APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Dec. 2008, p. 7101–7107
0099-2240/08/$08.00⫹0 doi:10.1128/AEM.01442-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Vol. 74, No. 23

MINIREVIEW
Evaluation of the Effect of Temperature on the Die-Off Rate for
Cryptosporidium parvum Oocysts in Water, Soils, and Feces䌤
X. Peng,1* T. Murphy,2 and N. M. Holden1

The zoonotic protozoan parasite Cryptosporidium parvum
poses a significant risk to public health and has become a
global concern for water resource management (10). In order
to identify the risk of potential contamination, knowledge
about the survival of Cryptosporidium oocysts in the environment is required. Cryptosporidium oocysts can retain infectivity
for months and resist environmental stresses more readily than
many other pathogens because of a hard protective wall (10,
15, 41). As a result, the characterization of the die-off dynamics
of C. parvum oocysts in the environment has received much
attention (26). In this paper, we review the published data of
the last two decades and the derived understanding of the
relationships between temperature, one of the most important
environmental stresses, and the die-off of C. parvum in water,
soils, and feces.
In general, the inactivation of Cryptosporidium oocysts in the
environment slows down exponentially with time, presenting
shoulder and tailing effects (31, 38). To cater for these two
functions, a first-order exponential formula has usually been
used to simulate the die-off curves for oocysts in water (5, 9, 18,
21), in soils (8, 20, 28), and in feces (30, 35), with equation 1 as
follows:
yt共t兲 ⫽ y0e⫺Kt

tion period. Alternatively, for a given percentage of inactivated
oocysts, K is inversely proportional to the incubation time. By
using equation 2, it is possible to estimate the infectivity of
oocysts at a given time. For example, if K is 0.01 day⫺1, the
inactivation of 99.9% of oocysts requires 690 days, compared
to 138 days when K is 0.05 day⫺1. In addition, it is possible to
find relationships between K and other quantifiable environmental factors.
King and Monis (26) reviewed many critical environmental
factors affecting Cryptosporidium oocyst survival, ranging from
the abiotic stresses of temperature, pH, ammonia, salinity,
desiccation, and solar radiation to biotic antagonism. Oocyst
survival in soils and feces has received less attention than that
in water, perhaps because more complicated stresses occur in
terrestrial than in aquatic environments. Aside from the temperature, moisture level (or soil water potential), mineralogy,
pH, and presence and composition of organic matter, other
physical, chemical, and biological properties may play a potential role in the infectivity of oocysts in soils (9, 20, 24, 28, 37).
Additional stresses such as the composition of manure, the
concentration of ammonia, and pile style may also influence
oocyst fate in feces and slurry spread on land (19, 22, 35).
Therefore, in any environment, multiple concomitant factors
such as those aforementioned complicate any attempt to predict the survival of Cryptosporidium oocysts.
There have been a number of reviews on the fate and transport of Cryptosporidium in the aquatic environment (2, 11, 16,
31, 38). However, defining a quantified relationship between
the die-off rate and environmental stress has received little
attention in the literature. In this study, we focus on the die-off
rate for Cryptosporidium oocysts in water, soils, and feces as
affected primarily by temperature. Temperature has been regarded as one of the most critical factors governing the fate of
oocysts in the environment. This is because oocyst ability to
initiate infection is linked to finite carbohydrate energy reserves in the form of amylopectin, which is metabolized in
direct response to ambient environmental temperatures (15).
Inactivation at higher temperatures is a function of increased
oocyst metabolic activity, with a close relationship between
infectivity and the level of ATP in the oocyst (25). There have
been many studies on the effect of temperature on the survival
of C. parvum oocysts in different environments. However, no
attempt to generalize the function of this specific factor has
been described in a published report.

