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Introduction: Groundwater is considered the best candidate for drinking 
water supply in the karst area. The groundwater water resources, however, are 
vulnerable to pathogenic microorganism contamination because of the typically 
thin soil layers overlying aquifers and the high permeability of the aquifer host 
rock, resulting in short residence times and low natural attenuation capacities. 
Until now, little attention has been paid to the critical environmental factors 
affecting the pathogenic microorganism contamination in soil-groundwater 
systems in the karst area.

Methods: In the study, orthogonality column experiments with controlling 
ambient temperatures, pH values of inlet water, and soil porosities were carried 
out to investigate the transport and lifespan of pathogenic microorganisms in 
the leachate of agricultural soils in the karst area of Yunnan province, China. The 
pathogenic indicators, i.e., total bacteria count (TBC) and total coliforms count 
(TCC), and hydrochemical parameters, i.e., pH and permanganate index (CODMn) 
in the leaching water, were systematically monitored.

Results and Discussion: The results showed that bacteria including coliforms can 
survive for prolonged periods of time in karst soils. The soils overlying the karst 
rocks were unable to impede the bacteria from seeping into the groundwater. 
The soils, in turn, likely served as both reservoirs and incubators for pathogenic 
bacteria. The ambient temperature was the most predominant influential factor 
affecting both TBC and TCC. The bacteria concentrations were proportional to 
the temperature in the leachate. Therefore, more attention should be  paid to 
temperature variations in protecting the water supply, particularly in the high-
temperature period, such as during the summer months.
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1. Introduction

Groundwater is the best candidate for rural water supply in the 
karst area of Southwest China (Xia, 2016). Unfortunately, these 
important water resources are vulnerable to anthropogenic 
contamination. Because of the typically thin vadose zone soil layers 
and the high permeability of the host rock, the short residence time 
and low natural attenuation capacities may lead to the formation of 
infertile soils in the thin layers and the enrichment of contaminants 
in groundwater. Soil, water, nutrients, and contamination are easily 
leached via underground channels or conduits created by the 
widening of fractures in soluble rocks such as limestone or dolomite 
(Heinz et al., 2009). In agricultural soils, manure is frequently used to 
improve soil fertility. The pathogens embedded in the manure could 
concurrently be  transferred into soils and then leach into the 
groundwater (Franz et al., 2008; Sharma and Reynnells, 2018; Pang 
et al., 2020; Chique et al., 2021). Studies have shown that pathogenic 
microorganisms are significant sources of anthropogenic 
contamination in rural villages, potentially posing a risk to water 
supply security, particularly in karst regions. This is due to the fact that 
pathogen infections are typically linked to the consumption of 
groundwater contaminated with pathogens (Heinz et  al., 2009; 
Luffman and Tran, 2014; Li et al., 2020; Brad et al., 2022).

Transport of pathogens through soils is governed by several basic 
physical processes such as advection, dispersion, adhesion/
detachment, as well as survival process growth/decay (Bitton and 
Harvey, 1992; Ginn et al., 2002; Sen, 2011). Most studies focused on 
the physical processes in the aquifer or the vadose zone relying on the 
column experiments (McCaulou et  al., 1994; Tan et  al., 1994; 
McCaulou et al., 1995; Schäfer et al., 1998; Ginn et al., 2006; Liu et al., 
2011; Aaron, 2018; Eisfeld et  al., 2022). Several studies also paid 
attention to the survival of pathogens in various soils or groundwater 
(Edmonds, 1976; Bitton et al., 1983; John and Rose, 2005; Grisey et al., 
2010; Chandrasekar et  al., 2021). These studies revealed that the 
transport and survival of pathogens are mainly affected by four 
factors: climate (e.g., temperature, rainfall), medium materials and 
conditions (e.g., texture, pH, water holding capacity, cation exchange 
capacity), properties of fluids (e.g., chemistry, saturation), and type of 
pathogen (e.g., Bacteria, fungi, protozoa, virus) (Bitton and Harvey, 
1992; Franz et al., 2008; Dwivedi et al., 2016; Song et al., 2018; Pang 
et al., 2020). Some studies also indicate that the survival and growth 
of some bacteria are greatly affected by the protozoa in the soil or 
groundwater (King et  al., 1988; England et  al., 1993; Matz and 
Kjelleberg, 2005; Lambrecht et al., 2015).

In the karst area, previous research mainly focused on the origin 
of the pathogens and pointed out that agricultural activity would 
introduce pathogens to the karst aquifer (Pronk, 2008; Heinz et al., 
2009). The survival and transport of several pathogens in various 
karstic aquifers have been extensively studied and found that once the 
pathogenic microorganisms penetrated the soil and entered into the 
karst aquifer, the microorganisms may migrate fast through karst 
channels, especially in Southwest China (Personné et al., 1998; Pronk 
et  al., 2006; Pronk, 2008; Ward et  al., 2016; Bandy et  al., 2018; 
Buckerfield et  al., 2019; Bandy et  al., 2020; Oliver et  al., 2020). 
Infiltration in the vadose zone is crucial in preventing and regulating 
the contamination of groundwater by pathogens. In South-Western 
Karst Region, most of the soils stem from limestone weathering, thus 
their available element contents are low, and clay and organic matter 

contents are high (Cao et al., 2003; Li et al., 2006; Chen and Bi, 2011). 
In agricultural soils, the movement and persistence of pathogens and 
related elements may differ from those found in typical soils. However, 
there have been limited studies on this subject. In our previous 
research, we discovered that pH, temperature, and porosity are the 
significant factors that influence the presence of pathogens, specifically 
the total bacteria count (TBC) and the total coliform count (TCC) 
(Wang, 2019). It is important to study the impact of these factors on 
the movement and survival of pathogens.

In this study, laboratory column simulated leaching experiments, 
with agricultural soils from karst areas of Yunnan province, China, 
were carried out. By altering the soil porosity, the environmental 
temperature, as well as the inlet water pH values, the variations of 
pathogenic bacteria (represented by TBC and TCC), and some 
hydrochemical parameters in the outlet water were monitored. With 
the obtained data, it is expected to uncover the mechanisms behind 
the formation of pathogens in groundwater that has infiltrated from 
agricultural soils.

2. Materials and methods

2.1. General approach

Flow-through columns packed with agricultural soils collected 
from the karst area of Yunnan province, China, were used to mimic 
runoff and infiltration of agricultural drainage in karst areas, and to 
evaluate changes in the total bacteria and total coliform populations 
during sustained water supply. A focus was placed on counting 
bacteria in the column effluent to concentrate on the mobile bacteria 
with a higher likelihood of affecting a human recipient. Along with 
population enumerations, pH and permanganate index (CODMn) 
concentration profiles were monitored along the length of the columns 
to know the water acid–base properties and organic matter contents 
that may also affect pathogens.

To understand the temporal and spatial variation of pathogenic 
microorganisms in the groundwater infiltrated from the selected soils, 
a column experiment stimulating the natural condition was carried 
out. The column was filled with collected soils with undisturbed 
natural porosity, and the pH value of the inlet water was adjusted to 
7.0. Then the leaching experiment was carried out at 25°C for 42 days. 
To examine the temperature, pH, as well as porosity effects on the 
populations of pathogenic microorganisms in the groundwater 
infiltrated from agricultural soils, an orthogonal experiment with 3 
factors and 3 levels was designed.

