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Abstract: Swine manure has a high load of pathogens, which can pose a risk to human and environ-
mental health. In Brazil, studies evaluating the survival of pathogens in soil are scarce. Therefore, this
study aimed to evaluate the survival, percolation, and leaching of enterobacteria in clayey soil after
fertilization with swine manure. For this purpose, soil columns were fertilized with manure spiked
with enterobacteria. The microorganisms’ behavior was monitored in terms of survival, percolation,
and leaching with and without rain. Soil samples were collected, and Escherichia coli and Salmonella
enterica serovar Senftemberg were quantified. The results indicated that E. coli survived for a longer
period (43 days) than S. senftemberg (14 days). E. coli percolated quickly through the soil, leaching
60 cm in less than 5 min during rainy events and remaining viable for up to 24 h after the rain. The
results show the importance of treating manure effectively before being added to the soil. An efficient
treatment could be anaerobic digestion, followed by a pond system. Considering the characteristics
of swine-producing regions, the load of effluents applied to the soil may percolate, leach, or run off
and consequently contaminate water bodies with pathogens.
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1. Introduction

Swine manure is a mixture of urine, feces, food residues, and water used in cleaning
activities and contains a high load of microorganisms [1]. The manure microbial com-
position can vary depending on factors such as age, the type of animal, feed, manure
dilution, and the storage technique [2], with a large bacterial population of saprophytic
microorganisms, pathogenic bacteria, viruses, and fungi, as well as gastrointestinal parasite
eggs and oocysts [3].

Of manure pathogens, special attention has been given to the enterobacteria group, as
they have been pointed out as responsible for more than 2.2 million annual deaths caused
by gastrointestinal problems [4]. Among enterobacteria, E. coli has been used as a fecal
indicator for decades, but it can also be a pathogen due to its different strains, such as En-
teroinvasive E. coli (EIEC), Enterotoxigenic E. coli (ETEC), Enteropathogenic E. coli (EPEC),
Enterohemorrhagic E. coli (EHEC), Uropathogenic E. coli (UPEC), and Enteroaggregative
E. coli (EaggEC) [5]. All around the world, diarrhea caused by pathogenic E. coli is responsi-
ble for 550 million diseases and 230,000 deaths each year [6]. Furthermore, prolonged oral
exposure to these fecal contaminants has been linked to environmental enteropathy, a sub-
clinical condition defined by chronic bowel inflammation that can contribute to structural
changes in the small intestine and immune dysfunction in the patient [7]. Although the
majority of E. coli types are innocuous, some variations are harmful to health and thus raise
the risk of waterborne pathogens, such as Salmonella spp.

Salmonella spp. are rod-shaped, Gram-negative bacteria, with over 2500 serovars, that
colonize the intestinal tract of animals and humans [8]. This bacteria has been reported
by the World Health Organization (WHO) to be one of the antibiotic-resistant priority
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pathogens, requiring urgent strategies for infection management, including the reduction
in this bacteria in environmental matrices [9].

Spreading manure on soil as a fertilizer is of special concern since it has been associated
with environmental and public health issues due to the presence of zoonotic microorgan-
isms, which can contaminate water [10] and may become associated with vegetable roots
and be internalized [11]. For a long time, scientists considered that soil could act as a filter
with the potential for self-purification, naturally reducing the pathogen load. However,
studies have reported the migration of pathogens in soil, both vertically and horizontally,
over a distance as far as 830 m [12]. This migration ability increases the possibility of water
contamination [12].

Because of complex interactions among microorganisms and soil constituents, such as
organic matter, and porosity, microbial transport across soils can differ [13]. Consequently,
certain soil types are more susceptible to microbial migration [9,10]. In a study by Mantha
et al. [13], Salmonella enterica leached more successfully through sandy soils than through
organic soils. Furthermore, higher bacterial survival in organic soils and a rapid decrease
in Escherichia coli (E. coli) concentrations in more nutrient-poor soil conditions have been
reported [14–18]. When compared to sandy soils, which present non-cohesive particles
and low organic matter retention, clayey soils offer greater water and nutrient retention
capacities, ensuring bacterial survival [19,20]. Certain studies have shown this effect.
For example, a study comparing E. coli O157:H7 survival after cattle slurry was applied
to clayey and sandy soils found that survival in clayey soils could last up to 16 weeks
compared to 8 weeks in sandy soil [21].