(1)

where K is the die-off rate coefficient (dimensionless) and y0
and yt are the oocyst numbers at time zero, under the initial
condition, and at time t (any suitable unit of time), respectively.
If normalized by the initial oocyst number, equation 1 can be
rewritten as follows:
yt⬘共t兲 ⫽ e⫺Kt or ln yt⬘共t兲 ⫽ ⫺Kt

(2)

where
yt⬘共t兲 ⫽

yt共t兲
y0

(3)

In equation 2, K is independent of the initial oocyst number
and represents a constant die-off rate over the entire incuba-
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Data on the survival of C. parvum oocysts in the environment as affected by temperature, which was constant or nearly
so (⫾2°C) during the entire incubation period, were compiled
from studies published in the last two decades. The die-off rate
coefficient values were taken directly from published data.
Some authors presented K values after fitting equation 2 to
observed data, while in other studies, K values were not calculated but plots or tables detailing viable oocyst concentrations
with time allowed the extraction of data with the Plot Digitizer
program (http://plotdigitizer.sourceforge.net) and the fitting of
equation 2 in order to establish K. If K values were calculated
with the first-order die-off rates based on the logarithm of base
10 in the original studies, they were recalculated based on the
natural logarithm. These data provide a source for determining
the relationship between K and temperature in the environment, and they can also be used to evaluate the risk of oocyst
contamination for public health.
OOCYST SURVIVAL IN WATER
Sterilized water. Sterilized water was defined to include distilled water, deionized water, and reverse osmosis water as
referred to in the original papers. In sterilized water, temperature is the most important factor influencing oocyst survival.
In many studies, the most common methods for determining
oocyst viability were DAPI (4⬘,6-diamidino-2-phenylindole)/
propidium iodide (PI) vital dye and in vitro excystation analyses. There was a high level of correlation between the results
of the two methods (4, 19). However, the results obtained by
other methods, such as cell culture, fluorescence in situ hybridization (FISH), and reverse transcription-PCR, did not show
such strong correlations (18, 23, 25). To overcome discrepancies due to the methods used, the die-off rate coefficient K was
initially determined only for DAPI/PI vital dye permeability or
in vitro excystation data (Fig. 1). The lowest K value occurred
at 4°C, which agrees with the findings of Walker and Stedinger

(38), who stated that the mortality rate of oocysts increases as
the temperature increases above 4°C. For 4°C, the mean of
collated K values was 0.0086 day⫺1, with the values ranging
from 0.0029 day⫺1 up to 0.0272 day⫺1 (19, 20, 30, 32–36, 40).
With increases in temperature up to 37°C, K increased exponentially. There have been a limited number of studies with
temperatures above 37°C. Fayer (12) found that oocysts are
inactivated when exposed to a temperature of 72.4°C for 1 min
or 64.2°C for more than 2 min. Using DAPI/PI dye permeability assays, Jenkins et al. (19) reported K values of 0.140, 1.83,
and 6.04 min⫺1 at 70, 80, and 100°C, respectively. These K
values predicted the exposure times before inactivation to be
somewhat longer than those reported by Fayer (12).
Based on K values obtained from the studies with temperatures in the range of 4 to 37°C, which covers most situations in
the aquatic environment, it is proposed that the relationship
between K and temperature can be represented by an exponential function, as follows:
KT共T兲 ⫽ K4e共T ⫺ 4兲

(4)