2.2. Flow-through columns

Flow-through glass columns (60-cm long, 25-cm inner diameter) 
were equipped with five sampling ports located at 10, 20, 30, 40, and 
50 cm from the bottom of the column. The columns were filled with 
40 cm high in a translational manner (every 10 cm correspondingly) 
to simulate the natural state of the agricultural soils in a karst area by 
controlling the density and porosity. The trapping air bubbles were 
precluded. The columns were wrapped in aluminum foil to minimize 
algal growth. The feed reservoirs were 2-L bottles wrapped in 
aluminum foil. Sterile deionized water amended with some inorganic 
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and organic matter (Wang, 2019) was served as rainwater and added 
to the columns by a peristaltic pump to produce a constant water table 
(10 cm above the soil top surface).

2.3. Orthogonal experiment design

Here, an orthogonal experimental design method was applied to 
discuss the air temperature, pH values of inlet flow, and soil porosity 
effects on the populations of pathogenic microorganisms in the 
groundwater infiltrated from agricultural soils. Temperature, pH, and 
porosity were determined as three factors of the orthogonal 
experiment and each factor had three levels. The levels of each factor 
were determined by the actual conditions in the study area. It was 
assumed that any two factors did not interact with each other. The 

orthogonal array of the nine experiments is shown in Table 1, designed 
according to the orthogonal design table L9 (33).

2.4. Sampling and analyses

The water samples were collected at different depths (i.e., 
10/20/30/40 cm) of each column at 0, 1, 3, 7, 10, 13, 23, 31, 36, 38, and 
41 days after the soil was saturated by the inlet water in the temporal 
and spatial variation experiment. While in the orthogonal 
experiments, the effluent samples were collected at different depths at 
7 and 9 days. The collected samples were stored in 100 ml sterile glass 
bottles at 4°C before analyses.

The pH values and CODMn concentrations in the effluent were 
measured by the electrode method and spectrophotometric method, 
respectively, (Federation and Association, 2005).

The TBC values were enumerated using the plate count method 
(China NHCOTPSRO, 2006). Water sample (1 ml) was inoculated 
onto beef extract peptone AGAR medium (Base Bio, Hangzhou, 
China) plate and incubated for 24 h at 37°C. Then, the colony-forming 
units (CFU) in the plate were enumerated and gained the TBC values 
(CFU/mL).

The TCC values were enumerated using the multi-tube 
fermentation (MTF) method (China NHCOTPSRO, 2006). A series 
of tubes with appropriate decimal dilutions of the water sample and 
lactose broth (Aobox, Beijing, China) were inoculated. Production of 
gas, acid formation, or abundant growth in the test tubes after 24 h of 
incubation at 37°C constitutes a positive presumptive reaction. All 
tubes with a positive presumptive reaction are subsequently subjected 
to a confirmation test. The formation of gas in a brilliant green lactose 
bile broth fermentation tube at any time within 24 h at 37°C constitutes 
a positive confirmation test. The results of the MTF technique are 
expressed in terms of the most probable number (MPN) of 
microorganisms present in 100 ml samples (MPN/100 ml).

2.5. Statistical evaluation

The statistical analysis was carried out in the statistical packages 
Origin Pro 8 and SPSS 19. Box plots were obtained from Origin Pro 8 
to show each group’s data distribution, such as median and 
interquartile values. Analysis of variance (ANOVA) and Dunnett’s T3 
pairwise comparison test in SPSS 19 were conducted to determine 
significant differences between individual treatments and to interpret 
the orthogonal experiments which were used to determine the 
significance of factors. A difference with p ≤ 0.05 was considered 
statistically significant. The Pearson’s correlation analysis in SPSS 19 
was used to measure the relationships between every two groups.

3. Results

3.1. TBC and TCC in different soil depths 
and leaching times

Total bacteria count values in all examined depths fluctuated with 
time (Figure 1A), and most of them varied within the same order of 
magnitude (about 105 CFU/ml). Similarly, the TCC points also 

TABLE 1 The orthogonal table with three factors and three levels.

Experimental 
numbers

Factors

Temperature 
(°C)

pH Porosity

1 10 6 0.50

2 20 8 0.50

3 30 7 0.50

4 10 7 0.55

5 20 6 0.55

6 30 8 0.55

7 10 8 0.60

8 20 7 0.60

9 30 6 0.60

A B

C D

FIGURE 1

The variations of TBC and TCC with (A,C) time and (B,D) depth. The 
star (*) stands for there was a significant difference between the two 
concentrations (p < 0.05). Different colors stand for different depths. 
The central line and square of each box are the median and mean 
values, respectively, while the top and bottom of each box represent 
the third and first quartile, respectively. Whiskers on the box plot 
represent maximum and minimum values, while rhombuses above 
or below the box plots show outliers in the data.
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fluctuated within the same order of magnitude (about 103 
MPN/100 ml) (Figure  1C). There was no obvious attenuation or 
increase of TBC and TCC in the period of more than 40 days of 
experiments. It is suggested that a majority of the bacteria and 
coliforms may persist and remain in a relatively stable state in the karst 
soils for an extended period of time. TBC values in different depths 
had no significant difference, except for TBC values at 10 and 40 cm 
(Figure 1B). The TBC values in 40 cm were slightly less than the 30 cm 
values. It has been suggested that the shallow soils in the karst region, 
with a thickness of less than 40 cm, may not effectively block the 
migration of bacteria into the groundwater. As for TCC, the values in 
10 cm depth were significantly smaller than the values in 20 cm 
(p < 0.001) and 30 cm (p < 0.001), while the values in 40 cm depth were 
significantly (p < 0.001) smaller than the values in 30 cm (Figure 1D). 
This result suggested that the soils may have little impact on preventing 
coliforms from entering the groundwater.

3.2. The results of the orthogonal 
experiments

The TBC and TCC values in various conditions according to the 
orthogonal experiment are shown in Figure 2. The TBC values in the 
3, 6, and 9 tests and the TCC values in the 1, 4, and 7 tests were greater 
than others. Among temperature, pH, and porosity, temperature was 
found to have consistent values in tests 3, 6, and 9 and also in tests 1, 
4, and 7. This suggests that temperature may be the primary factor 
impacting the bacteria community. The results of ANOVA also 
corroborated the speculation. The p-values of TBC in the test of 
between-subjects effects for temperature (<0.001) were the lowest 
relative to pH, and porosity (0.033 and 0.059, respectively). Likewise, 
for TCC, p-values of <0.001, 0.530, and 0.698 were observed for 
temperature, pH, and porosity, respectively, suggesting that both TBC 

and TCC were mainly affected by temperature, followed by pH 
and porosity.

3.3. Temperature effect

Total bacteria count (r = 0.570, p < 0.001) and TCC (r = 0.677, 
p < 0.001) were significantly positively correlated with temperature, 
indicating that increased temperature would promote the proliferation 
of bacteria and coliforms. However, the effects of temperature on TBC 
and TCC were non-linear. For TBC (Figure  3A), there was no 
significant difference between 10 and 20°C, and the same trend was 
found between 25 and 30°C. The TBC at 25 and 30°C were significantly 
greater than at both 10 and 20°C. These results suggested that 20 ~ 25°C 
was potentially TBC-sensitive temperature, and temperature would not 
affect the TBC if the temperature varied between 10 and 20°C or 
between 25 and 30°C. The wide range of TBC concentrations observed 
at 25°C suggested that this temperature acted as a transitional point for 
bacteria, with some becoming active and others remaining inactive. 
While the TCC (Figure 3B) at 10, 20, 25, and 30°C were all significantly 
different from each other. The average TCC followed the order: 30°C 
(1,189 MPN/100 ml) > 20°C (354 MPN/100 ml) > 25°C (594 
MPN/100 ml) > 10°C (32 MPN/100 ml). The TCC at 20°C and 25°C 
were in the same order of magnitude. Therefore, the results showed a 
positive correlation between temperature and TCC values, with higher 
temperatures resulting in higher TCC. The results suggested that the 
propagation of coliforms was also temperature dependent.