To facilitate the assimilation of manure or other liquid wastes into the soil matrix,
agricultural soil is frequently tilled. Due to this practice, the size distribution of macropores
changes, and the bulk density of the soil is temporarily reduced [22,23]. As a result, the soil
has a considerable impact on the dynamics of pathogen transfer to groundwater sources.
This necessitates a thorough understanding of pathogen movement and survival as they
traverse the soil profile [24].

Currently, Brazil is the fourth-largest swine producer in the world, and the generated
manure has been applied to soil as a fertilizer for many decades because it contains nutrients
beneficial to plants and improves the soil structure [25]. The estimated volume of manure to
be considered is determined from the daily volume excreted by the animal (8.6 L) for a herd
of 38,212,374 animals [26,27]. However, in these regions, studies evaluating the survival of
enterobacteria in soil are scarce. Therefore, we aimed to evaluate the survival, percolation,
and leaching of enterobacteria in clayey soil after fertilization with swine manure. We
spiked swine manure with Salmonella enterica Senftenberg (S. senftenberg) and E. coli and
applied it to clayey soil. We then evaluated the survival, percolation, and leaching of the
added enterobacteria.

2. Materials and Methods
2.1. Soil and Swine Manure Characterization

The soil and swine manure were sampled in the western region of Santa Catarina,
Brazil. For the characterization, each sample of soil was dried in an oven (100 ◦C). The
soil was then disaggregated with a mortar and pestle. All processes were carried out
according to NBR 6457 [28]. The soil samples were classified by particle size using NBR
7181 [29], Atterberg’s limits (liquid limit—LL; plastic limit—PL) using NBR 7180 [30] and
NBR 6459 [31], and the weight-specific grain value using ME 093 [32] (Table 1).
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Table 1. Characterization of the natural clayey soil.

Soil particle size

Clay–Ø < 0.002 mm (%) 72.0
Silt–0.002 mm < Ø < 0.06 mm (%) 22.5

Thin sand–0.06 mm < Ø < 0.2 mm (%) 1.8
Medium sand–0.2 mm < Ø < 0.6 mm (%) 2.2
Coarse sand–0.6 mm < Ø < 2.0 mm (%) 1.5

Boulder–2.0 mm < Ø < 60 mm (%) 0.0

Geotechnical characteristics

Liquid limit (%) 62
Plastic limit (%) 37
Plastic index (%) 25

Specific weight of grains (g cm−3) 2.85
Textural classification Clay

H.R.B *-A.A.S.H.T.O. ** A7-5
* Highway Research Board. ** American Association of State Highway and Transportation Officials.

The total solid content was quantified using a gravimetric assay [33]. Total organic
carbon was quantified using a TOC analyzer (Multi C/N 2100, Analytik Jena, Jena, Ger-
many), at a flow rate of 160 mL min−1, using oxygen as a carrier. The temperature was set
at 900 ◦C. Briefly, the samples were filtered through 0.45 µm membrane filters (Millipore,
Burlington, MA, USA), acidified with phosphoric acid (40% w w −1) (Sigma-Aldrich, EUA,
St. Louis, MI, USA), and injected (250 µL) immediately into the analyzer. Calibration curves
were generated by serial dilution of a stock solution of 1 g L−1 biphthalate (Synth, São
Paulo, Brazil).

Biological oxygen demand (BOD5) was determined in accordance with 5210-B, Stan-
dard Methods for the Examination of Water and Wastewater [33]. Alkalinity was deter-
mined by titration using sulfuric acid (0.1 M, Merck, Darmstadt, Germany) as a titrant.
Alkalinity was determined as CaCO3 L−1: [(M × A × 10,000)/V]; where M is molarity of
standardized acid (M); A is the acid volume dispensed to reduce sample pH to 4.5 (mL)
and V is total sample volume (mL) [33].