where K4 and KT are the die-off rate coefficients at 4°C and
temperature T, respectively, and  is a dimensionless modifier
of temperature. For sterilized water with temperatures ranging
from 4 to 37°C, K4 is estimated to be 0.0029 day⫺1 and  is
0.118. The coefficient of correlation (R) between the die-off
rate for oocysts and the temperature is 0.767 (P ⬍ 0.001). The
two parameters of K4 and  in equation 4 can be used to
estimate the inactivation rate at other temperatures in this
range in a risk assessment for cryptosporidiosis.
Temperatures below freezing also detrimentally affect oocyst survival due to physical damage. Unfortunately, few published K values for sterilized water below 4°C were available,
but a negative exponential trend can be identified (Fig. 1) (30,
35). Freezing enhanced the inactivation of oocysts, as demonstrated using neonatal BALB/c mice and oocysts kept at temperatures from 5 down to ⫺70°C (14). Oocysts held at 5°C for
168 h did not lose their ability to infect mice, while those held
at ⫺20°C for 24 h or ⫺70°C for 1 h became completely inactivated. As shown by DAPI/PI staining, only 33% of oocysts
remained viable after incubation for 21 h at ⫺22°C and 98% of
oocysts lost infectivity after 600 h (35), which is much longer
than the times reported by Fayer et al. (14). According to
Robertson et al. (35), the estimated die-off rate at ⫺22°C is
0.144 day⫺1, with a correlation coefficient of 0.843 (P ⬍ 0.01).
The K value at ⫺4°C was estimated to be 0.011 day⫺1 (R ⫽
0.920; P ⬍ 0.001) by using data reported by Olsen et al. (30).
Based on the aforementioned results, it is predicted that to
inactivate 99.99% of oocysts, 853 days at ⫺4°C or 64 days at
⫺22°C is required.
For oocysts held at about ⫺20°C (14, 35) and 70°C (12, 19),
the viability determined by DAPI/PI dye permeability assays
appears to be overestimated compared with that determined
by the infection of neonatal BALB/c mice. The oral infection
of BALB/c mice is considered to be the “gold standard” test for
determining the infectivity of Cryptosporidium oocysts. The
results of cell culture inoculation compared more favorably
with the results of this test than those of other oocyst viability
tests such as FISH, reverse transcription-PCR, and amylopectin assays (23). There was no significant difference in the K
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FIG. 1. K values of the first-order die-off in distilled and raw water
as a function of temperature, as determined by a dye permeability
assay or in vitro excystation. Data sources for temperatures above 4°C
are listed in Table 1. The K value for ⫺22°C is from reference 35, that
for ⫺4°C is from reference 30, and those for 0.5 to 2°C are from
reference 5.
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FIG. 3. Comparison of the oocyst die-off rate K values for raw
water as determined by a DAPI/PI vital dye assay (27, 28, 32, 35, 36),
in vitro excystation (5, 27), and cell culture (18, 25).

values for oocysts kept in sterilized water over a temperature
range of 4 to 20°C whose viability was determined by either
DAPI/PI vital dye, in vitro excystation, or cell culture analysis
(Fig. 2). When the temperature is over 25°C, however, K values
from cell culture are notably higher than those from DAPI/PI
and excystation methods, as shown in Fig. 2. After the fitting of
equation 4 to these data,  for cell culture is 0.141. This value
is greater than the  value calculated from the DAPI/PI vital
dye data ( ⫽ 0.118) (Table 1). Similar trends for raw water
can be found (Fig. 3). Thus, given the data in Fig. 2 and 3,
DAPI/PI vital dye and in vitro excystation analyses should be
as reliable as the more costly and time-consuming mouse infection assay over the range of 4 to 20°C. This finding explains
why some researchers (19) found good correlation between
DAPI/PI results for oocysts and mouse infectivity after storage
at 4°C but others pointed out that the dye-based assay and in
vitro excystation significantly overestimated oocyst viability at
22°C (1) and at 37°C (3, 29) compared to that determined by
the neonatal mouse infectivity assay.
Raw water. Raw water herein includes surface water (river
and lake water), groundwater, seawater, and tap water. In
these types of water, the natural die-off of C. parvum oocysts is
likely to be affected by a combination of abiotic and biotic
stresses. Most of the chemical and physical water properties

generally tested do not have a significant effect on oocyst survival, with the exception of the temperature, pH, and ammonia
level (17, 35). Calculated K values for river water, tap water,
and seawater combine the effects of chemical, physical, and
biological water properties on oocyst survival as determined by
DAPI/PI vital dye or in vitro excystation analysis only (Fig. 1).
Consequently, the data are very variable with respect to temperature, but an exponential relationship between K and temperature in raw water can be identified (Table 1). Although
these three types of raw water have different physical, chemical, and biological properties, their K values over the range of
4 to 30°C are not significantly different (Fig. 1). For example,
the means ⫾ standard deviations of K values for river water,
tap water, and seawater at 4°C are 0.193 ⫾ 0.011, 0.0194 ⫾
0.006, and 0.009 ⫾ 0.017 (P ⬎ 0.05), respectively.
The biological antagonism and potential predation of Cryptosporidium may enhance the die-off of oocysts. Table 2 summarizes K values over a range of temperatures from 0.5 up to
25°C. The die-off rate for oocysts in river water at 5°C is similar
to that in autoclaved river water, but at 15°C, oocyst die-off
occurs more rapidly in natural than in autoclaved river water
(27). The difference is perhaps due to increased biological or
biochemical activity at 15°C, as suggested by the authors of the
study (27). Chauret et al. (5) reported that oocyst survival in

