 hour at 48 °C with hybridization buffer (0.02 M Tris-HCl, 0.9 M NaCl, 0.017 M SDS, 30 units/mL ribonuclease inhibitor, pH 7.2) containing a hexachloro-fluorescein (HEX) labeled oligo probe targeting C. parvum 18S rRNA as shown in Table 1 (Lemos et al., 2005). Oocysts were washed and stained at 4 °C for 1 hour with the anti-Cryptosporidium FITC conjugated antibody (Themo-Fisher, PA1-73184) in PBS-Tween with 30 units/mL ribonuclease inhibitor. After washing, oocysts were dried onto glass slides and mounted using Mowiol mounting solution; microscopy was performed as described in section 2.2.

2.5.  PMA-qPCR

A stock solution of 20 mM propidium monoazide (PMA) (Biotium, 40013) in 20% DMSO was prepared and stored at -20 °C. 1x105 oocysts were incubated with 100 μL of 50 μM PMA diluted from the stock solution with PBS-Tween and after vortexing, the suspension was incubated on ice for 5 minutes in the dark. Subsequently, the oocyst suspension was exposed to a light source (GenIUL PhAST Blue) for 5 cycles, each consisting of 1 minute of light exposure followed by vortexing and incubating on ice for 1 minute (Leifels et al., 2015). Oocysts were then washed once with PBS-Tween and nucleic acids were extracted immediately using the RNeasy PowerMicrobiome Kit (Qiagen, 26000-50), with an additional bead-beating step of 6,500 rcf for 15 seconds after addition of Buffer PM1. Subsequently, DNA was amplified using primers CParvHSP70_F and CParvHSP70_R, as shown in Table 1, with the following qPCR conditions: 1 cycle of 95 °C for 10 minutes, 40 cycles of 15 seconds at 95 °C, 60 seconds at 60 °C, and 30 seconds at 72 °C on an Applied Biosystems 7300 Real-Time PCR System.

2.6.  Polymer slide adherence

Oocyst adherence to 75.6 x 25.0 mm glass slides with a polymer coating (Schott, NEXTERION® Slide P 1167904) or 76 × 26 mm glass slides with no coating (VWR, 631-1551) was assessed gently by agitating a 10 μl suspension containing 1x105 oocysts in PBS-Tween on slides at 20 RPM (THERMO, SHKE420HP), which did not cause spillage, for 3 hours at 37 °C. Oocysts in suspension within a 1.5 mL centrifuge tube were also shaken as a control. After shaking, the slides were washed with PBS-Tween. Oocysts on the slides were quantified by microscopy after DAPI/PI staining with the FITC anti-Cryptosporidium antibody as described in section 2.3.

3.  Results
3.1.  DAPI staining and excystation
In general, DAPI staining of sporozoite DNA within oocysts was consistently high, ranging from 85-97%, for each population of oocysts, as shown in Table 2A. Furthermore, the levels of DAPI staining between unheated oocysts and oocysts heated to any temperature were not significantly different. For instance, 97% of oocysts heated to 100 °C stained positive for DAPI, which was not statistically different from the 96% of DAPI positive unheated oocysts. Nevertheless, DAPI staining could be used to identify empty DAPI negative oocysts, which represented 3-15% of the total number of oocysts at any temperature.
Excystation of oocysts was quantified after adjusting each population for the number of empty oocysts prior to excystation. The percent of viable oocysts was calculated as follows: % viable = DAPI+post-excystation / (DAPI−post-excystation − DAPI−pre-excystation). Accordingly, in the absence of any heat pre-treatments, 50% of the C. parvum oocysts were lacking DAPI staining, representing successfully excysted oocysts, as shown in Table 2B. Heating the oocysts to any temperature between 50 °C and 100 °C significantly reduced, but apparently did not completely prevent subsequent oocyst excystation. Surprisingly, about 24% of the oocysts pre-treated by heating to 100 °C were able to excyst; similar excystation levels were observed at the other temperatures from 50-90 °C. Thus, oocyst excystation decreased, but was not completely eliminated by heat-treatment.

