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Abstract: Cryptosporidium outbreaks in surface water are the main route of the
human infection cryptosporidiosis; however, Cryptosporidium transport from
soil to surface water is not clear. In this paper, two transport paths were
simulated to determine the transport behaviour and mechanism of
Cryptosporidium oocyst substitutes in a soil-water medium (i.e., root path with
preferential flow and root-free path without preferential flow) through
laboratory experiments. Fluorescent polystyrene microspheres were used as
substitutes for Cryptosporidium oocysts. A 50 cm slope model was used to
simulate the two-dimensional transport of Cryptosporidium oocyst substitutes
under rainfall conditions. The results showed that the preferential flow formed
by plant roots enhanced the transport of Cryptosporidium oocysts. Soil
physicochemical properties affected the transport of Cryptosporidium oocyst
substitutes, and the results indicated that a high sodium ion intensity and
organic matter content in soil inhibited the transport of Cryptosporidium oocyst
substitutes; low soil pH values enhanced the adsorption by plant roots, thereby
inhibiting the transport of Cryptosporidium oocyst substitutes.

Keywords:  Cryptosporidium  substitutes; transport —mechanisms in
environment; influencing factors; public health.

Reference to this paper should be made as follows: Yuan, T., Cheng, S.,
Kong, Y. and Lu, P. (2023) ‘Transport and influential parameters of
Cryptosporidium from soil to surface water with preferential flow’,
Int. J. Environment and Pollution, Vol. 72, No. 1, pp.29-39.

Biographical notes: Tao Yuan, Associate Professor, Dean of School of

Architectural Decoration, Jiangsu Vocational Institute of Architectural
Technology.

Copyright © 2023 Inderscience Enterprises Ltd.



30 T. Yuan et al.

Sen Cheng is an Engineer specialised in environmental engineering.

Yadong Kong is a government employee specialised in environmental
management.

Ping Lu, Associate Professor, specialised in environmental research.

1 Introduction

Cryptosporidium is a protozoan pathogenic microorganism and an intestinal parasite that
parasitises the gastrointestinal tract of humans and animals and causes cryptosporidiosis.
Very few Cryptosporidium oocysts can cause infection, and the minimum infectious dose
in adults is less than 30 oocysts (Chappell et al., 1999). Among the global outbreaks of
digestive diseases, diarrhoea caused by Cryptosporidium ranks first in terms of parasitic
diarrhoea. In more than 90 countries including Australia and those in North America,
Central and South America, Asia, Africa and Europe, cases of Crypfosporidium have
been reported in more than 300 regions (Bitto and Aldras, 2009; Lu et al., 2013). China
has reported many cases of Cryptosporidium infections since 1987 (Han et al., 1998),
followed by reports of human infections in Nanjing, Xuzhou, Anhui, Inner Mongolia,
Fujian, Shandong, Hunan and Zhejiang (Xu, 2005). However, due to the different degrees
of attention in different countries, the actual number of outbreaks is much higher than
that in the reported data (Sunderland et al., 2007). Most infections are caused by contact
with recreational water, such as swimming pools and lakes where people dive or swim
(Lu et al., 2013). Therefore, it is important to understand the transport mechanism of
Cryptosporidium from the soil to the surrounding recreational water bodies.

Human and animal waste, garbage, etc. are the main sources of Cryptosporidium in
the environment. Pathogenic microorganisms accumulate in soil (McDonald et al., 1982;
Jamieson et al., 2004). The main transport of pathogenic microorganisms, such as
Cryptosporidium, includes diffusion, erosion, convective transport, and active movement.
(Anderson et al., 1998; Bhattarai et al., 2011; Bradford et al., 2013; Davies et al., 2004;
Dorner et al., 2006; Krometis et al., 2007;Sterk et al., 2013; Tate et al., 2000; Trask et al.,
2004). The influencing factors of surface transport include rainfall intensity, rainfall time,
rainfall pattern, soil type and other factors (Sun, 2016; Xu, 2016). According to a
previous study, a lower soil pH and high sodium ion intensity can increase the attachment
of Cryptosporidium onto soil and holly roots (Yuan et al., 2019). Surface runoff and
underground flow are closely related. Research on the transport of Cryptosporidium from
soil to surface water mainly focuses on surface runoff, and there is limited research on
preferential flow as the dominant transport mechanism and its influencing factors.