The ascorbic acid colorimetric method was used to measure the concentration of
phosphate-P (4500-P, Standard Procedures for the Analysis of Water and Wastewater [33]).
The reagent solution was prepared using 50 mL of sulfuric acid (5 N) (Sigma-Aldrich,
St. Louis, MI, USA), 5 mL of antimony potassium tartrate solution (Sigma-Aldrich, St.
Louis, MI, USA), 15 mL of ammonium molybdate solution (Synth, São Paulo, Brazil),
and 30 mL of ascorbic acid solution (Synth, São Paulo, Brazil). Subsequently, 0.8 mL of
this solution was added to 5 mL of the previously filtered samples (0.45 µm membrane
filter, Millipore, USA). After 10 min, the absorbance of each sample was measured in a
UV-Visible spectrophotometer (Pharo 300, Merck) at 880 nm. The standard curves were
generated by serially diluting a stock phosphate-P solution (0.05–0.2 mg-P L−1) (Merck,
Darmstadt, Germany).

Potentiometric analysis using a selective electrode method was used to measure
ammoniacal NH3-N (4500-NH3 D, Standard Procedures for the Analysis of Water and
Wastewater [33]). The reagent solution was prepared NaOH/EDTA (10 N) (Neon, Sao Paulo,
Brazil) and sodium hydroxide (10 N) (Neon, Sao Paulo, Brazil). The standard curves were
generated by serially diluting a stock NH3-N solution (0.1–1000 mg-NH3-N L−1) (Merck,
Darmstadt, Germany). The concentrations of nitrite-N and nitrate-N were determined
by the N-(1-naphthyl)-ethylenediamine dihydrochloride colorimetric method and were
measured at a wavelength of 550 nm (4500-NO2

-B and 4500-NO3
-F, Standard Procedures

for the Analysis of Water and Wastewater [33]). Calibration curves were prepared by
serial dilution of nitrite-N (0.1–2.0 mg-N L−1, Merck, Darmstadt, Germany) and nitrate-N
(0.1–3.0 mg-N L−1, Merck, Darmstadt, Germany). pH was determined using a pHmeter
(pH–mV, Hanna Instruments, Inc., Woonsocket, RI, USA). The data are shown in Table 2.
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Table 2. Physicochemical characteristics of swine manure used as a fertilizer.

Characteristic Value

Total solids (g L−1) 3–8
Total organic carbon (g L−1) 1.5–6.5

BOD5 (g L−1) 2.5–4.5
Alkalinity as CaCO3 (g L−1) 5–8

Phosphate (g L−1) 0.048–0.07
Total nitrogen (g L−1) 1.5–2

Ammoniacal nitrogen (g L−1) 0.9–1.5
pH 7.9

2.2. Preparation of the Bacterial Inoculum

For the preparation of the inoculum spiked in swine manure, standard strains of
E. coli and S. enterica serovar Senftemberg were spread on nutrient agar (Kasvi®) and
incubated at 37 ◦C for 24 h. Following this, batches of bacterial colonies were gradually
added to 10 mL of a 0.9% saline solution until they reached turbidity comparable to the 0.5
McFarland standard (Remel®), which contains 1.5 × 108 bacteria per mL. This suspension
was combined with swine manure and immediately applied to the soil. The volume of
swine manure used in this study was comparable to that applied to corn, wheat, and
soybean crops (50 m3 ha−1) [34].

2.3. Microbial Survival Assay

The sampled soil was deposited in 1 L reactors that were artificially contaminated with
bacterial suspensions containing E. coli and S. senftemberg at concentrations comparable to
the 0.5 McFarland standard (Remel®). Samples were collected at time zero (T0), daily, and
every 5 days until all bacteria died. For E. coli quantification, samples were serially diluted
at base 10, then placed at different depths in Chromocult® Agar [35], and incubated at 37 ◦C
for 24 h, and the count of typical colonies was determined according to the manufacturer’s
instructions. To quantify S. senftemberg, the samples were serially diluted to base 10 in
saline solution and placed on XLD Agar [36] for 24 h incubation at 37 ◦C, followed by
standard colony counting according to the manufacturer’s instructions. The results are
represented as colony-forming units (CFU).