TABLE 1. Parameters of equation 4 for the different aquatic environments at temperatures above 4°C as determined by DAPI/PI vital dye
(or in vitro excystation) and cell culture methods
Method

Water sample type

K4 (day⫺1)



Ra

n

Reference(s)

DAPI/PI or excystation
analysis

Sterilized water
River water
Tap water
Seawater

0.0029
0.0093

0.118
0.095

0.767***
0.616**

0.009

0.064

0.891**

19
18
2
6

19, 20, 30, 32–36, 40
5, 25, 27, 28, 32, 35, 36
35
28, 35

Sterilized water
Raw water

0.0055
0.0051

0.141
0.158

0.982***
0.933***

6
16

25, 28
18, 25

Cell culture
a

ⴱⴱ and ⴱⴱⴱ indicate significance at P values of ⬍0.01 and ⬍0.001, respectively.
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FIG. 2. Comparison of the oocyst die-off rate K values for sterilized
water as determined by a DAPI/PI vital dye assay (19, 20, 30, 32–36),
in vitro excystation (40), and cell culture (25, 28).
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TABLE 2. Comparisons of die-off rate K values for raw water and sterilized raw water as a function of biological antagonism
Water source
(reference)

Method

St. Lawrence River,
Canada (5)

Analysis of in vitro excystation
(in dialysis cassette)a
Analysis of in vitro excystation
(in microtube)

Temp
(°C)

K value
(day⫺1) for
raw water

0.5–2.0

0.097

0.5–2.0

0.018

Sterilization step

Filtering through 0.2-mm-pore-size
membrane in dialysis cassette
Filtering through 0.2-mm-pore-size
membrane in microtube

K value (day⫺1)
for sterilized
water

0.047
0.020

DAPI/PI vital dye assay
DAPI/PI vital dye assay
In vitro excystation analysis
In vitro excystation analysis

5
15
5
15

0.023
0.055
0.023
0.041

Autoclaving
Autoclaving
Autoclaving
Autoclaving

0.023
0.014
0.023
0.025

Hope Valley,
Australia (25)

Cell
Cell
Cell
Cell

4
15
20
25

0.005
0.019
0.091
0.130

Autoclaving
Autoclaving
Autoclaving
Autoclaving

0.017
0.020
0.088
0.132

Speed River,
Canada (32)

Tissue culture assay

21–23

0.064

Filtering through sterile 11-mmpore-size nitrocellulose filter

0.082

a

culture
culture
culture
culture

Fed with raw water continuously.

samples from the St. Lawrence River and Ottawa River was
better in water filtered through a 0.2-m-pore-size membrane
than in unfiltered water, suggesting that biological antagonism
may play a vital role in the fate of the infective stage of the
parasite in the aquatic environment. King et al. (25) did not
find any difference in oocyst survival between untreated water
and autoclaved water containing antibiotics, suggesting that
microbial degradation is a major factor affecting oocyst viability. An effect of microbial activity on oocyst survival was not
observed by Pokorny et al. (32) using tissue culture assays for
the comparison of raw river water and river water passed
through a sterile 11-m-pore-size nitrocellulose filter.
OOYCST SURVIVAL IN SOILS
Soil is more complex than water due to the presence of
gaseous, water, and solid phases, numerous chemicals, microorganisms, macrofauna, and plants and a range of other physical properties, which can vary over very small distances. For
these reasons, K values determined for different soils (9, 20, 28,
30, 39) at near saturation present a wide variation with respect
to temperature (Fig. 4). It is also difficult to make comparisons
among previous studies as the method of soil sampling and the
method of determining oocyst survival may account for some
variation, in addition to that caused by soil properties. Using
FISH, Davies et al. (9) found that the inactivation rates for
Cryptosporidium oocysts in loam and clay loam soils at 4°C
were approximately 0.005 day⫺1. Jenkins et al. (20) indicated
that K values for oocysts incubated at 4°C in a sentinel chamber
in which one end was exposed to free water varied from 0.0014
day⫺1 to 0.0032 day⫺1 for three soils as determined using
DAPI/PI vital dye. An oocyst degradation rate of 0.027 day⫺1
at 4°C in a silty clay loam soil maintained at a 17% water
content in a sealed system was reported by Olson et al. (30).
Nasser et al. (28) demonstrated that the viability of oocysts in
a saturated loamy soil at 15°C remained unchanged during the
incubation, as determined by an immunofluorescence assay
and PCR. However, from these published works, regardless of