3.4. pH effect

Despite the noticeable differences in pH levels of the recharged 
water, the pH values in the outflow water from the soil column at the 

A B

FIGURE 2

The box plots of the (A) TBC and (B) TCC concentrations in various conditions in the orthogonal experiment. The numbers in the horizontal axis stand 
for different conditions: 1: 10°C, pH = 6, porosity = 0.50; 2: 20°C, pH = 8, porosity = 0.50; 3: 30°C, pH = 7, porosity = 0.50; 4: 10°C, pH = 7, porosity = 0.55; 5: 
20°C, pH = 6, porosity = 0.55; 6: 30°C, pH = 8, porosity = 0.55; 7: 10°C, pH = 8, porosity = 0.60; 8: 20°C, pH = 7, porosity = 0.60; 9: 30°C, pH = 6, porosity = 0.60. 
The central line and square of each box are the median and mean values, respectively, while the top and bottom of each box represent the third and 
first quartile, respectively. Whiskers on the box plot represent maximum and minimum values, while rhombuses above or below the box plots show 
outliers in the data.
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same depth remained nearly constant, regardless of temperature 
variations and the duration of time (Figure 4). This indicated that the 
variations in precipitation or other recharge would not significantly 
alter the groundwater pH, suggesting that the soil above the rocks had 
appreciable buffer capacity. However, the pH values were found to 
vary with the depths of the soil columns, indicating that the soil 
characteristics may impact the pH values of outflow water.

As shown from the results, studying the impact of different pH 
levels on microorganisms can be challenging due to the varying pH 
recharge. In order to find out the pH effect on TBC and TCC, the 
outflow water samples were taken into consideration. There was no 
significate correlation between pH and TBC (p = 0.566) or TCC 
(p = 0.542). As demonstrated in Figure 5, plot the TBC and TCC 
against pH. Most of the points were located at a position of pH less 

than 6.5, indicating that most of the soils were weakly acidic. The 
outflow water samples were divided into three groups: low 
(pH ≤ 6.5), intermediate (6.5 < pH < 7.5) high (pH ≥ 7.5). In the 
intermediate pH group, more points were located at the high values 
of both TBC (greater than 105 CFU/ml) and TCC (greater than 102 
MPN/100 ml). In the low-pH group, for both TBC and TCC, the 
points were scattered in both high values and low values. In the 
high-pH group, more points were concentrated in low values for 
TBC, while more points were concentrated in high values for 
TCC. Taking the points in each group together for statistical 
analysis, the TBC values in the middle pH group were significantly 
greater than in the low-pH group (p = 0.007) and high-pH group 
(p = 0.002), while for TCC, there was no significant difference 
among the three groups.

A B

FIGURE 3

The box plots of (A) TBC and (B) TCC in various temperatures. The star (*) stands for there was a significant difference between the two concentrations 
(p < 0.05). Different colors stand for different temperatures. The central line and square of each box are the median and mean values, respectively, while 
the top and bottom of each box represent the third and first quartile, respectively. Whiskers on the box plot represent maximum and minimum values, 
while rhombuses above or below the box plots show outliers in the data.

A B C

FIGURE 4

The pH values in outflow water from (A) column I (porosity = 0.5), (B) column II (porosity = 0.55), and (C) column III (porosity = 0.60) at different pH values 
of inlet water, depths, duration time, and temperatures.
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3.5. Porosity effect

There was no significant relationship between porosity and TBC 
(r = 0.102, p = 0.148) or TCC (r = −0.078, p = 0.274). Although the 
average TBC value in the outflow of 0.55 porosity soil was greater 
than others, and the average TCC value in the outflow of 0.50 porosity 
soil was greater than others, there was no significant difference in 
TBC and TCC values among the three porosities (0.50, 0.55, and 
0.60) soils (Figure  6). This indicated that porosity would have a 
limited impact on TCC and TBC levels in the outflow water in this 
karst region.

3.6. The relationship between TBC and 
TCC

The TCC values were significantly positively correlated with TBC 
(r = 0.365, p < 0.001). Among the plots of the relationship between 
TBC and TCC values, the samples collected at the same temperature 
were grouped together (Figure 7A). Both the TBC and TCC displayed 
lower values at 10°C and more at 30°C. At 20°C, only higher TCC was 
found, and this resulted in higher ratios of TCC to TBC. While at 
25°C, the TBC values increased with nearly constant TCC values 
compared with those at 20°C. For the impact of pH, as shown in 

A B

FIGURE 5

The relationship between (A) TBC [or (B) TCC] and pH. The cycles in the plots represent the measured data of each sample. The star (*) stands for there 
was a significant difference between the two concentrations (p < 0.05). Different colors stand for different pH values in the effluent. The central line and 
square of each box are the median and mean values, respectively, while the top and bottom of each box represent the third and first quartile, 
respectively. Whiskers on the box plot represent maximum and minimum values, while rhombuses above or below the box plots show outliers in the 
data.

A B

FIGURE 6

The box plots of (A) TBC and (B) TCC in various porosities. Different colors stand for different porosities. The central line and square of each box are 
the median and mean values, respectively, while the top and bottom of each box represent the third and first quartile, respectively. Whiskers on the box 
plot represent maximum and minimum values, while rhombuses above or below the box plots show outliers in the data.
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Figure 7B, the samples with low-pH values (pH ≤ 6.5) and high-pH 
values (pH ≥ 7.5) were dispersed, whereas the majority of samples 
with intermediate pH values (6.5 < pH < 7.5) were concentrated in an 
area of higher TCC and TBC. With regard to porosity (Figure 7C), 
samples with lower TCC value (in the cycle of the plot) were mostly 
found in soils with 0.5 porosity. The remaining samples were dispersed 
throughout the plot, indicating a lack of clear relationship between 
porosity and TBC or TCC in these samples. As a result, the variation 
of TBC and TCC in the samples appears to be  influenced by 
temperature, pH, and porosity in a similar but also somewhat 
diverse manner.

4. Discussion

4.1. The temperature effect on 
microorganisms

As mentioned in the introduction, the temperature, pH, and 
porosity are considered to be  the critical factors impacting the 
pathogen in the karst soil. The results of the present study have 
demonstrated that temperature was the most significant factor. 
Previous studies have identified two distinct impacts of temperature 
on soil bacteria, particularly coliforms. The first one is that higher 
temperatures may increase the soil’s hydraulic conductivity, and 
promote the desorption of bacteria from soil particles, and resulted in 
increased concentrations of bacteria in groundwater (Acea et al., 1988; 
Gharabaghi et  al., 2015). The other one is that high temperatures 
create unfavorable conditions for the bacteria, leading to a rapid 
decline in their numbers, which is the common trend (Blaustein et al., 
2013; Chandrasena et al., 2014).

Our results evinced that both the TBC and TCC increased due to 
the elevated temperatures, which supported the first possibility. 
However, previous studies have found that the effect of temperature 
on adsorption and hydraulic conductivity is not as pronounced (Acea 
et al., 1988). It should be noted that soil is not only an aggregation 
consisting predominantly of particulate matter, but also a growth 
medium (Aleklett et al., 2018).Therefore, the higher TBC and TCC 
values observed at relatively higher temperatures could be mainly 
attributed to an increase in bacterial populations in the soil. In the 
column soils, there was enough organic matter (represented by 
CODMn, see Supplementary Figure S1), which can meet the demand 

for carbon and energy sources for bacteria (Wen et al., 2022). Most the 
coliforms are always deemed as the prevalent commensal inhabitants 
of the gastrointestinal tracts of humans and warm-blooded animals 
(Allocati et al., 2013); however, there was no such animal in the soil. 
Previous studies revealed that the multiplying of some coliforms in the 
soil may be  caused by the soil protozoan, such as Acanthamoeba 
polyphaga, in which the coliforms and other pathogens survive and 
replicate (Barker et al., 1999). The elevated temperature stimulated the 
growth of bacteria (Kirchman et  al., 2005), as well as protozoan 
(Müller and Geller, 1993), and may also indirectly stimulate the 
presence of coliforms.