3.2.  DAPI/PI staining

As shown in Table 2C, at temperatures at or above 70 °C, DAPI positive C. parvum oocysts showed significant increases in PI staining when compared to unheated oocysts. While 90% of unheated oocysts lacked PI staining, this percentage decreased to 3% for oocysts heated to 100 °C. Each temperature at or above 70 °C showed fewer oocysts without PI staining when compared to the unheated oocysts. Thus, increasing the heat pre-treatment temperature increased the population of PI positive oocysts and decreased the number of PI negative oocysts.

3.3.  RNA FISH

Quantification of RNA positive oocysts in Table 2D showed that without heat treatment, about 57% of the oocysts contained RNA. After heating to 60 °C, the number of RNA positive oocysts significantly decreased to 37%. This statistically significant trend of decreased RNA staining continued for each higher temperature up to 100 °C, where no RNA-positive oocysts were counted. Thus, the presence of RNA, as detected by FISH, was significantly reduced in oocysts heat-treated at 60 °C or higher.

3.4.  PMA-qPCR
As shown in Figure 1, DNA amplification of oocysts declined as the temperature of the heat treatment increased. However at 50, 60, 70 and 80 °C this reduction was more pronounced in oocysts that had been exposed to PMA prior to DNA extraction. Additionally, DNA amplification of PMA treated oocysts heated to 70 °C and higher was significantly reduced when compared to unheated oocysts.
3.5.  Polymer slide adherence

At temperatures up to and including 70 °C, the proportion of viable oocysts, as determined by DAPI/PI staining, was generally higher on the polymer slide, as shown in Table 3. For instance, only 61% of the unheated oocysts in suspension were viable as measured by DAPI and PI staining. In contrast, 82% of the unheated oocysts on the polymer slides were DAPI positive and PI negative, which represents a statistically significant 2.9 fold change in the ratio of viable to non-viable oocysts. Of the oocysts incubated on glass slide, only 56 % of the unheated oocysts were viable, which represents a statistically insignificant 0.80 fold change. The ratios for oocysts attached to the polymer slide at 50 °C and 70 °C were also significantly increased by 9.9 and 4.3 fold respectively.

However, at 80 °C or higher, the proportion of viable to non-viable oocysts was not significantly different from oocysts in suspension; likewise, the odds ratios were closer to 1, when calculable. Similarly, bias for viable oocysts on the glass slide was not statistically different from the oocysts in suspension, where the odds ratios ranged from 0.58-1.44. Additionally, at the higher temperatures, there was a reduction in the numbers of oocysts per field of vision on the polymer slide, but not the glass slide. Thus, the number and density of oocysts on the polymer-coated slide was reduced when compared to the glass slide. 

4.  Discussion
Experimental infections with C. parvum have indicated that oocysts heated to temperatures above 60-70 °C become non-infectious, while oocysts heated to temperatures below 60 °C remain viable (Anderson, 1985; Fayer, 1994; Harp et al., 1996). Therefore, it was decided to heat oocysts at temperatures from 50-100 °C and compare each assay's ability to detect a similar threshold in the heat-treated oocyst populations. In our experiments, DAPI/PI staining, RNA FISH, PMA-qPCR, and polymer slide adherence results showed significant decreases in viability around 60-70 °C and thus, were able to differentiate heat-treated oocysts well. However, excystation did not indicate a reliable threshold near 60-70 °C indicating that our protocol did not discriminate well between viable and non-viable oocysts.

Excystation has been routinely used to assess the viability of Cryptosporidium oocysts
 from diverse sample types (DuPont et al., 1995; Reduker and Speer, 1985). However, in our experiments, not only did excystation poorly correlate with temperature, but additionally, it indicated large populations of apparently viable oocysts after heating to 70 °C or higher. It is important to stress that heat treatment was unlikely to have caused false positives, since heat did not increase the percentage of empty oocysts in the absence of excystation. Additionally, partial excystation cannot account for these false positives, since our study included partially excysted oocysts with the non-viable, DAPI+ oocysts. These results agree with other studies, that observed excystation overestimated viability for oocysts inactivated by chemical disinfection (Black et al., 1996; Finch et al., 1993; Medema et al., 1997). It is worth noting however, that in our study, only 50% of the oocysts could be induced to excyst by treatment with SDS and sodium bicarbonate (Campbell et al., 1992). In contrast, other studies have observed higher rates of excystation with other chemical treatments and also measured a correlation between heat treatment and oocyst viability (Pecková et al., 2016; Su et al., 2014). Finally, as an alternative to fluorescence microscopy used in our study, both oocysts and sporozoites can be characterized by differential interference contrast microscopy (DIC). Quantification of sporozoites can provide an additional statistic to aid in determination of viability (Slifko et al., 1997). However, care must be taken to prevent lysing of sporozoites during analysis (Campbell et al., 1992).
Viability assays based on DAPI/PI viability dye staining differentiate between nucleic acid inside intact oocysts and nucleic acid from oocysts with compromised cyst walls. Our results showed a drop in oocyst viability according to DAPI/PI staining at 70 °C and thus, discriminated viable and heat-killed non-viable oocysts. However, as seen with other studies, DAPI/PI staining continued to detect viable oocysts at higher temperatures, suggesting that DAPI/PI staining may also overestimate viability (Black et al., 1996). Nevertheless, when compared to the other viability assays, DAPI/PI staining was the easiest and fastest to perform when evaluating low numbers of samples.