In the natural soil medium, due to its heterogeneity and the presence of large pores
such as dry cracks, plant roots, and wormholes, underground soil preferential flow plays
an important role in the underground transport of pathogenic microorganisms (Fox et al.,
2010; Niu et al., 2006). Studies have proven that the transport of Cryptosporidium in the
vertical direction of the soil through finger flow in the preferential flow is more
significant than that in other flows (Christophe et al., 2004). The transport of
Cryptosporidium in soil is affected by many factors, which are related not only to rainfall
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intensity, plant density and pollutant size (Ferguson et al., 2007; Tate et al., 2004; Trask
et al., 2004) but also closely to the surface properties of Cryptosporidium, dissolved
organic carbon and soil mineral composition (Mohanram et al., 2012). Previous studies
have mostly focused on one-dimensional transport (or vertical direction transport) of
Cryptosporidium in the soil. In reality, two-dimensional transport is ubiquitous and
involves horizontal and vertical transport. However, there is limited research on the
transport of Cryptosporidium with two-dimensional preferential flow. Therefore, this
paper focuses on the transport characteristics and influencing factors of Cryptosporidium
with two-dimensional preferential flow.

To understand the transport of Cryptosporidium from surface soil to surrounding
surface water bodies, experiments were conducted to simulate the transport of
Cryptosporidium oocyst substitutes with two-dimensional preferential flow. The results
will determine the factors that impact the transport of Cryptosporidium oocyst substitutes.

2 Materials and methods

2.1 Materials
2.1.1 Cryptosporidium oocyst substitutes

Based on information in a previous study (Amburgey, 2002; Amburgey et al., 2004; Dai
and Hozalski, 2003; Lu and Amburgey, 2016; Lu et al., 2017a, 2017b), polystyrene
fluorescent microspheres have been used by multiple researchers instead of
Cryptosporidium, and these microspheres were used in this study. Microspheres with a
diameter of 4.5 um were used as the substitute since microspheres are virtually identical
to Cryptosporidium oocysts in size, shape, density, and surface charge in pool water
(Fluorsebrite™ Carboxylate YG 4.5 micron microspheres, Cat. #16592, 4.5 um, std.dev.
0.246 pm, Polysciences, Inc., Warrington, Pennsylvania, USA) (Amburgey, 2002;
Amburgey et al., 2004; Dai and Hozalski, 2003). The stock suspension microsphere
concentration was 4.37 x 10" #/L. A total of 10’ microspheres were used in each of these
experiments.

2.1.2 Experimental soil and plants

Quartz sand was used for the experiments. Since holly trees are widely grown throughout
China, holly roots were used to simulate the preferential flow of soil formed by plant
roots.

2.2 Experimental methods

2.2.1 Transport experiments

According to rainfall classification, the rainfall intensity of a rainstorm, which is
55 mm/12 h, was selected as the rainfall intensity in this study (Kong, 2017). The
experiments used a 50 cm slope model (the experimental device is shown in Figure 1).
According to the soil slope in the study area, 30° was selected as the soil slope in the
study to simulate the most favourable way for Cryptosporidium to be transported from
the soil to the surface water under natural conditions.
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Figure 1 Schematic diagram of the two-dimensional experimental device (see online version
for colours)

The experiments involved a root group and root-free group (that is, whether there is a
preferential flow). The root group was a transport simulation experiment with a 25 cm
holly tree root (length 25 cm, diameter 2 cm), which was cut off and buried in the soil, at
a slope of 30° to completely cover it with the soil and have it at a slope. The root-free
group was a transport simulation experiment without holly tree roots, and the
experimental conditions were the same as those of the root group except for the absence
of plant roots. The soil column was 45 cm (height) X 50 cm (length) X 5 cm (width).

The 107 Cryptosporidium oocyst substitutes were added at the top of the soil slope.
Then, the simulated rainfall device was turned on, and tap water was used (Kong, 2017).
At 0 min, the first drop of water reached the bottom of the device. Water drop samples
were collected at 1 min, 2 min, 3 min, 5 min, 7 min, 9 min, 12 min, 15 min, 20 min,
25 min, and 30 min. Duplicate samples were collected and analysed. After sampling,
I mL of the sample was taken to make a slide for microscopic examination under a
fluorescence microscope. The mobility (i.e., the ratio of the transported number of oocyst
substitutes to the initial dosage) was calculated (Lu et al., 2017a, 2017b).

