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Abstract

:

Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) is widespread in European pig production, and an increasing number of humans attract infections with this bacterium. Although most infections occur in humans with direct livestock contact, an increasing number of infections occur in humans without any established livestock contact. There have been speculations that at least some of these infections may be connected to the exposure of liquid pig manure for example spread as fertilizers. The present study therefore undertook to measure the presence of LA-MRSA in liquid pig manure and on the surface of soils fertilized with liquid manure and investigate the survival of the bacterium in manure. The results showed that LA-MRSA could be detected in 7 out of 20 liquid manure samples and in 12 out of 186 soil samples. However, the bacterium was not more frequently detected in samples collected after compared to before the spreading of liquid manure on the fields, thus suggesting that other sources of LA-MRSA on agriculture fields likely exist. The decimation time in liquid manure was >32 days at 5 °C in vitro but decreased with increasing temperature. Based on these results, liquid manure does not appear to be an important risk factor for human exposure to LA-MRSA.
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1. Introduction


Several studies have investigated the occurrence of antibiotic residues and antibiotic-resistant bacteria in manure from farms, particularly in pig manure, and it has been shown that both are common in manure [1]. Furthermore, a German study demonstrated that liquid pig manure generally contained more bacteria that were resistant to several antibiotics than urban sewage sludge [2]. Similar results were also demonstrated in a study conducted in Korea [3]. While previous investigations foremost have focused on Escherichia coli or enterococci, or applied metagenomics, few studies have so far to our knowledge investigated the occurrence of methicillin-resistant Staphylococcus aureus (MRSA) in pig manure, and none have addressed the survival of this bacterium in manure.



MRSA was first described in the 1960s in humans but has since then become widespread in the world in both humans and animals [4]. Various clonal lineages of MRSA are recognized, some mostly connected to humans, while others are more connected to animals—so-called livestock-associated MRSA (LA-MRSA). One such strain of LA-MRSA is CC398, which was first described in 2005 [5] and has since then spread extensively through European animal production [6,7,8]. In Denmark, LA-MRSA CC398 is widespread and is found in most pig herds [9,10] and, although to a lesser extent, also among other animal species [9,11,12]. CC398 is readily transferred to humans principally via direct animal contact, and consequently, farm workers, veterinarians, and slaughterhouse workers have been shown to carry LA-MRSA more often than the rest of society [13,14,15]. Furthermore, infected or contaminated persons can also transmit LA-MRSA to other members of their household [16]. This is also reflected in the fact that LA-MRSA is considerably more widespread in rural areas compared to urban areas [17].



While most human LA-MRSA carriers have direct or indirect contact with livestock, an increasing number of persons living in rural areas have been found to be carriers or infected with this bacterium without any recognized livestock contact. The transmission routes for these people are unknown although there are indications that some might have had some unrecognized, indirect livestock contact [17,18]. It has also been suggested that LA-MRSA could spread to the surrounding human population from farms via ventilation systems, flies escaping barns, or contaminated manure spread on farmland as fertilizers, but studies are scarce and nonconclusive [18,19]. New studies suggest that LA-MRSA can survive on house flies for at least 72 h [19]. It remains uncertain whether these sources contribute to the spreading of LA-MRSA into society. However, proximity to fields applied with pig manure was shown to be an independent risk factor of MRSA infections in humans in a study from the US [20]. While a limited number of studies have investigated the occurrence of MRSA in manure, it is well known that various MRSA strains can be detected in wastewater treatment plants [21].



The present investigation aimed to elucidate (i) whether and to which extent LA-MRSA occurs in liquid pig manure, (ii) whether it can be detected on soil surfaces before and after spreading of liquid pig manure, and (iii) for how long LA-MRSA survives in liquid pig manure and the effect of temperature on the survival. This type of information is much needed to perform risk analyses for human exposure of LA-MRSA from liquid pig manure used as fertilizer.




2. Results


An overview of sample types analyzed with in vitro studies is given in Supplementary Table S1.



2.1. Survival of LA-MRSA in Natural Positive Manure


LA-MRSA in natural positive pig manure had a decimation time of at least 32 days at 5 °C and almost 15 days at 15 °C. At 37 °C, LA-MRSA was undetectable already after 24 h. The natural positive manure stayed LA-MRSA positive by enrichment throughout the study time of one month. The natural load of LA-MRSA in natural positive pig manure was 20–115 CFU/mL.




2.2. Survival of LA-MRSA in Spiked Manure


LA-MRSA in spiked pig manure had a decimation time of up to 30.5 days at 5 °C. The survival of spa-type t011 and t034 did not differ but was markedly temperature dependent (Table 1).