It is generally acknowledged that 37°C is the optimum 
temperature for coliforms and some bacteria, and therefore, in most 
cases, the TBC and TCC increased with the elevating temperature 
in the laboratory medium (Jones et  al., 1987; Raghubeer and 
Matches, 1990). However, it was not the case in the present study. 
Accordingly, the TBC and TCC increased with elevated temperature 
asynchronously. The TBC concentrations almost reached a 
maximum at 25°C, whereas the TCC peaked at 20°C. The 
phenomena may be  caused by the protozoa in the soils. The 
optimum temperature for most protozoa is 18 ~ 25°C (Littleford, 
1960). We speculated that at 20°C, the protozoa thrived, while the 
bacteria including coliforms were being preyed by the thriving 
protozoa (Bott and Kaplan, 1990). Most bacteria and some 
coliforms are digested as a food source, while most coliforms are 
able to resist lysosomal attack and therefore multiplied within 
membrane-bound vacuoles (Barker et al., 1999; Van Elsas et al., 
2011; George et al., 2020; Mungroo et al., 2021). Previous studies 
have noted that protozoa, such as Acanthamoeba, can inhibit 
bacterial growth through the release of free radicals in their lysates 
(Connor et  al., 1993), but have no inhibitory effect on certain 
coliforms, such as E. coli. On the contrary, those protozoa are an 
abundant source of amino acids, enzymes, fatty acids, and lipids 
and clearly provided coliforms with nutrients for growth (Van Elsas 
et al., 2011; Geisen et al., 2018; Gambushe et al., 2022). Therefore, 
the thriving of protozoa would lead to an increase in the number of 
coliforms and a decrease in other bacteria that are susceptible to 
predation by protozoa in the soil environment (Matin and Jung, 
2011; Iqbal et al., 2014). This is consistent with our findings of lower 
TBC and higher TCC values at 20°C. Another possible reason is 
that some environmentally adapted coliforms may thrive at ambient 
temperatures (about 20°C) other than other temperatures.

A B C

FIGURE 7

The relationship between TCC and TBC according to different (A) ambient temperatures, (B) effluent pH values, and (C) soil porosities.
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4.2. The pH and porosity effects on 
microorganisms

Several studies illustrate that higher pH values produced longer 
survival time for coliforms in acidic soil, especially in south China 
(Jiang et al., 2002; Wang et al., 2014; Xing et al., 2019), while pH may 
negatively affect the persistence of the strains in soils with pH greater 
than 7 (Ma et al., 2012). Therefore, a neutral pH is desirable for most 
bacteria and protozoa (Rousk et al., 2010). In the present study, the 
intermediate pH groups (6.5 < pH < 7.5) had relatively high TBC and 
TCC, which exemplified the theory. Additionally, pH may affect the 
desorption of attached bacteria in the soil. Several studies found that 
bacterial retention in the columns was greatest in acidic soil and 
decreased with increasing pH (Scholl et al., 1990; Scholl and Harvey, 
1992). However, the dissolved organic matter has been shown to alter 
the surface charge on suspended particulate matter, and therefore 
change the behavior of sorption (Scholl and Harvey, 1992). The wide 
range of dissolved organic matter (represented by CODMn, see 
Supplementary Figure S1) in the column water might account for the 
wide range of values observed for both TBC and TCC. Combined with 
other factors, such as temperature, the pH effect was obscured in 
low-pH and high-pH groups’ samples.

The porosity variation altered the permeability of the soil. 
Generally, for the same texture soil, the more porosity, the greater the 
permeability coefficient. Under the same hydraulic gradient, the 
groundwater flow velocity in the greater porosity soil would be greater, 
and therefore, the water infiltrated through the greater porosity soil 
would have a higher concentration of bacteria (Smith et al., 1985; 
Huysman and Verstraete, 1993; Sepehrnia et al., 2019; Liu et al., 2020). 
In the present study, the lower TCC value samples were almost 
collected in the 0.5 porosity soils at 10°C, indicating that the soils with 
less porosity would retard the migration of coliforms, which could 
be  observed at low temperature, while at high temperature, the 
retardation effect might be obscured by temperature effect. Therefore, 
there was no significant difference in TBC and TCC among different 
porosity soils.

Therefore, the pH and porosity might have affected the behavior 
of bacteria including coliforms in the karst soils, but the affected 
variations of TBC and TCC might be covered by the temperature effect.

4.3. The origination of the microorganisms 
in the groundwater

Previous studies on microorganism migration in aquifers have 
primarily centered that the microorganisms come from the soil 
surface and thus, when conducting related studies, these bacteria or 
similar organisms are added to the soil. Typically, the added 
microorganisms were retarded by the adsorption of soil and resulted 
in fewer microorganisms in outflow of groundwater (Castro and 
Tufenkji, 2007; Passmore et al., 2010; Wen et al., 2016; Bandy et al., 
2018). However, in the present study, the outflow of groundwater 
infiltrated from the soil column contained higher level of TBC and 
TCC than the inlet water, indicating that the collected soil in the karst 
area may be a source of bacteria in the groundwater.

The TBC and TCC values in the outflow remained relatively 
unchanged for over 40 days, demonstrating that the bacteria, including 
the coliforms, remained active throughout that time in the soil. This 

is in contrast to prior studies, where coliform counts were observed to 
decrease significantly within a few days in various soils (Fremaux 
et  al., 2008). Previous studies revealed that most bacteria 
concentrations would decline in several days if the soil condition was 
not suitable (Acea et al., 1988). However, in the present study, there 
was no introduction of foreign organisms and the environmental 
conditions remained relatively constant, providing a suitable 
environment for the survival of the studied bacteria.

Through the discussion about the temperature effect, only the 
survival of the bacteria cannot fully explain the phenomena of the 
study, the multiplied bacteria may be the main contributor of TBC and 
TCC in the outflow water. The TBC or TCC values in different depths 
were mostly in the same order of magnitude, indicating that the 
bacteria migration with groundwater flow played negligible roles for 
bacterial concentrations. Instead, the bacteria in the outflow water 
may stem from the thin-layer soils near the outlet.

Therefore, the soil in the study area may serve as both reservoirs 
and incubators for pathogenic bacteria. These bacteria can easily 
spread into the underground water, becoming a significant contributor 
to the contamination of groundwater pathogens.

4.4. Implication

The thin soil in the karst cannot effectively block coliforms and 
other pathogens from infiltrating groundwater through the seepage of 
rainfall. Instead, the soils served as both reservoirs and incubators for 
pathogenic bacteria. Accordingly, to reduce the pathogens 
concentrations in the infiltrated water, several approaches can 
be carried out, including slowing down the migration of pathogens, 
reducing the input of pathogens, and changing the environmental 
condition to inhibit the growth and multiplying of pathogens. In the 
soils, as discussed above, the migration velocity was not the primary 
factor for introducing bacteria to the groundwater, and therefore 
changing the structure of the soil, such as compressing or loosening 
the soil, would not reduce the TBC and TCC values. Whereas the 
multiplying of pathogens played a crucial role in controlling the TBC 
and TCC. Therefore, creating an uninviting and inhospitable 
environment for pathogens’ growth would be beneficial. For example, 
by acidizing or alkalizing the soil, or reducing the amount of organic 
matter input when planting crops.