2.2.2 Influential factors affecting the transport experiments

The influential factors of the root group experiments were soil sodium ion strength, soil
pH, and the initial concentration of the added substitutes. The rainfall was simulated
at the top of the slope (the rainfall intensity was 55 mm/12h), and 1 mL of
Cryptosporidium oocyst substitutes was added at the top of the slope (initial
concentration was 10’ microspheres/mL). Samples were collected at 1 min, 2 min, 3 min,
Smin, 7min’, 9 min, 12 min, 15 min, 20 min, 25 min, and 30 min. After sampling,
a 1 mL sample was taken with a pipette to make a slide for fluorescence microscope
inspection, and the mobility was calculated.

o Soil sodium ion

Sodium chloride was used to control the soil sodium ion intensity. The variable gradient
was set to 0.1 mol/kg, 0.2 mol/kg, and 0.3 mol/kg. The weighed sodium chloride was
dissolved in water and stirred until uniform. The sodium chloride solution was added to
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the weighed soil and mixed evenly. After the soil moisture content reached 90%, it was
added to the slope model at 30°.

e pHvalue

The experiment used a 1 mol/L sodium hydroxide solution and 1 mol/L dilute
hydrochloric acid solution to control the pH value. The prepared solution was added to
the weighed soil; after mixing, 10 g of soil was taken, 25 mL of water was added; and the
mixture was shaken for 5 min. After standing for 1h, the pH of the supernatant was
measured with a pH metre to determine the pH value of the soil. The pH variable gradient
was setto 5,7, and 9.

e [nitial concentration of Cryptosporidium oocyst substitutes

The changes in the transport of the different concentrations of Cryptosporidium oocyst
substitutes were studied experimentally. One millilitre of Cryptosporidium oocysts
was added at the top of the slope. The initial concentration variable gradient was
10" microspheres/mL, 10° microspheres/mL, and 10° microspheres/mL.

2.2.3 Enumeration of Cryptosporidium oocyst substitutes

The samples were mixed by vortexing and hand shaking for at least two min each before
analysis. Samples were passed through 3.0 um pore size polycarbonate filters (Product
#K30CP02500, GE Osmonics, Minnetonka, Minnesota, USA). Each polycarbonate filter
was mounted on a glass microscope slide with a polyvinyl alcohol-DABCO solution,
covered with a glass cover slip (25-mm square, No. 1.5, Corning, Inc., Corning, New
York, USA), and counted under an epifluorescence microscope at a magnification of
100X (Zeiss Standard 25 microscope, Carl Zeiss Microlmaging, LLC, Thornwood, New
York, USA) (Lu, 2012).

3 Results

3.1 Transport of Cryptosporidium oocyst substitutes

Figure 2 shows the migration curve of Cryptosporidium oocyst substitutes through the
column with and without preferential flow under rainfall conditions. The results show
that the number of Cryptosporidium oocyst substitutes that migrated decreased over time
and eventually stabilised. The migration of Cryptosporidium oocyst substitutes was more
obvious in the early stage of rainfall. The number of migrated Cryptosporidium oocyst
substitutes in the root group was generally greater than that in the root-free group.

3.2 Transport with preferential flow

Figure 3 shows the transport of Cryptosporidium oocyst substitutes over time in the root
group. As shown in Figure 3, in the early stage of rainfall, a large number of
Cryptosporidium oocyst substitutes were transported through surface runoff and root
preferential flow. With increasing rainfall duration, the transport of Cryptosporidium
oocyst substitutes decreased rapidly. At the same time, as the sodium ion intensity in the
soil increased from 0.1 mol/kg to 0.3 mol/kg, the number of transported Cryptosporidium
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oocyst substitutes consequently decreased. The results showed that the increase in sodium
ion intensity inhibited the transport of Cryptosporidium oocysts.

Figure 2 Transport of cryptosporidium oocyst-sized microspheres
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Figure 3 Transport of Cryptosporidium oocyst-sized microspheres over time under different
sodium ion intensity conditions
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Figure 4 shows the transport of Cryptosporidium oocyst substitutes in the soil with roots
at different pH values. As shown in Figure 4, the trend in the two-dimensional transport
of Cryptosporidium oocyst substitutes through soil preferential flow with varied pH
values over the rainfall duration was the same as that of other variable groups, and the
trend decreased sharply with increasing rainfall duration and eventually stabilised. At the
beginning of the rainfall, when the pH value was 9, the transported number of
Cryptosporidium oocyst substitutes was relatively high and was greater than that at pH
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values of 5 and 7, and when the pH value was 5, the number transported was relatively
small.