In addition to temperature, the initial load of LA-MRSA also influenced the decimation time, with the high spiking dose having a longer decimation time than the low spiking dose (Figure 1). White = t011 low load, light gray = t034 low load, gray = t011 high load, semidark gray = t034 high load, dark gray = natural sample 100 CFU/mL, black = natural sample = 20 CFU/mL.



The survival curves for LA-MRSA in both natural positive and spiked manure samples are shown in Figure 2. Closed square = t034 107 CFU/mL, open square = t011 107 CFU/mL, closed triangle = t011 102 CFU/mL, open triangle = t034 102 CFU/mL. Figure 2A is at 5 °C, closed circle = natural pos. sample 20 CFU/mL, open circle = natural sample 100 CFU/mL. Figure 2A1, 5 °C, is a close-up of low levels from Figure 2A. Figure 2B is 15 °C, circle closed = natural sample 100 CFU/mL. Figure 2C is 25 °C and Figure 2D 37 °C. With a high spiking level the decay of LA-MRSA, until decimation time, at 5 °C could be explained by exponential regression, whereas the decay at 15, 25, and 37 °C could be explained by linear regression. The decay in samples with low spiking, irrespective of temperature, was less predictable and could not be described by either linear or exponential regression. At 5 °C LA-MRSA was stable until Day 7, whereas an initial slight increase in LA-MRSA was observed at 15, 25, and 37 °C, before a continuous decay of LA-MRSA could be detected (Figure 2).




2.3. Screening of LA-MRSA in Manure Storage Tank Samples from Farms


The screening of manure showed that 37% (7/19) of the screened tanks were positive for LA-MRSA. All positive samples were positive by direct plating on selective MRSA 2 agar with a range of 5–280 CFU/g (mean = 83 CFU/g).




2.4. LA-MRSA in Boot Sock Samples from Fields before and after Fertilization


Five fields were identified as LA-MRSA positive in ≥1 sample before fertilization, and three fields were found LA-MRSA positive in ≥1 sample after fertilization (Table 2).



Three fields went from a LA-MRSA-positive status before to LA-MRSA-negative status after fertilization, whereas two fields were LA-MRSA positive before as well as after fertilization. However, none of the farms with a LA-MRSA-positive field status had detectable LA-MRSA in the manure tanks. A single field was found LA-MRSA negative prior to fertilization and positive for LA-MRSA after, with that farm also negative for LA-MRSA in the manure sample. In positive samplings, between one and three out of the five pairs of sock samples were found positive (Table 2). There was no statistical difference (p < 0.05) between the number of farms positive for LA-MRSA in soil samples, nor the total number of boot sock samples positive before and after the spreading of manure.





3. Discussion


To our knowledge, no studies have so far addressed the presence of LA-MRSA in liquid manure tanks and the contribution of this liquid manure to the contamination of agricultural fields with LA-MRSA, nor have studies been carried on the survival and decimation times of LA-MRSA in manure as a function of temperature. This investigation was carried out to elucidate these matters.



Our results show that LA-MRSA can survive for at least 32 days at 5 °C and 15 days at 15 °C in liquid pig manure (Table 1). The investigated temperatures were chosen to represent expected low and high temperatures in Danish manure tanks. The decimation time in the manure spiked with 2.87 × 107 CFU/mL LA-MRSA was at least 6.5 days at 15 °C. A previous study by Munch et al. [22] reported similar decimation times for Staphylococcus aureus in liquid manure and also a marked dependence on temperature. In addition, these authors reported a marked difference between aerated and nonaerated liquid manure, i.e., a mean decimation time of 0.7 weeks at 18–20 °C and 2.6 weeks at 6–9 °C in aerated liquid manure but 0.9 and 7.1 weeks, respectively, in nonaerated liquid manure. A decimation time up to 17 weeks was reported [21]. As such, our results on the survival time and decimation time for the two different LA-MRSA strains seem equal to those of methicillin-susceptible S. aureus. Additionally, Levin-Edens et al. [23], who compared the survival of MRSA strains in water in microcosms at 13 °C and 20 °C, found longer survival times of MRSA at the lower temperature. In addition, these authors found longer time survival in marine water compared to freshwater.