Our results suggested that elevated temperature may help for 
breeding more pathogens. Therefore, in similar areas, it is vital to pay 
closer attention to the pathogens in areas with similar climate during 
hot weather, especially in the summer days.

5. Conclusion

In the study, the orthogonality column experiments were used to 
investigate how environmental factors, including ambient 
temperature, pH values of inlet water, and soil porosities, affect the 
microbiological indices in the leachate of agricultural soils from karst 
areas of Yunnan province, China. Results revealed that ambient 
temperature was the most crucial factor that affected the effluent 
bacteria, with higher temperature leading to the greater values of TBC 
and TCC. Although the neutral pH appeared to be suitable for the 
survival of bacteria, and the lower porosity may block the coliforms 
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into the effluent, they did not significantly impact the bacteria. There 
was no obvious decay of TBC and TCC in the effluent for more than 
40 days, indicating the bacteria including the coliforms remained 
active in the soils. As temperature increased, the TBC and TCC also 
increased, suggesting that agricultural soils in the study area likely 
served as both reservoirs and incubators for bacteria including 
coliforms, which may readily migrate into the groundwater and 
become an important source of groundwater pathogen contamination. 
The behavior of the bacteria in the soil with water seepage is intricate, 
and tightly related to the soil characteristics, hydrogeology condition, 
as well as other factors. In the present study, we  suspected that 
temperature was the key factor for pathogens microorganisms, and 
protozoa might play a role in multiplying some pathogens. To validate 
the speculation, future studies, such as batch experiments, microscopic 
imaging, as well as metagenomic analysis, should be carried out.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Author contributions

SW and MZ contributed to the conception and design of the 
study. SW carried out the experiments. ZN and CG performed the 
statistical analysis and wrote the first draft of the manuscript. All 
authors contributed to the manuscript revision, read, and approved 
the submitted version.

Funding

This research was supported by Hebei Natural Science Foundation, 
D2022504009.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The handling editor QL declared a shared affiliation with the 
authors at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1143900/
full#supplementary-material

References
Aaron, L.M. (2018) Movement of bacteria in the subsurface. In The Microbiology of 

the Terrestrial Deep Subsurface Boca Raton: CRC Press, 225–244.

Acea, M. J., Moore, C. R., and Alexander, M. (1988). Survival and growth of bacteria 
introduced into soil. Soil Biol. Biochem. 20, 509–515. doi: 10.1016/0038-0717(88)90066-1

Aleklett, K., Kiers, E. T., Ohlsson, P., Shimizu, T. S., Caldas, V. E., and Hammer, E. C. 
(2018). Build your own soil: exploring microfluidics to create microbial habitat 
structures. ISME J 12, 312–319. doi: 10.1038/ismej.2017.184

Allocati, N., Masulli, M., Alexeyev, M. F., and Di Ilio, C. (2013). Escherichia coli in 
Europe: an overview. Int. J. Environ. Res. Public Health 10, 6235–6254. doi: 10.3390/
ijerph10126235

Bandy, A., Cook, K., Fryar, A. E., and Polk, J. (2018). Use of molecular markers to 
compare Escherichia coli transport with traditional groundwater tracers in epikarst. J. 
Environ. Qual. 47, 88–95. doi: 10.2134/jeq2017.10.0406

Bandy, A. M., Cook, K., Fryar, A. E., and Zhu, J. (2020). Differential transport of 
Escherichia coli isolates compared to abiotic tracers in a karst aquifer. Groundwater 58, 
70–78. doi: 10.1111/gwat.12889

Barker, J., Humphrey, T. J., and Brown, M. W. R. (1999). Survival of Escherichia coli 
0157 in a soil protozoan: implications for disease. FEMS Microbiol. Lett. 173, 291–295. 
doi: 10.1111/j.1574-6968.1999.tb13516.x

Bitton, G., Farrah, S. R., Ruskin, R. H., Butner, J., and Chou, Y. J. (1983). Survival of 
pathogenic and indicator organisms in ground water. Groundwater 21, 405–410. doi: 
10.1111/j.1745-6584.1983.tb00741.x

Bitton, G., and Harvey, R. W. (1992). Transport of pathogens through soils and 
aquifers. Environ. Microbiol. 19, 103–123.

Blaustein, R. A., Pachepsky, Y., Hill, R. L., Shelton, D. R., and Whelan, G. (2013). 
Escherichia coli survival in waters: temperature dependence. Water Res. 47, 569–578. 
doi: 10.1016/j.watres.2012.10.027

Bott, T. L., and Kaplan, L. A. (1990). Potential for protozoan grazing of bacteria in 
streambed sediments. J. N. Am. Benthol. Soc. 9, 336–345. doi: 10.2307/1467901

Brad, T., Bizic, M., Ionescu, D., Chiriac, C. M., Kenesz, M., Roba, C., et al. (2022). 
Potential for natural attenuation of domestic and agricultural pollution in karst 
groundwater environments. Water 14:1597. doi: 10.3390/w14101597

Buckerfield, S. J., Waldron, S., Quilliam, R. S., Naylor, L. A., Li, S., and Oliver, D. M. 
(2019). How can we  improve understanding of faecal indicator dynamics in karst 
systems under changing climatic, population, and land use stressors? – research 
opportunities in SW China. Sci. Total Environ. 646, 438–447. doi: 10.1016/j.
scitotenv.2018.07.292

Cao, J. H., Yuan, D. X., and Pan, G. X. (2003). Some soil features in karst ecosystem. 
Adv. Earth Sci. 18, 37–44. doi: 10.11867/j.issn.1001-8166.2003.01.0037

Castro, F. D., and Tufenkji, N. (2007). Relevance of nontoxigenic strains as surrogates 
for Escherichia coli O157:H7 in groundwater contamination potential: role of temperature 
and cell acclimation time. Environ. Sci. Technol. 41, 4332–4338. doi: 10.1021/es0701558

Chandrasekar, A., Binder, M., Liedl, R., and Berendonk, T. U. (2021). Reactive-
transport modelling of Enterococcus faecalis JH2-2 passage through water saturated 
sediment columns. J. Hazard. Mater. 413:125292. doi: 10.1016/j.jhazmat.2021.125292

Chandrasena, G. I., Deletic, A., and McCarthy, D. T. (2014). Survival of Escherichia 
coli in stormwater biofilters. Environ. Sci. Pollut. Res. 21, 5391–5401. doi: 10.1007/
s11356-013-2430-2

Chen, R., and Bi, K. (2011). Correlation of karst agricultural geo-environment with 
non-karst agricultural geo-environment with respect to nutritive elements in Guizhou. 
Chin. J. Geochem. 30, 563–568. doi: 10.1007/s11631-011-0540-4

China NHCOTPSRO (2006). “Standard examination methods for drinking water” in 
Microbiological Indices. State Administration for Market Regulation of China & 
Standardization Administration of  China (Beijing: Standards Press of China).