While detecting fewer false positives when compared to DAPI/PI staining, RNA FISH also indicated a significant decrease in oocyst viability at 60 °C, which was a lower threshold temperature than seen with the other assays in our study. Similar decreases in RNA near 60 °C have been observed in other studies looking at heat-treated oocyst rRNA or mRNA (Fontaine and Guillot, 2003; Travaillé et al., 2016). Similarly, oocyst infectivity is reduced at 60 °C and eliminated at temperatures above 70 °C  (Fayer, 1994; Travaillé et al., 2016). Furthermore, when compared to other methods, RNA FISH showed fewer false positives at temperatures above 80 °C. Although RNA FISH discriminates viable and non-viable oocysts particularly well, it is technically challenging because the fluorescent signal produced by the labeled RNA is often weak and easily quenched by ribonucleases present in the sample (Vesey et al., 1998). Addition of ribonuclease inhibitors helps preserve, but does not completely prevent, loss of RNA signals, potentially limiting its use for samples that are low in ribonuclease activity.

Both DAPI staining and qPCR without PMA treatment indicate that DNA can persist in heat-killed oocysts albeit in reduced concentrations. On the other hand, addition of PMA prevents amplification of DNA from oocysts with compromised cyst walls, thereby providing a more rigorous indicator for non-viable oocysts. PMA-qPCR indicated a threshold in viability at 70 °C with a continued reduction at higher temperatures. While PMA-qPCR has not been directly compared to infection models of Cryptosporidium, previous studies have shown that PMA-qPCR is useful for evaluating viability in other organisms (Nocker et al., 2007). Discrimination between viable and non-viable oocysts was also observed in other studies that amplify longer targets, ranging from 700-1000 bp (Agulló-Barceló et al., 2014). In contrast, studies amplifying shorter DNA targets could not discriminate viable oocysts, possibly because shorter DNA sequences are statistically less likely to bind PMA (Liang and Keeley, 2012). Additionally, turbid samples with high solid concentrations may reduce light exposure within the sample and prevent cross-linking of PMA to the DNA (Liang and Keeley, 2012). Finally, unlike the other viability assays, PMA-qPCR is easily scalable to analyze large numbers of samples. However, amplification of longer targets also reduces the sensitivity of the qPCR reaction. Thus, in contrast to other microscopy-based assays that can evaluate viability on a per oocyst basis, DNA from at least 100 oocysts per qPCR reaction was required for the assay to be reliable.

Finally, recent work has shown that binding of Cryptosporidium oocysts to polymers is affected by their viability (Dai et al., 2004; Wu et al., 2012). We also observed a reduction in the quantity of oocysts adhering to Nexterion Slide P polymer slides at 70 °C and above. Additionally, our results suggest an enrichment for viable oocysts on polymer-coated slides. The use of polymers to concentrate C. parvum has additional potential benefits, unique to this viability assay. For example, the sensitivity of other microscopy-based viability assays could be enhanced by first concentrating viable oocysts on polymer slides. This would improve the sensitivity of locating oocysts within environmental samples and potentially reduce the volume of material needed (Weintraub, 2006). Additionally, increased adhesion to certain polymer coatings may be adapted to improve filtration methods in water treatment systems (Wu et al., 2012).