Although the present survival studies were carried out in laboratory set-ups, we are confident that the results are applicable to field conditions. Regarding the risk of the environmental dissemination of LA-MRSA through manure, our results indicate that LA-MRSA is indeed able to survive during normal liquid manure storage conditions. Furthermore, the duration of LA-MRSA survival that we observed in the in vitro experiments is sufficient to account for the risk that the LA-MRSA can pass through the storage tank and reach the fertilized fields in a viable state during seasons of manure application. Storage of swine slurry with retention time before application on fields might decrease the number of viable LA-MRSA passed on to the environment. It must be anticipated that LA-MRSA is continuously led to the storage tank from the barns, i.e., the detected LA-MRSA can, in principle, be between 0 days and up to several months old. This may have an impact on the viability of the bacterium after application on the fields. Investigations on S. aureus have demonstrated that the bacterium may enter a viable but nonculturable (VBNC) state when stored in seawater. At 4 °C, the bacterium was able to survive for at least 120 days under these conditions [24]. Such adaptations to challenging environments might take place in MRSA in manure, too. Studies on the survival of LA-MRSA in dust in pig farms indicated a half-life of 5 days at room temperature, corresponding to a decimation time of approximately 17 days [25], which is somewhat longer than the decimation time (2.5–6.5 days, Table 2) we found in liquid manure at 25 °C.



The survival time of LA-MRSA after application of the manure on the fields is not known and needs to be further investigated. It must be anticipated that the degradation of the bacterium will depend on several physical and chemical factors, such as seasonal ambient temperature, precipitation, UV irradiation from sunlight, chemical and nutritional composition of the soil, concurrent antagonistic microflora, etc. Likewise, liquid manure is now more often deposited some centimeters below the soil surface to reduce smell disturbances for the neighbors and reduce nitrogen loss. This is likely to also impact the deposition of LA-MRSA on the soil surface and thereby the risk to human exposure.



People living in rural, livestock-dense areas are significantly more often positive for LA-MRSA than people living in urban areas [13,17,26], and there is a clear association between the likelihood of being LA-MRSA positive and the intensity and duration of livestock contact [27,28]. Although the majority of LA-MRSA-positive persons have direct (farmworkers, slaughterhouse workers, livestock transporters, veterinarians) or indirect livestock contact (household members, visitors to farms), there are still persons with no animal contact who become LA-MRSA positive. Casey et al. [20] found that the risks of community-acquired MRSA (CA-MRSA), healthcare-associated MRSA (HA-MRSA), and soft-tissue infections (unknown etiology) all increased significantly with higher swine manure exposure. A similar but less strong association was found with cattle manure [20]. The relation was not affected by distance to crop fields as such but solely by exposure to manure-treated fields [20]. Additionally, high-density swine production was an independent risk factor for both HA-MRSA, CA-MRSA, and soft-tissue infections [20]. Consequently, public concern has been raised, in particular from neighbors to pig farms, as to the risk associated with manure. In the present study, we therefore set out to measure the presence of LA-MRSA in liquid pig manure as well as on fields where manure had been spread, and we studied the survival of LA-MRSA in liquid pig manure.



The fact that LA-MRSA was not found in all manure samples, despite that all farms were LA-MRSA positive among the pigs, together with the observation that LA-MRSA was detected in some soil samples before the spreading of manure on some locations, and not after spreading of manure on other locations, suggests that manure is probably not an important source of LA-MRSA in the environment and consequently not an important source for human exposure. Likewise, the fact that we found more sock samples from soil positive before the spreading of manure than after suggests that other sources of LA-MRSA in the environment are more important. A reason why soil samples from a field can be positive before the spreading of manure but negative after (Table 1) may be that the LA-MRSA on the fields before the spreading of manure is the result of the precipitation of LA-MRSA from outlet air from the stables downwind. They may have disappeared due to sun irradiation, rainfall, or other factors before the spreading of manure. Additionally, the concentrations of LA-MRSA in the manure may have been so low that levels after spreading on the soil have gone below the detection limit. However, this needs to be further investigated.



It is well known that LA-MRSA is present in both air and dust in pig farms and constitutes a major exposure risk to farmworkers [29,30]. Studies by Friese et al. [31] and Schulz et al. [32] of samples from air and soil collected outside pig and poultry farms showed that LA-MRSA could be detected in air samples downwind but not upwind from the farms and on soil at least 300 m downwind but much less upwind. Gibbs et al. [33] also found significantly more resistant bacteria in the air plume downwind from a pig farm than upwind. Schulz et al. [32] found more samples positive during the summer period, which makes sense since more ventilation is needed during the summer season and consequently gives more exhaust air outlet from the farms.