soil types (Fig. 4), we can estimate average K values of 0.0055,
0.011, and 0.076 day⫺1 at 4, 20, and 30°C, respectively.
Besides temperature, oocysts in soils are subjected to stress
driven by the interaction of the water content and the texture.
The soil water potential indicates whether oocysts are exposed
to wet or dry conditions. Desiccation is probably lethal to
oocysts (26, 35). Walker et al. (39) reported that decreasing the
soil water potential by adjusting NaCl solution linearly increases the rate of population degradation. Nasser et al. (28)
also found that incubation for 10 days in dry loamy soil at 32°C
resulted in a 3-log10 reduction in oocyst infectivity but that a
saturated soil at a similar temperature caused only a 1-log10
reduction. Jenkins et al. (22) reported that the estimated K
values for soil at 25°C were increased from 0.014 to 0.416
day⫺1 when the soil water potential was decreased from ⫺0.10
down to ⫺3.2 MPa, but they also pointed out that when the soil

FIG. 4. K values of the first-order die-off as a function of temperature (T) in soils as determined by a DAPI/PI vital dye assay (20, 30),
cell culture (28), and FISH (9).
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FIG. 5. K values of the first-order die-off in feces, determined as
a function of temperature (T) by a DAPI/PI vital dye assay (19, 22,
30, 35).