Chique, C., Hynds, P., Burke, L., Morris, D., Ryan, M. P., and O'Dwyer, J. (2021). 
Contamination of domestic groundwater systems by verotoxigenic Escherichia coli 
(VTEC), 2003–2019: a global scoping review. Water Res. 188:116496. doi: 10.1016/j.
watres.2020.116496

Connor, R., Hay, J., Mead, A., and Seal, D. (1993). Reversal of inhibitory effects of 
Acanthamoeba castellanii lysate for Legionella pneumophila using catalase. J. Microbiol. 
Methods 18, 311–316. doi: 10.1016/0167-7012(93)90012-7

Dwivedi, D., Mohanty, B. P., and Lesikar, B. J. (2016). Impact of the linked surface 
water-soil water-groundwater system on transport of E. coli in the subsurface. Water Air 
Soil Pollut. 227, 1–16. doi: 10.1007/s11270-016-3053-2

https://doi.org/10.3389/fmicb.2023.1143900
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1143900/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1143900/full#supplementary-material
https://doi.org/10.1016/0038-0717(88)90066-1
https://doi.org/10.1038/ismej.2017.184
https://doi.org/10.3390/ijerph10126235
https://doi.org/10.3390/ijerph10126235
https://doi.org/10.2134/jeq2017.10.0406
https://doi.org/10.1111/gwat.12889
https://doi.org/10.1111/j.1574-6968.1999.tb13516.x
https://doi.org/10.1111/j.1745-6584.1983.tb00741.x
https://doi.org/10.1016/j.watres.2012.10.027
https://doi.org/10.2307/1467901
https://doi.org/10.3390/w14101597
https://doi.org/10.1016/j.scitotenv.2018.07.292
https://doi.org/10.1016/j.scitotenv.2018.07.292
https://doi.org/10.11867/j.issn.1001-8166.2003.01.0037
https://doi.org/10.1021/es0701558
https://doi.org/10.1016/j.jhazmat.2021.125292
https://doi.org/10.1007/s11356-013-2430-2
https://doi.org/10.1007/s11356-013-2430-2
https://doi.org/10.1007/s11631-011-0540-4
https://doi.org/10.1016/j.watres.2020.116496
https://doi.org/10.1016/j.watres.2020.116496
https://doi.org/10.1016/0167-7012(93)90012-7
https://doi.org/10.1007/s11270-016-3053-2


Ning et al. 10.3389/fmicb.2023.1143900

Frontiers in Microbiology 10 frontiersin.org

Edmonds, R. L. (1976). Survival of coliform bacteria in sewage sludge applied to a 
forest clearcut and potential movement into groundwater. Appl. Environ. Microbiol. 32, 
537–546. doi: 10.1128/aem.32.4.537-546.1976

Eisfeld, C., Schijven, J. F., van der Wolf, J. M., Medema, G., Kruisdijk, E., and van 
Breukelen, B. M. (2022). Removal of bacterial plant pathogens in columns filled with 
quartz and natural sediments under anoxic and oxygenated conditions. Water Res. 
220:118724. doi: 10.1016/j.watres.2022.118724

England, L. S., Lee, H., and Trevors, J. T. (1993). Bacterial survival in soil: effect of clays 
and protozoa. Soil Biol. Biochem. 25, 525–531. doi: 10.1016/0038-0717(93)90189-I

Federation, W.E., and Association, A. (2005) Standard Methods for the Examination 
of Water and Wastewater. American Public Health Association (APHA) Washington, DC.

Franz, E., Semenov, A. V., Termorshuizen, A. J., De Vos, O. J., Bokhorst, J. G., and Van 
Bruggen, A. H. C. (2008). Manure-amended soil characteristics affecting the survival of 
E. coli O157:H7  in 36 Dutch soils. Environ. Microbiol. 10, 313–327. doi: 
10.1111/j.1462-2920.2007.01453.x

Fremaux, B., Prigent-Combaret, C., Delignette-Muller, M. L., Mallen, B., Dothal, M., 
Gleizal, A., et al. (2008). Persistence of Shiga toxin-producing Escherichia coli O26 in 
various manure-amended soil types. J. Appl. Microbiol. 104, 296–304. doi: 
10.1111/j.1365-2672.2007.03532.x 

Gambushe, S. M., Zishiri, O. T., and El Zowalaty, M. E. (2022). Review of Escherichia 
coli O157: H7 prevalence, pathogenicity, heavy metal and antimicrobial resistance, 
African perspective. Infect. Drug Resist. 15, 4645–4673. doi: 10.2147/IDR.S365269

Geisen, S., Mitchell, E. A., Adl, S., Bonkowski, M., Dunthorn, M., Ekelund, F., et al. 
(2018). Soil protists: a fertile frontier in soil biology research. FEMS Microbiol. Rev. 42, 
293–323. doi: 10.1093/femsre/fuy006

George, A. S., Rehfuss, M. Y. M., Parker, C. T., and Brandl, M. T. (2020). The 
transcriptome of Escherichia coli O157: H7 reveals a role for oxidative stress resistance 
in its survival from predation by Tetrahymena. FEMS Microbiol. Ecol. 96:fiaa014. doi: 
10.1093/femsec/fiaa014

Gharabaghi, B., Safadoust, A., Mahboubi, A. A., Mosaddeghi, M. R., Unc, A., 
Ahrens, B., et al. (2015). Temperature effect on the transport of bromide and E. coli NAR 
in saturated soils. J. Hydrol. 522, 418–427. doi: 10.1016/j.jhydrol.2015.01.003

Ginn, T. R., Camesano, T., Scheibe, T. D., Nelson, K. E., Clement, T. P., and Wood, B. D. 
(2006). “105. Microbial Transport in the Subsurface: Ecological and Hydrological 
Interactions” in Encyclopedia of Hydrological Sciences.

Ginn, T. R., Wood, B. D., Nelson, K. E., Scheibe, T. D., Murphy, E. M., and 
Clement, T. P. (2002). Processes in microbial transport in the natural subsurface. Adv. 
Water Resour. 25, 1017–1042. doi: 10.1016/S0309-1708(02)00046-5

Grisey, E., Belle, E., Dat, J., Mudry, J., and Aleya, L. (2010). Survival of pathogenic and 
indicator organisms in groundwater and landfill leachate through coupling bacterial 
enumeration with tracer tests. Desalination 261, 162–168. doi: 10.1016/j.desal.2010.05. 
007

Heinz, B., Birk, S., Liedl, R., Geyer, T., Straub, K., Andresen, J., et al. (2009). Water 
quality deterioration at a karst spring (Gallusquelle, Germany) due to combined sewer 
overflow: evidence of bacterial and micro-pollutant contamination. Environ. Geol. 57, 
797–808. doi: 10.1007/s00254-008-1359-0

Huysman, F., and Verstraete, W. (1993). Water-facilitated transport of bacteria in 
unsaturated soil columns: influence of cell surface hydrophobicity and soil properties. 
Soil Biol. Biochem. 25, 83–90. doi: 10.1016/0038-0717(93)90245-7

Iqbal, J., Siddiqui, R., and Khan, N. A. (2014). Acanthamoeba and bacteria produce 
antimicrobials to target their counterpart. Parasit. Vectors 7, 1–6. doi: 
10.1186/1756-3305-7-56

Jiang, X., Morgan, J., and Doyle, M. P. (2002). Fate of Escherichia coli O157: H7 in 
manure-amended soil. Appl. Environ. Microbiol. 68, 2605–2609. doi: 10.1128/
AEM.68.5.2605-2609.2002

John, D. E., and Rose, J. B. (2005). Review of factors affecting microbial survival in 
groundwater. Environ. Sci. Technol. 39, 7345–7356. doi: 10.1021/es047995w

Jones, P. G., VanBogelen, R. A., and Neidhardt, F. C. (1987). Induction of proteins in 
response to low temperature in Escherichia coli. J. Bacteriol. 169, 2092–2095. doi: 
10.1128/jb.169.5.2092-2095.1987

King, C. H., Shotts, E. B. Jr., Wooley, R. E., and Porter, K. G. (1988). Survival of 
coliforms and bacterial pathogens within protozoa during chlorination. Appl. Environ. 
Microbiol. 54, 3023–3033. doi: 10.1128/aem.54.12.3023-3033.1988

Kirchman, D. L., Malmstrom, R. R., and Cottrell, M. T. (2005). Control of bacterial 
growth by temperature and organic matter in the Western Arctic. Deep-Sea Res. II Top. 
Stud. Oceanogr. 52, 3386–3395. doi: 10.1016/j.dsr2.2005.09.005

Lambrecht, E., Baré, J., Chavatte, N., Bert, W., Sabbe, K., and Houf, K. (2015). 
Protozoan cysts act as a survival niche and protective shelter for foodborne pathogenic 
bacteria. Appl. Environ. Microbiol. 81, 5604–5612. doi: 10.1128/AEM.01031-15

Li, J., Chen, Q., Li, H., Li, S., Liu, Y., Yang, L., et al. (2020). Impacts of different sources 
of animal manures on dissemination of human pathogenic bacteria in agricultural soils. 
Environ. Pollut. 266:115399. doi: 10.1016/j.envpol.2020.115399

Li, Y.-B., Wang, S.-J., and Wang, J. (2006). Soil properties in karst ecosystem and 
further study. Carsol. Sin. 25, 285–289.