Concentrations of LA-MRSA may be high inside pig farms, especially in the weaning sections. Schulz et al. [32] found 6–3.619 (median = 151) CFU/m3, which corresponds well with figures obtained by Hansen [34], who found 0–8.650 CFU/m3, and Bӕkbo et al. [35], who found an average of 16–40 CFU/m3 in a weaning-to-slaughter farm. The ventilation systems on a pig farm may exchange thousands of cubic meters of air per day, which means that exhaust air lets out tremendous numbers of LA-MRSA and other bacteria to the surroundings, where they may gradually sediment on soil surfaces. This may explain why we found some of our soil samples positive for LA-MRSA before the spreading of manure and that the number of positive samples did not increase after spreading.



In conclusion, we found that liquid pig manure may contain LA-MRSA, although in modest concentrations. When spread on agricultural soil surfaces as fertilizer, LA-MRSA may be diluted to undetectable levels. Although liquid manure must be considered a source of contamination of the environment with LA-MRSA, we believe it must be considered a low risk for humans. During in vitro experiments, we demonstrated that the bacterium can survive for several weeks at low temperatures.



LA-MRSA is only one concern with respect to antimicrobial-resistant bacteria, antimicrobial resistance genes, and antimicrobial residues in manure. It is well known that manure contains antimicrobial-resistant bacteria as well as residues [1,2,3]. How these bacteria and residues affect the microbial populations indigenous to soil is less well studied, and it is likewise unknown for how long they persist and to which extent resistance genes are transmitted between bacteria in soil. Further studies seem needed to investigate the survival of LA-MRSA in and on soil and whether the resistance mechanism can be transferred to soil bacteria.




4. Materials and Methods


The study included laboratory experiments and field studies. In the laboratory, the decimation times of LA-MRSA in both natural LA-MRSA CC398-positive pig manure and LA-MRSA CC398-spiked pig manure at different temperatures was examined. In the field study, the LA-MRSA status of pig manure storage tanks and of fields before and after fertilization with manure from the same storage tanks was investigated. The field study was designed to reflect the LA-MRSA CC398 dissemination from a fertilized field to a human pedestrian taking 50 steps on the fertilized field.



4.1. LA-MRSA Survival in Liquid Pig Manure


4.1.1. Study Design


Positive manure was defined as unspiked manure found positive for LA-MRSA either by direct plating or after an enrichment step, whereas negative manure was defined as unspiked manure not found positive for LA-MRSA. The survival of LA-MRSA in both positive liquid pig manure and in spiked manure was analyzed. The survival was analyzed both as the decimation time and as the absolute survival time. Negative pig manure samples were included as negative controls. All samples (positive, spiked, and negative controls) were kept in sealed plastic containers in the dark and without aeration or rotation. Each sample type was prepared in 3 or 4 series in parallel, with one from each series kept at temperatures of 5, 15, 25, and 37 °C (see Supplementary Table S1 for details). For every sample at each temperature, a count of colony-forming units (CFU) was carried out every 24 h until the samples were negative or up to a maximum of 80 days.




4.1.2. LA-MRSA Strains


For spiking, two strains of LA-MRSA CC398 were examined in parallel. Both strains had previously been obtained from conventional Danish pig farms. Strain 1 belonged to spa-type t034, and Strain 2 belonged to spa-type t011 (spiking Strains 1 and 2, respectively).




4.1.3. CFU Counts and Estimation of Decimation Rates


A 100 µL volume of the samples was used for serial ten-fold dilutions in phosphate-buffered saline (PBS). From each dilution, 100 µL was plated in duplicate on selective BrillianceTM MRSA 2 plates (Oxoid, Basingstoke, UK). The plates were incubated at 37 °C for 18–24 h, and positive colonies, according to the manufacturer’s instructions, were then counted on all plates. CFU counts were then converted to CFU/g manure according to the criteria specified by ISO 4833 [36].



The CFU/g were plotted for each day, and these plots were used to calculate the decimation time. When the CFU/g over time depicted a linear regression, the decimation time (T90) was calculated as (T90) = (y − b)/a. When the CFU/g over time depicted an exponential regression, the decimation time (T90) was calculated as (T90) = (Ln(y/b))/a, where y is the CFU/g at spiking time 0, b is the intercept of the line on the y-axis, and a is the slope of the line.




4.1.4. Spiking Dosages


The two spiking strains were each inoculated in swine manure at a low (~103 CFU/mL) or high (~107 CFU/mL) dosage. At start, time 0, all spiked samples were plated in parallel onto blood agar plates containing 5% calf blood and on MRSA 2 agar, which was done to confirm the dose and to confirm that growth on the MRSA 2 plates correlated to growth on the blood agar plates.