2.4. Microbial Percolation Assay

Three soil column reactors, 70 cm high and 30 cm in diameter, fabricated in polyvinyl
chloride tubes (PVC tubes) were used in the experiment. On the side, 1 cm diameter access
slots were made at depths of 10, 20, 40, and 60 cm, to allow the soil sample collection during
the experiment.

The soils were rearranged in the columns in the same order in which they were
removed from the original place on the farm (up to 60 cm deep). The columns were left
alone for a week to allow the soil to stabilize [34]. Then, soils were fertilized with swine
manure artificially contaminated with known concentrations of model bacteria. To monitor
the percolation of microorganisms in the soil, 1 g soil samples were collected at different
depths [34]. Samples were collected regularly until all bacteria died.

2.5. Microbial Leaching after Rain

To carry out the leaching experiments, after fertilization, the soil columns were exposed
to a precipitation of 53 mm (at an environmental temperature of 20 ◦C). This experiment
was conducted on a rainy day, representing the real conditions that occurring in the field.
The rain volume was measured to calculate the precipitation. A tap was installed at the
bottom to allow the leaching liquid to be collected. The leaching liquid from the soil was
collected using a sterile collector tube, at times 2, 4, 8, 12, 24, 36, and 48 h after the rain and
the enteric bacteria quantified [34].
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2.6. Inactivation Kinetics

The inactivation coefficient and the time required for a 1 Log10 reduction of model
bacteria (T90 = 1/−k) were calculated according to Ottoson et al. [37], considering the linear
regression curve with r2 ≥ 0.75.

2.7. Statistical Analysis

T-test was used to evaluate the changes in enteric bacteria behavioral profiles in
soil over time. One-way analysis of variance (ANOVA) was used to evaluate differences
between the depths, using a 95% confidence level, followed by Bonferroni’s multiple
comparison test (GraphPad Prism 5.0). The critical p-value for the test was set at ≤0.05.

3. Results and Discussion
3.1. Enterobacteriaceae Decay Profile in Soil

The survival of pathogenic enterobacteria in clayey soil fertilized with swine manure
spiked with E. coli and S. senftemberg is depicted in Figure 1. After 7 days, the E. coli
concentration decreased by 90% (1 log10) and remained stable for 25 days; a significant
decrease in E. coli concentration was observed after 43 days (p < 0.05). A different response
was found for S. senftemberg (Figure 1B), where it required 9 days to reduce the concen-
tration by 90% (1 log10). Additionally, 13 days were required for the elimination of S.
senftemberg (104 CFU). It is worth noting that untreated swine manure can present an E. coli
concentration of 107 MPN 100 mL−1 [38], so even after a 90% reduction, the bacteria load
in manure remains high and is able to contaminate soil, where it can be active for more
than 30 days. According to the World Health Organization, the recommendation for water
reuse is an E. coli concentration lower than 103 MPN mL−1 for the fertigation of cultures
not directly consumed [39]. Previous studies conducted by our group showed that swine
manure treatment consisting of anaerobic digestion followed by a pond system is suitable
to remove pathogenic bacteria, leading to concentrations below 103 CFU [40]. However,
a low concentration of E. coli does not guarantee the absence of other pathogens, such as
viral particles, which have environmental survival times greater than two months [41].

Pathogen survival in environmental matrices is affected by factors such as climatic
conditions, temperature, pH, agrochemicals, aeration, soil type, and the presence of other
microorganisms (due to predation or competition) [42,43]. Additionally, survival can be
influenced by plants cultivated in the soil; Maule [44] reported that the greatest survival of
bacteria occurs in soil containing rooted grass.

Similar results were observed after applying livestock manure to soil, where E. coli
O157:H7 and Salmonella persisted in the soil for up to one month after its application to
both sandy and clayey grassland soils [45]. Studies on the soil application of swine manure
revealed that after the 20th day, the quantity of bacteria decreased very slowly, independent
of the amount of sludge used, such that after 80 days, an estimated concentration of 103

CFU dry matter−1 remained in the soil [46]. The estimated average time required to obtain
undetectable E. coli concentrations in sandy soil ranged from 56 to 70 days [47].