temperature, desiccation, and UV radiation may be lethal only
to oocysts lying free on or very near the soil surface. Oocysts
deep in the soil profile are to a large extent protected from
inactivation by these stresses. Soil can thus be regarded as a
habitat that may promote survival and provide a source of
oocysts, especially after the spreading of animal manure and
slurry. Secondary soil structure (pedality and transpedal
macropores) may result in a preferential flow of oocysts, thus
creating a transport pathway that bypasses much of the soil
volume (7, 8). Such preferential flow may offer pathways to the
contamination of surface water and groundwater that may not
be readily predicted by studying the effects of bulk soil properties on oocyst survival. It is apparent from our review of the
literature that there are many gaps in our knowledge of how
physiochemical and biological soil properties influence oocyst
fate and transport.
OOCYST SUIVIVAL IN FECES
Temperature is a key factor influencing oocyst survival in
feces as reported in published data (19, 22, 30, 35). An analysis
of these data indicates that there is a strong exponential relationship between the die-off rate, K, and the temperature and
that K4 is 0.0018 day⫺1 and  is 0.152 (R ⫽ 0.976; P ⬍ 0.001)
(Fig. 5). The temperature modifier  is much greater for feces
than for sterilized water ( ⫽ 0.118), indicating that other
stresses in addition to temperature are involved. Olson et al.
(30) reported that oocyst degradation in feces is more rapid
than that in water, because other fecal microorganisms such as
bacteria may be associated with the degradation process. Similarly, Jenkins et al. (22) found that the proportions of potentially infective oocysts in dung heap material decreased more
rapidly than those of controls exposed only to buffer solution
or water, indicating that factors other than temperature affect
oocyst inactivation in dung heaps. Ammonia, which may be
present in feces in high concentrations, was identified as a
significant inactivation agent for oocysts (13, 21), but the levels
of ammonium in surface water and drinking water are not high
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water potential indicated a water content in excess of the field
capacity (⬎⫺0.10 MPa), then the effect on oocyst infectivity
was negligible. Jenkins et al. (20) did not find any effect of soil
water potentials in the range of ⫺0.033 to ⫺1.5 MPa on oocyst
inactivation by using a sentinel chamber. This discrepancy
from the data in other reports perhaps resulted from the one
open end of the sentinel chamber’s being exposed to free
water, through which the water potential of the soil in the
chamber could be mediated by the moisture of the surrounding
soil. Kato et al. (24) found that soil moisture did not affect
oocyst survival within a range of ⫺2 to 1°C by using a sealed
sentinel chamber in the field. Although they did not measure
the water content of the soil inside the chamber, the soil
moisture could be kept constant over the experimental period
due to the sealed conditions. Davies et al. (9) reported little
difference in K values between soils at the field capacity (relatively wet, corresponding to the water content of soils after
free drainage) and the wilting point (very dry, the point at
which plants fail to recover with later wetting). Published results suggest that the soil water potential or moisture content
can influence the oocyst die-off rate; however, it is still not
clear how this abiotic stress affects oocyst metabolic activity
and whether oocysts recover and loose infectivity during natural wetting and drying cycles. More effort is required to determine the generalized relationship among the soil water potential and oocyst survival and metabolic activity, although it is
generally accepted that desiccation is lethal to oocysts (26, 35).
Soil texture, a static property of the soil, also appears to
affect oocyst survival in the soil environment. Jenkins et al. (20)
reported that the rate of oocyst survival in a silt loam soil (50%
silt and 16% clay) appeared to be significantly greater than
those in silty clay loam (69% silt and 29% clay) and loamy sand
(14% silt and 5% clay). Davies et al. (9) found that oocysts
were inactivated more quickly in loam soil (27% silt and 24%
clay) than in clay loam (55% silt and 38% clay). In their review,
King and Monis (26) stated that soil texture has been identified
as an important factor for oocyst survival, but how it influences
oocyst viability is unclear. Soil particles probably do not directly affect oocyst survival, but they may modify oocyst metabolic activity through changing other physiochemical and biological soil properties and their attachment properties,
although further research is required to confirm these hypotheses.
Many soil properties are thought to influence the fate and
transport of oocysts (16, 31). Laboratory results showed that
oocyst degradation in soil was faster than that in sterilized
water (30). However, a field experiment found little difference
in oocyst survival rates in soil under corn, woodland soil, and
pasture soil (24). Using a sentinel chamber buried under in situ
conditions, Udeh et al. (37) could not clearly define the effects
of chemical and biological soil properties on oocyst survival.
With the present knowledge, it is not possible to define the
roles of organic matter, the nutrient concentration, and the
microorganism communities in soil for oocyst survival. As
shown in Table 1,  for soil is smaller (0.093) than  for
sterilized water (0.118), indicating that oocyst inactivation in
almost-saturated soils is slower than that in soils with lower
water contents. Furthermore, oocysts in soil are less sensitive
to air temperature and solar radiation as a consequence of
their ability to attach to soil particles. It would appear that high
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SUMMARY
Overall, based on the published data obtained for water,
soils, and feces, C. parvum oocysts exhibit a first-order die-off
like that of any other microorganism in the aquatic and terrestrial environments, regardless of the detection methods.
Temperature appears to be the most lethal factor affecting
oocysts in the environment. The exponential relationship between the die-off rate (K) and temperature and parameterization in different environments as defined in this work can
provide us with a better understanding of C. parvum survival
and permit improved assessment of the risk to public health.
However, oocyst survival in aquatic environments is less complicated than that in terrestrial environments. The water contents and compositions of soils and feces may pose other factors important for oocyst survival that are generally excluded
from water. These interactive environmental effects complicate
the relationship between oocyst survival and stresses. Unlike
temperature, the other factors affecting oocyst survival in the
environment have not been defined clearly and need further
study.
Fortunately, outbreaks involving the waterborne transmission of zoonotic C. parvum in urban populations are rare, but
they remain a possibility. In the absence of more detailed
information on the survival and passage of oocysts through the
environmental matrices, the die-off rates (K) reported here for
water, soils, and feces may be useful in conjunction with ambient temperature for assessing the potential risk for urban
outbreaks of cryptosporidiosis for water resource management.
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