In conclusion, our excystation protocol was found to be the least useful as it appeared to overestimate viability. In contrast, DAPI/PI staining, FISH, PMA-qPCR, and polymer slides discriminated viable oocysts well. Each of these in vitro assays has unique characteristics that differentially evaluate aspects of C. parvum viability, as summarized in Table 4. DAPI/PI staining is probably the easiest, and cheapest method, but also overestimates viability to some degree. RNA FISH gives the least false positives, but due to inhibitory ribonucleases, may not be technically feasible for samples that are inherently high in ribonuclease activity. For evaluating large numbers of samples, PMA-qPCR is the method of choice, however it requires a relatively high concentration of oocysts. Polymer slide adhesion may be most useful for enhancing the sensitivity of other microscopy-based viability assays or improving water filtration systems.

5.  Conclusions

· With the exception of excystation, in vitro methods of evaluating Cryptosporidium viability, including DAPI/PI staining, RNA FISH, and PMA-qPCR, generally correlate well with each other and discriminate viable oocysts from heat-killed oocysts.

· Staining oocysts by RNA-FISH is more sensitive for detecting viable oocysts and generates fewer false positives as compared to other viability assays.

· The polymer-coated Nexterion Slide P can selectively bind viable C. parvum oocysts.
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	Name
	Sequence
	Product Size
	Reference

	CParv18SHEX
	5'- [HEX] CGG TTA TCC ATG TAA GTA AAG -3'
	
	(Lemos et al., 2005)

	CParvHSP70_F
	5'- GCC ATC AGT AGA GCT AGA TTC G -3'
	705
	This study.

	CParvHSP70_R
	5'- CTC ATC CTC ACC CTT GTA TTT CTC -3'
	
	


Table 1: List of primers and oligo probes used in the paper. The oligo probe CParv18SHEX is labeled with a HEX fluorophore on the 5' end of the probe, as indicated in the sequence.
	Temperature (°C)
	A
Oocysts

DAPI− : DAPI+

% viable ±  95% CI 
	B
Excysted oocysts

DAPI− : DAPI+

% viable ± 95% CI
	C
DAPI+ oocysts

PI− : PI+

% viable ± 95% CI
	D
Oocysts

HEX− : HEX+

% viable ± 95% CI

	 —
	 4:96

96±3.8
	 46:46

 50±10.2
	 86:10

90±6.1
	 43:57

57±9.7

	50
	10:90

90±5.9

NS
	 16:64

20±8.8

***
	90:0 

100±NA  

**
	 46:54

54±9.8

NS

	60
	15:85

85±7.0

NS
	  7:70

9.1±6.4 

***
	83:2 

98±6.4

NS
	 63:37

37±9.5

*

	70
	13:87

87±6.6

NS
	 18:50

 26±10.5

*
	 35:52

 40±10.3

***
	97:3 

 3±3.3

***

	80
	 6:94

94±4.7

NS
	 16:45

 26±11.0

*
	 27:67

29±9.1

***
	99:1 

 1±2.0

***

	90
	 8:92

92±5.3

NS
	 12:58

17±8.8

***
	  6:86

6.5±5.0 

***
	99:1 

 1±2.0

***

	100
	 3:96

97±3.4

NS
	 17:53

 24±10.0

**
	  3:93

3.1±3.5 

***
	100:0  

 0±NA 

***


Table 2: Excystation, DAPI/PI, and FISH viability of Cryptosporidium parvum oocysts. For columns A-D, the oocyst counts from one technical replicate are listed first, followed by the percentage of viable oocysts with 95% confidence intervals (CI). The data at each temperature was compared to the unheated oocysts using Fisher's Exact Test. The asterisks below each percentage indicate p-values less than the Bonferroni corrected alphas of * < 0.00833, ** < 0.00167, *** < 0.000167, or not significant (NS). A. Oocysts stained with DAPI and a FITC conjugated anti-Cryptosporidium antibody. The % viable oocysts represent the fraction of DAPI+ oocysts out of the whole population. B. Excysted oocysts stained with DAPI and the FITC antibody. The % viable oocysts indicates the proportion of DAPI− oocysts from the total number of oocysts. C. Oocysts stained with DAPI, PI, and the FITC antibody. The % viable oocysts describes the number of PI− oocysts out of the total number of DAPI+ oocysts. D. Oocysts stained by RNA FISH. The % viable oocysts represents the HEX+ oocysts out of the whole population of oocysts.
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Figure 1: HSP70 PMA-qPCR assay of pre-heated Cryptosporidium parvum oocysts. The Ct values obtained by qPCR were standardized to known quantities of C. parvum DNA and then normalized by setting the value of the PMA− oocysts to 100%, as shown on the primary y-axis. The mean Ct values for each qPCR are shown on a secondary y-axis. The error bars represent one standard deviation of three technical replicates. The asterisks show significance between the PMA+ oocysts at the indicated temperature and the unheated PMA+ treated oocysts as measured by Student's t-test with Bonferroni corrected alphas such that * < 0.00833, ** < 0.00167, *** < 0.000167, or not significant (NS).
	Temperature (°C)
	A
Suspension