E. coli O157:H7 continued to survive after 60 days in Brown soil sand and silts, with
a decrease of 0.7 to 2.5 log10 CFU g−1. During the same period, the E. coli O157:H7
concentration in Brown soil clay containing natural organic matter increased by 0.58 log10
CFU g−1 compared to the original inoculation (from 6.68 to 7.26 log10 CFU g−1) [48]. On
the other hand, the concentration of E. coli O157:H7 in Brown clay without natural organic
matter had been reduced to undetectable levels by day 24 [48]. The clay concentration in
soil has been recognized to have a significant impact on enterobacteria survival in soil,
typically improving survival. Some of the most common clay minerals found in soils
include kaolinite, montmorillonite, and illite [20]. Brennan et al. [20] studied the effect of
clay mineral type on bacterial enterobacteria survival in soil. As a result, after 96 days of
experimentation, the reduction in E. coli O157:H7 in the soil was 106 CFU g, whereas, with
the addition of kaolinite, montmorillonite, and illite, the reduction was 104, 103, and 102

CFU g, respectively.
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Clay minerals constitute the most active inorganic colloid components in soils, influ-
encing bacterial adhesion, metabolism, colonization, and biofilm formation [49,50]. Clays
with the highest surface areas and specific surface electrical characteristics were more
efficient than silts and sands in attaching E. coli O157:H7 [48]. The attachment of bacteria,
the first step in biofilm formation, stimulates the organism to produce extracellular poly-
meric substances such as polysaccharides, proteins, lipids, and nucleic acids, which form a
protective matrix around the bacterial surface and protect cells from adverse environmental
conditions [51]. In this respect, higher adhesion led to gradually longer E. coli O157:H7
survival in clay soil [48]. Surface-attached bacteria may have a different physiological or
metabolic state in terms of gene transcription for growth and metabolism, which increases
the chances of microbial species establishing and persisting in difficult environments [52].

3.2. Decay Kinetics of Enterobacteriaceae in Soil

Pathogens discharged with manure particles are exposed to various processes and
routes that decide their die-off or growth, as well as their final deposition or fate [53].
Nevertheless, to contaminate water resources and possibly infect humans or animals, a
pathogen must be able to survive after fertilization and endure the processes it may face
at the soil surface, during transit through the soil, or after entrainment in the overland
flow [54,55]. According to the findings in this study, S. senftenberg had a greater inactivation
rate (0.096 d−1) compared to E. coli (0.1029 d−1) (Table 3). Additionally, for E. coli, a 90%
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reduction takes 9.71 days. S. senftemberg requires 10.4 days to be 90% inactivated (1 log10).
Similar T90 values were obtained in sandy soils after swine digestate application for S.
enterica Typhimurium (11.9 d) and E. coli O157:H7 (10.75 d) [34]. The inactivation coefficient
(k) can be influenced by enterobacteria-specific and clayey mineral properties, as shown
by Brennan et al. [20]. In this regard, E. coli O157:H7 exhibited k values of 0.30, 0.23, 0.15,
and 0.06 in clayey soil (without mineral addition), a soil kaolinite mix, a soil illite mix, and
a soil montmorillonite mix, respectively, whereas Salmonella Dublin exhibited k values of
0.30, 0.18, 0.20, and 0.05 in the clayey soil (without mineral addition), soil kaolinite mix,
soil illite mix, and soil montmorillonite mix, respectively [20].

Table 3. Inactivation coefficient (k), 90% reduction (T90) and correlation coefficient (r2) obtained from
the linear model of the decay kinetics of E. coli and S. senftenberg in soil fertilized with swine manure.