Littleford, R. A. (1960). Culture of protozoa in the classroom. Am. Biol. Teach. 22, 
551–559. doi: 10.2307/4439448

Liu, G., Fang, Z., Zhong, H., Shi, L., Yang, X., and Liu, Z. (2020). Transport of 
Pseudomonas aeruginosa in porous media mediated by low-concentration surfactants: 
the critical role of surfactant to change cell surface hydrophobicity. Water Resour. Res. 
56:e2019WR026103. doi: 10.1029/2019WR026103

Liu, J., Ford, R. M., and Smith, J. A. (2011). Idling time of motile bacteria contributes 
to retardation and dispersion in sand porous medium. Environ. Sci. Technol. 45, 
3945–3951. doi: 10.1021/es104041t

Luffman, I., and Tran, L. (2014). Risk factors for E. coli O157 and cryptosporidiosis 
infection in individuals in the karst valleys of East Tennessee, USA. Geosciences 4, 
202–218. doi: 10.3390/geosciences4030202

Ma, J., Ibekwe, A. M., Crowley, D. E., and Yang, C.-H. (2012). Persistence of 
Escherichia coli O157:H7 in major leafy green producing soils. Environ. Sci. Technol. 46, 
12154–12161. doi: 10.1021/es302738z

Matin, A., and Jung, S.-Y. (2011). Interaction of Escherichia coli K1 and K5 with 
Acanthamoeba castellanii trophozoites and cysts. Korean J. Parasitol. 49, 349–356. doi: 
10.3347/kjp.2011.49.4.349

Matz, C., and Kjelleberg, S. (2005). Off the hook – how bacteria survive protozoan 
grazing. Trends Microbiol. 13, 302–307. doi: 10.1016/j.tim.2005.05.009

McCaulou, D. R., Bales, R. C., and Arnold, R. G. (1995). Effect of temperature-
controlled motility on transport of bacteria and microspheres through saturated 
sediment. Water Resour. Res. 31, 271–280. doi: 10.1029/94WR02569

McCaulou, D. R., Bales, R. C., and McCarthy, J. F. (1994). Use of short-pulse 
experiments to study bacteria transport through porous media. J. Contam. Hydrol. 15, 
1–14. doi: 10.1016/0169-7722(94)90007-8

Müller, H., and Geller, W. (1993). Maximum growth rates of aquatic ciliated protozoa: 
the dependence on body size and temperature reconsidered. Archiv. Hydrobiol. 126, 
315–327. doi: 10.1127/archiv-hydrobiol/126/1993/315

Mungroo, M. R., Siddiqui, R., and Khan, N. A. (2021). War of the microbial world: 
Acanthamoeba spp. interactions with microorganisms. Folia Microbiol. 66, 689–699. doi: 
10.1007/s12223-021-00889-7

Oliver, D. M., Zheng, Y., Naylor, L. A., Murtagh, M., Waldron, S., and Peng, T. (2020). 
How does smallholder farming practice and environmental awareness vary across village 
communities in the karst terrain of Southwest China? Agriculture. Ecosyst. Environ. 
288:106715. doi: 10.1016/j.agee.2019.106715

Pang, H., Mokhtari, A., Chen, Y., Oryang, D., Ingram, D. T., Sharma, M., et al. (2020). 
A predictive model for survival of Escherichia coli O157: H7 and generic E. coli in soil 
amended with untreated animal manure. Risk Anal. 40, 1367–1382. doi: 10.1111/
risa.13491

Passmore, J. M., Rudolph, D. L., Mesquita, M. M., Cey, E. E., and Emelko, M. B. (2010). 
The utility of microspheres as surrogates for the transport of E. coli RS2g in partially 
saturated agricultural soil. Water Res. 44, 1235–1245. doi: 10.1016/j.watres.2009.10.010

Personné, J., Poty, F., Vaute, L., and Drogue, C. (1998). Survival, transport and 
dissemination of Escherichia coli and enterococcci in a fissured environment. Study of a 
flood in a karstic aquifer. J. Appl. Microbiol. 84, 431–438. doi: 10.1046/j.1365-2672. 
1998.00366.x

Pronk, M. (2008). Origin and Behaviour of Microorganisms and Particles in Selected 
Karst Aquifer Systems. Canberra: Université de Neuchâtel.

Pronk, M., Goldscheider, N., and Zopfi, J. (2006). Dynamics and interaction of organic 
carbon, turbidity and bacteria in a karst aquifer system. Hydrogeol. J. 14, 473–484. doi: 
10.1007/s10040-005-0454-5

Raghubeer, E. V., and Matches, J. R. (1990). Temperature range for growth of 
Escherichia coli serotype O157: H7 and selected coliforms in E. coli medium. J. Clin. 
Microbiol. 28, 803–805. doi: 10.1128/jcm.28.4.803-805.1990

Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J. G., et al. 
(2010). Soil bacterial and fungal communities across a pH gradient in an arable soil. 
ISME J. 4, 1340–1351. doi: 10.1038/ismej.2010.58

Schäfer, A., Ustohal, P., Harms, H., Stauffer, F., Dracos, T., and Zehnder, A. J. B. (1998). 
Transport of bacteria in unsaturated porous media. J. Contam. Hydrol. 33, 149–169. doi: 
10.1016/S0169-7722(98)00069-2

Scholl, M. A., and Harvey, R. W. (1992). Laboratory investigations on the role of 
sediment surface and groundwater chemistry in transport of bacteria through a 
contaminated sandy aquifer. Environ. Sci. Technol. 26, 1410–1417. doi: 10.1021/
es00031a020

Scholl, M. A., Mills, A. L., Herman, J. S., and Hornberger, G. M. (1990). The 
influence of mineralogy and solution chemistry on the attachment of bacteria to 
representative aquifer materials. J. Contam. Hydrol. 6, 321–336. doi: 10.1016/0169- 
7722(90)90032-C

Sen, T. K. (2011). Processes in pathogenic biocolloidal contaminants transport in 
saturated and unsaturated porous media: a review. Water Air Soil Pollut. 216, 239–256. 
doi: 10.1007/s11270-010-0531-9