DAPI− : DAPI+ : PI+

% viable ± 95% CI

oocysts per field of vision
	B
Glass slide

DAPI− : DAPI+ : PI+

% viable ± 95% CI (odds ratio)

oocysts per field of vision
	C
Polymer slide

DAPI− : DAPI+ : PI+

% viable ± 95% CI (odds ratio)

oocysts per field of vision


	 —
	26:65:15

61±9.3

21.20
	21:56:23

 56±9.7 (0.80)NS

 16.67 
	 0:82:18

 82±7.5 (2.9)**

10.0

	50
	45:40:20

38±9.3

 5.25
	19:47:34

 47±9.8 (1.44)NS

 6.67
	1:86:13

  86±6.8 (9.9)***

20.0

	60
	19:47:15

 58±10.7

 1.62
	30:43:27

 43±9.7 (0.58)NS

 7.14
	 6:74:20

 74±8.6 (2.1)NS

12.5

	70
	35:40:25

40±9.6

 5.00
	16:39:40

 41±9.9 (1.04)NS

 5.28
	 3:38:10

   75±12.0 (4.3)***

   0.510

	80
	 52:28:22

27±8.7

12.75
	 5:35:60

 35±9.3 (1.42)NS

 5.26
	 2:10:21

   30±15.7 (1.2)NS 

   0.330

	90
	90: 0:10

0.0±NA  

12.50
	 8: 4:87

4.0±3.9 (NA)NS

 4.95
	 1: 0:20

   0±NA (NA)NS 

   0.210

	100
	76: 0:24

0.0±NA  

6.67
	10: 6:84

6.0±4.7 (NA)NS

 5.00
	 6: 0:20

   0±NA (NA)NS 

   0.160


Table 3: Attachment of Cryptosporidium oocysts to polymer slides. Pre-heated oocysts incubated as described in Section 2.6 in suspension A. on glass B. or polymer C. slides and stained with DAPI, PI, and a FITC conjugated anti-Cryptosporidium antibody. Oocyst counts from one technical replicate are listed first; note that both DAPI counts are PI−, while the PI+ counts are all DAPI+. Next is the percentage of viable oocysts, calculated from the number DAPI+ and PI− out of the total number of oocysts. The error given is a binomial 95% confidence interval (CI) based on the normal distribution. Last is the number of oocysts counted per field of vision. The significance of the difference in oocyst viability in columns B and C, compared to column A, was calculated using Fisher's exact test. The odds ratio for each comparison is given in parenthesis. Asterisks indicate significance of p-values less than the following Bonferroni corrected alphas: * < 0.025, ** < 0.005, *** < 0.0005, or not significant (NS). Due to zero values, calculation of some odds ratios and CI was not applicable (NA).
	In Vitro Viability Method
	Recommended Number of Oocysts
	Time Required
	Additional Considerations

	Excystation
	100-10,000
	9-11 hours 
	May correlate less with viability

	DAPI/PI
	100-10,000
	5-6 hours
	Overestimates viability

	RNA FISH
	100-10,000
	6-7 hours
	Sensitive to ribonucleases
Organism specific staining

	PMA-qPCR
	100-100,000
	5-7 hours
	Scalable for multiple samples

	Polymer Slides
	100-100,000
	3-3.5 hours
	Can be paired with other viability methods


Table 4: Comparison of Viability Assays. For each method given, the approximate number of oocysts and time required are provided, as well as other important details specific to each method. Inclusion of more oocysts is not required, but reduces the chance of technical error. Additionally, for the microscopy-based methods, the time required increases significantly when processing large numbers of samples.
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