Microorganism k (d−1) T90 (d) r2

E. coli 0.1029 9.71 0.85
S. senftenberg 0.096 10.42 0.94

3.3. Percolation of Enterobacteriaceae in Soil

As shown in Figure 2A, E. coli was found up to a depth of 60 cm 48 h after swine
manure application, most likely due to fertilizer drag. There was a significant reduction
(p < 0.05) in the first five days at soil depths of 10 cm and 20 cm. E. coli strains remained
viable in the soil column, similar to the survival results depicted in Figure 1A. S. senftemberg
(Figure 2B) did not penetrate the deepest soil layers, reaching only a depth of 20 cm.
There was a significant decrease in the S. senftemberg concentration in the layers of soil (10
and 20 cm) in the first 48 h and a reduction to zero by the 16th day after swine manure
application (p < 0.05).
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The movement of microorganisms in soil is influenced by intrinsic microbial features
such as size, shape, cell surface characteristics, and biochemical and enzymatic proper-
ties [56]. In this sense, the differences observed between the bacteria used in this study
could be explained by the cell size, where Salmonella enterica is a rod-shaped bacteria rang-
ing from 2.2 to 5.0 µm [57], while E. coli cells are smaller at 1–2 µm [47,58], with smaller
cells percolating longer.

The number and size of microbial cells impact the settling velocity of manure. Mi-
croorganisms have a low density in general; hence, they are likely to remain suspended
once entrained [54]. Suspended bacteria present in swine manure can travel quickly across
the profiles of well-structured soils at moderate to high rates of water content through
macropores and worm-holes. Any field soil that has macropores and receives enough
water to fill these holes is likely to facilitate the fast transport of suspended bacteria to
the depth at which these macropores are continuous [59]. A sandy soil with wider pores
will allow for easier passage through the soil matrix than a clayey soil with fewer pore
spaces [60]. Chemotactic migration permits motile bacteria to move more efficiently in
response to environmental conditions (favorable or otherwise). They may also be capable
of swimming toward soil pores and surface irregularities that would otherwise be inacces-
sible [60]; hence, their transport capability is increased. Others can use flagellar motion to
move toward helpful substances such as nutrients, which promotes more mobility across
the environmental medium [12].

Members of the Pseudomonas, Achromobacter, Bacillus, Flavobacterium, and Enterobacter
genera have exhibited different transport potentials [61]. Sepehrnia et al. [17] reported
that E. coli cells are expected to be more influenced by hydrodynamic forces compared
to smaller-sized bacteria [17,62]. The adhesion of Salmonella to soil has been shown to be
correlated with cell surface hydrophobicity [63]. Huysman and Verstraete [64] found that
hydrophobic strains were 2–3 times slower to percolate through soil columns, as observed
with the Salmonella in the present study.

3.4. Leaching of E. coli in Soil

Rain can promote the survival of pathogenic bacteria by keeping the soil wet, and it
can also move bacteria through the soil to more or less suitable areas, as well as potentially
contaminate groundwater [65]. Figure 3 shows the behavior of E. coli in clayey soil fertilized
with swine manure exposed to rain. The samples obtained in this phase of the study
were not from soil, but from the liquid fraction (leachate) that exceeded 60 cm of the soil
column, simulating rains on swine-manure-fertilized soil. As a result, after 5 min of rain,
approximately 103 CFU reached a depth of 60 cm, and after 48 h, all water had percolated
and the total bacteria concentration was reduced. This result indicates that the bacteria
leaching in the first 24 h and the water eliminated in the last 24 h correspond to the water
retained in the soil particles.

Furthermore, the use of liquid manure is predicted to improve microbial release and
transport efficiency [66]. Manure compounds in liquid-based materials are more quickly
recoverable and more influenced by the impact of precipitation or the flow of water than
solid-manure compounds, which are more aggregated (adhered to material surfaces) [67,68].
Thus, since bacteria have greater mobility in the liquid phase than in the solid phase, liquid
manure tends to be more uniformly polluted than solid manure [69].

Other studies reported the depth-dependent survival of E. coli and enterococci in soil
following manure application and simulated rainfall of 30, 60, and 90 mm. In the first few
days, E. coli concentrations increased and then gradually decreased to the initial amount;
however, enterococci populations decreased at the beginning and were inactivated after
4 weeks, except when 30 mm of rain was applied: in this condition, the survival was longer
than the 21 days of the experiment [70]. The bacterial activity decreases by one or two
orders of magnitude for every 2 m of depth [71].