Figure 4 Transport of Cryptosporidium oocyst-sized microspheres over time under different soil
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Figure 5 Transport of Cryptosporidium oocyst-sized microspheres over time with different initial
concentrations of the substitutes
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Figure 5 shows the initial concentrations of the substitutes affecting the transport of
Cryptosporidium oocysts through the plant roots over time. As shown in Figure 5,
although the concentrations of the added Cryptosporidium oocyst substitutes were
different, the transport of Cryptosporidium oocyst substitutes with rainfall duration had
the same trend. The transport of each variable group decreased sharply over the rainfall
duration and eventually stabilised. In addition, as the initial concentration of
Cryptosporidium oocyst substitutes in the soil decreased, the number of transported
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Cryptosporidium oocyst substitutes significantly decreased. When the initial
concentration of the substitutes was reduced from 10’ microspheres/mL to 10°
microspheres/mL, the transported number of Cryptosporidium oocyst substitutes
declined.

4 Discussion

The transport of Cryptosporidium oocyst substitutes under rainfall conditions showed that
the amount of transported Cryptosporidium oocyst substitutes in the root group was
generally greater than that in the root-free group, and that in the initial stage of rainfall
was more obvious.

At the very beginning of the rainfall, the transport of Cryptosporidium oocyst
substitutes reached maximum values. The potential reason for this result was that the
thick plant roots formed a large-aperture root preferential flow in the soil. Under high-
intensity rainfall conditions, Cryptosporidium oocyst substitutes can be transported
through preferential flow of large-aperture roots. Brush et al. (1999) and Harter et al.
(2000) found that Cryptosporidium oocysts were transported rapidly through the soil
during percolation experiments on packed columns, and the experimental results fully
confirmed that Cryptosporidium can be transported downwards. In addition, Christophe
et al. (2004) used a 50 cm packed column to simulate a one-dimensional transport
experiment of Cryptosporidium through large-pore preferential flow under rainfall
conditions. It was found that macroporous preferential flow significantly promoted the
transport of Cryptosporidium oocysts. The number of Cryptosporidium oocysts that are
transported through the preferential flow of macropores is significant, exceeding
the order of magnitude of the adult infective dose, which fully confirms that the
large-aperture preferential flow of plant roots can promote the transport of
Cryptosporidium oocyst substitutes. This scenario is consistent with the results of this
experiment, and the preferential flow also slightly promoted the transport of
Cryptosporidium oocyst substitutes.

According to the colloidal DLVO theory, an increase in sodium ion intensity leads to
compression of the double layer of colloids, which will stabilise the colloid. Furthermore,
in this experiment, the increased sodium ion intensity enhanced the adsorption of
Cryptosporidium by the roots and soil, thereby inhibiting the transport of
Cryptosporidium through the roots. Yu et al. (2013) showed that increasing the ionic
intensity of the solution can significantly increase the removal of colloids passing through
a plant system, which is also consistent with the experimental results.

According to adsorption experiments (Kong, 2017), a lower pH value promotes the
adsorption of Cryptosporidium oocyst substitutes by plant roots, which could support
transport behaviour under different pH values in this work.

The transport of Cryptosporidium oocyst substitutes increased with the increased
number of initial oocyst substitutes. The potential cause was that the adsorption of
Cryptosporidium oocyst substitutes by soil particles decreased as the concentration of
substitutes increased. A previous study also showed that the number of oocysts passing
through a column increased with increasing oocysts (Lu and Amburgey, 2016).
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5 Conclusions

In this study, polystyrene fluorescent microspheres were used as substitutes for
Cryptosporidium oocysts, and holly roots were selected to simulate the preferential flow
of plant root formation. The most favourable transport mode of Cryptosporidium oocyst
substitutes was simulated from sloping soil to a lake over natural conditions (i.e.,
transport experiments under rainstorm conditions and a 30° slope). The main results are
the following:

e  The preferential flow of plant root formation enhances the number of transported
Cryptosporidium oocyst substitutes.

e  The transport of Cryptosporidium oocyst substitutes is inhibited when the soil has a
higher sodium ion intensity.

e  The transport of Cryptosporidium oocyst substitutes is inhibited when the soil has a
lower pH.

In summary, the preferential flow of plant root formation had a better transport effect on
Cryptosporidium oocyst substitutes under experimental conditions. Sodium ion strength
plays an important role in the transport mechanism of Cryprosporidium oocyst substitutes
from soil.
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