Sepehrnia, N., Bachmann, J., Hajabbasi, M. A., Rezanezhad, F., Lichner, L., 
Hallett, P. D., et al. (2019). Transport, retention, and release of Escherichia coli and 

https://doi.org/10.3389/fmicb.2023.1143900
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/aem.32.4.537-546.1976
https://doi.org/10.1016/j.watres.2022.118724
https://doi.org/10.1016/0038-0717(93)90189-I
https://doi.org/10.1111/j.1462-2920.2007.01453.x
https://doi.org/10.1111/j.1365-2672.2007.03532.x
https://doi.org/10.2147/IDR.S365269
https://doi.org/10.1093/femsre/fuy006
https://doi.org/10.1093/femsec/fiaa014
https://doi.org/10.1016/j.jhydrol.2015.01.003
https://doi.org/10.1016/S0309-1708(02)00046-5
https://doi.org/10.1016/j.desal.2010.05.007
https://doi.org/10.1016/j.desal.2010.05.007
https://doi.org/10.1007/s00254-008-1359-0
https://doi.org/10.1016/0038-0717(93)90245-7
https://doi.org/10.1186/1756-3305-7-56
https://doi.org/10.1128/AEM.68.5.2605-2609.2002
https://doi.org/10.1128/AEM.68.5.2605-2609.2002
https://doi.org/10.1021/es047995w
https://doi.org/10.1128/jb.169.5.2092-2095.1987
https://doi.org/10.1128/aem.54.12.3023-3033.1988
https://doi.org/10.1016/j.dsr2.2005.09.005
https://doi.org/10.1128/AEM.01031-15
https://doi.org/10.1016/j.envpol.2020.115399
https://doi.org/10.2307/4439448
https://doi.org/10.1029/2019WR026103
https://doi.org/10.1021/es104041t
https://doi.org/10.3390/geosciences4030202
https://doi.org/10.1021/es302738z
https://doi.org/10.3347/kjp.2011.49.4.349
https://doi.org/10.1016/j.tim.2005.05.009
https://doi.org/10.1029/94WR02569
https://doi.org/10.1016/0169-7722(94)90007-8
https://doi.org/10.1127/archiv-hydrobiol/126/1993/315
https://doi.org/10.1007/s12223-021-00889-7
https://doi.org/10.1016/j.agee.2019.106715
https://doi.org/10.1111/risa.13491
https://doi.org/10.1111/risa.13491
https://doi.org/10.1016/j.watres.2009.10.010
https://doi.org/10.1046/j.1365-2672.1998.00366.x
https://doi.org/10.1046/j.1365-2672.1998.00366.x
https://doi.org/10.1007/s10040-005-0454-5
https://doi.org/10.1128/jcm.28.4.803-805.1990
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1016/S0169-7722(98)00069-2
https://doi.org/10.1021/es00031a020
https://doi.org/10.1021/es00031a020
https://doi.org/10.1016/0169-7722(90)90032-C
https://doi.org/10.1016/0169-7722(90)90032-C
https://doi.org/10.1007/s11270-010-0531-9


Ning et al. 10.3389/fmicb.2023.1143900

Frontiers in Microbiology 11 frontiersin.org

Rhodococcus erythropolis through dry natural soils as affected by water repellency. Sci. 
Total Environ. 694:133666. doi: 10.1016/j.scitotenv.2019.133666

Sharma, M., and Reynnells, R. (2018). Importance of soil amendments: survival of 
bacterial pathogens in manure and compost used as organic fertilizers. Preharvest Food 
Safety, 159–175. doi: 10.1128/9781555819644.ch9

Smith, M., Thomas, G., White, R., and Ritonga, D. (1985). Transport of Escherichia 
coli through intact and disturbed soil columns. J. Environ. Qual 14, 87–91. doi: 10.2134/
jeq1985.00472425001400010017x

Song, A., Liang, Y.-M., and Li, Q. (2018). Influence of precipitation on bacterial 
structure in a typical karst spring, SW China. J. Groundw. Sci. Eng. 5, 193–204. doi: 
10.19637/j.cnki.2305-7068.2018.03.005

Tan, Y., Gannon, J., Baveye, P., and Alexander, M. (1994). Transport of bacteria in an 
aquifer sand: experiments and model simulations. Water Resour. Res. 30, 3243–3252. 
doi: 10.1029/94WR02032

Van Elsas, J. D., Semenov, A. V., Costa, R., and Trevors, J. T. (2011). Survival of 
Escherichia coli in the environment: fundamental and public health aspects. ISME J. 5, 
173–183. doi: 10.1038/ismej.2010.80

Wang, S. (2019) Microbial-Toxicological Combined Response Mechanism and 
Simulation of Groundwater Polluted by Farming in Desertification Areas. Beijing: Chinese 
Academy of Geological Sciences.

Wang, H. Z., Wei, G., Yao, Z. Y., Lou, J., Xiao, K. C., Wu, L. S., et al. (2014). Response 
of Escherichia coli O157:H7 survival to pH of cultivated soils. J. Soils Sediments 14, 
1841–1849. doi: 10.1007/s11368-014-0944-y

Ward, J. W., Warden, J. G., Bandy, A. M., Fryar, A. E., Brion, G. M., Macko, S. A., et al. 
(2016). Use of nitrogen-15-enriched Escherichia coli as a bacterial tracer in karst 
aquifers. Groundwater 54, 830–839. doi: 10.1111/gwat.12426

Wen, J., Li, J.-S., and Li, Y.-F. (2016). Wetting patterns and bacterial distributions in 
different soils from a surface point source applying effluents with varying Escherichia 
coli concentrations. J. Integr. Agric. 15, 1625–1637. doi: 10.1016/
S2095-3119(15)61249-7

Wen, L., Li, D., Xiao, X., and Tang, H. (2022). Alterations in soil microbial 
phospholipid fatty acid profile with soil depth following cropland conversion in karst 
region, Southwest China. Environ. Sci. Pollut. Res. 30, 1502–1519. doi: 10.1007/
s11356-022-22178-7

Xia, R. (2016). Groundwater resources in karst area in southern China and sustainable 
utilization pattern. J. Groundw. Sci. Eng. 4, 301–309.

Xing, J., Wang, H., Brookes, P. C., Salles, J. F., and Xu, J. (2019). Soil pH and microbial 
diversity constrain the survival of E. coli in soil. Soil Biol. Biochem. 128, 139–149. doi: 
10.1016/j.soilbio.2018.10.013

https://doi.org/10.3389/fmicb.2023.1143900
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2019.133666
https://doi.org/10.1128/9781555819644.ch9
https://doi.org/10.2134/jeq1985.00472425001400010017x
https://doi.org/10.2134/jeq1985.00472425001400010017x
https://doi.org/10.19637/j.cnki.2305-7068.2018.03.005
https://doi.org/10.1029/94WR02032
https://doi.org/10.1038/ismej.2010.80
https://doi.org/10.1007/s11368-014-0944-y
https://doi.org/10.1111/gwat.12426
https://doi.org/10.1016/S2095-3119(15)61249-7
https://doi.org/10.1016/S2095-3119(15)61249-7
https://doi.org/10.1007/s11356-022-22178-7
https://doi.org/10.1007/s11356-022-22178-7
https://doi.org/10.1016/j.soilbio.2018.10.013

	The impact of environmental factors on the transport and survival of pathogens in agricultural soils from karst areas of Yunnan province, China: Laboratory column simulated leaching experiments
	1. Introduction
	2. Materials and methods
	2.1. General approach
	2.2. Flow-through columns
	2.3. Orthogonal experiment design
	2.4. Sampling and analyses
	2.5. Statistical evaluation

	3. Results
	3.1. TBC and TCC in different soil depths and leaching times
	3.2. The results of the orthogonal experiments
	3.3. Temperature effect
	3.4. pH effect
	3.5. Porosity effect
	3.6. The relationship between TBC and TCC

	4. Discussion
	4.1. The temperature effect on microorganisms
	4.2. The pH and porosity effects on microorganisms
	4.3. The origination of the microorganisms in the groundwater
	4.4. Implication

	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