Int. J. Environ. Res. Public Health 2023, 20, 5283 9 of 12

Int. J. Environ. Res. Public Health 2023, 20, x FOR PEER REVIEW 9 of 13 
 

 

Members of the Pseudomonas, Achromobacter, Bacillus, Flavobacterium, and Enterobacter 
genera have exhibited different transport potentials [61]. Sepehrnia et al. [17] reported that 
E. coli cells are expected to be more influenced by hydrodynamic forces compared to 
smaller-sized bacteria [17,62]. The adhesion of Salmonella to soil has been shown to be 
correlated with cell surface hydrophobicity [63]. Huysman and Verstraete [64] found that 
hydrophobic strains were 2–3 times slower to percolate through soil columns, as observed 
with the Salmonella in the present study. 

3.4. Leaching of E. coli in Soil 
Rain can promote the survival of pathogenic bacteria by keeping the soil wet, and it 

can also move bacteria through the soil to more or less suitable areas, as well as potentially 
contaminate groundwater [65]. Figure 3 shows the behavior of E. coli in clayey soil ferti-
lized with swine manure exposed to rain. The samples obtained in this phase of the study 
were not from soil, but from the liquid fraction (leachate) that exceeded 60 cm of the soil 
column, simulating rains on swine-manure-fertilized soil. As a result, after 5 min of rain, 
approximately 103 CFU reached a depth of 60 cm, and after 48 h, all water had percolated 
and the total bacteria concentration was reduced. This result indicates that the bacteria 
leaching in the first 24 h and the water eliminated in the last 24 h correspond to the water 
retained in the soil particles. 

Furthermore, the use of liquid manure is predicted to improve microbial release and 
transport efficiency [66]. Manure compounds in liquid-based materials are more quickly 
recoverable and more influenced by the impact of precipitation or the flow of water than 
solid-manure compounds, which are more aggregated (adhered to material surfaces) 
[67,68]. Thus, since bacteria have greater mobility in the liquid phase than in the solid 
phase, liquid manure tends to be more uniformly polluted than solid manure [69]. 

 
Figure 3. E. coli leaching profile in swine manure fertilized soil exposed to 53 mm rain. 

Other studies reported the depth-dependent survival of E. coli and enterococci in soil 
following manure application and simulated rainfall of 30, 60, and 90 mm. In the first few 
days, E. coli concentrations increased and then gradually decreased to the initial amount; 
however, enterococci populations decreased at the beginning and were inactivated after 4 
weeks, except when 30 mm of rain was applied: in this condition, the survival was longer 
than the 21 days of the experiment [70]. The bacterial activity decreases by one or two 
orders of magnitude for every 2 m of depth [71].  

All of these findings highlight the diverse behavior of microorganisms in soil, de-
pending on the soil type, microbial strains, manure load, and environmental conditions 

Figure 3. E. coli leaching profile in swine manure fertilized soil exposed to 53 mm rain.

All of these findings highlight the diverse behavior of microorganisms in soil, depend-
ing on the soil type, microbial strains, manure load, and environmental conditions such
as rain volume. During the application of manure without rain, there is a long survival
period, but not with a long spread; in rainy periods, vertical leaching occurs faster. In
this context, farmers should be encouraged to use environmentally friendly agriculture
and manure management practices. Given the diversity of agricultural conditions, such
farm and manure management solutions should be adaptable and pragmatic in design. A
comprehensive combination of tactics that considers geographical, environmental, sociocul-
tural, and economic differences would be suitable. Farmers’ knowledge and understanding
must be improved, particularly in rural regions. It is critical to emphasize the need to use
effective manure treatments and avoid applying new/raw manure [72].

4. Conclusions

This work evaluates the behavior (survival and percolation) of E. coli and S. senftemberg
in clayey soils fertilized with swine manure. The results indicate that E. coli survives for a
longer period (43 days) than S. senftemberg (14 days); E. coli percolates quickly through the
soil. During a rainy event (53 mm), E. coli percolated 60 cm in less than 5 min, and it was
possible to find viable bacteria up to 24 h after the rain. The results show the importance
of reducing enteric pathogens in animal manures before their field application, which
is critical for lowering the risk of produce-related foodborne diseases. Considering the
characteristics of swine-producing regions, the load of effluents applied to the soil may
exceed the self-purification capacity of the environment, and percolation or surface runoff
may occur, with the consequent contamination of water bodies by pathogens.
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