4.2. LA-MRSA in Liquid Manure Storage Tank Samples and Agriculture Fields


At 19 conventional pig farms, fields before and after fertilization and manure storage tanks were screened between March and April 2017.



Storage tank samples were taken once from each farm 2–14 days before fertilization of the fields, and the samples were taken directly from the tank at a depth of at least 1 m below the surface to avoid the floating top layer of manure. All samples were stored at 5 °C and processed within 72 h. To increase detection sensitivity, manure was, in addition to CFU plating, also cultured using broth enrichment, with 1 mL of sample inoculated in 9 mL of Mueller–Hinton broth supplemented with 6.5% NaCl (MHB+), and serial ten-fold dilutions were prepared. Following 18–24 h of incubation at 37 °C with rotation, a 10 µL loopful of each enriched culture was plated on Brilliance MRSA 2 agar and assessed for MRSA.



Agriculture fields were sampled using boot sock samples (Sodibox, Névez, France) as described in Skov et al. [37]. Samples were taken from a single field on each farm within 2 weeks before and 3–8 days after fertilization (“field samples before” and “field samples after,” respectively). A total of 50 steps per field were taken by five sets of sock samples covering a field area of approximately 200 m2. For each sock sample, five steps were taken into the field and back out again, beginning at the verge of the field and walking straight into the field and back. The left and right socks were then pooled in a sterile plastic bag producing one sock sample representing 10 steps of field walking within the outermost 5 m of the field area. Then, ten steps were taken alongside the verge of the field, where new protective plastic overdrafts and a pair of socks were put on, and the ten-step sampling was repeated. Thus, five samples were processed from each field per sampling, each consisting of one pair of socks.



Boot sock samples were kept at 5 °C and analyzed within 72 h after collection. A volume of 100 mL MHB+ was added to each sock sample and stomached for 2 min and 30 s followed by incubation at 18–24 h at 37 °C. After incubation, the samples were plated on selective MRSA 2 agar, and CFU counts were performed as previously described. In addition, presumptive MRSA colonies were subcultured on blood agar plates from where colony material was identified as MRSA by PCR detection of the mecA and nuc genes [38]. Differences between the number of positive farms and the total number of positive sock samples before and after deposition of manure were calculated using Fisher’s exact test with p > 0.05 considered statistically significant.





5. Conclusions


LA-MRSA can be found in liquid pig manure, although in modest concentrations. The bacterium can survive for extended periods of time, several weeks, in liquid manure, in particular at lower temperatures, and will therefore be spread on fields with the manure. We found some fields positive for LA-MRSA even before the spreading of manure; however, we did not find a higher proportion of fields positive after than before the spreading. Liquid pig manure must therefore be considered a source of LA-MRSA in the environment, but our results suggest that other sources are more important.
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Figure 1. Decimation times of various initial LA-MRSA loads at different temperatures. 






Figure 1. Decimation times of various initial LA-MRSA loads at different temperatures.



[image: Antibiotics 10 00448 g001]







[image: Antibiotics 10 00448 g002 550] 





Figure 2. Survival curves of LA-MRSA in natural positive samples and spiked samples at four different temperatures; (A): 5 °C; (A1): 5 °C, a close-up of low levels from (A); (B): 15 °C; (C): 25 °C; (D): 37 °C. 
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Table 1. Overview of T90 at different temperatures and initial livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) loads.
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	Sample

ID
	Temperature

(°C)
	Initial Load

CFU/mL
	T90 (Days)





	t011 low load
	5
	7.40 × 102
	25



	t034 low load
	5
	9.10 × 102
	25



	t011 high load
	5
	1.72 × 107
	16.5



	t034 high load
	5
	2.83 × 107
	30.5



	Natural positive
	5
	2.00 × 101
	24



	Natural positive
	5
	1.05 × 102
	32



	t011 low load
	15
	6.75 × 102
	13.5



	t034 low load
	15
	7.55 × 102
	11.5



	t011 high load
	15
	1.67 × 107
	6.5



	t034 high load
	15
	2.87 × 107
	6.5



	Natural positive
	15
	1.15 × 102
	15



	t011 low load
	25
	7.30 × 102
	4.5



	t034 low load
	25
	8.55 × 102
	6.5



	t011 high load
	25
	2.13 × 107
	2.5



	t034 high load
	25
	2.62 × 107
	2.5



	t011 low load
	37
	5.85 × 102
	1.6



	t034 low load
	37
	8.45 × 102
	1.6



	t011 high load
	37
	1.82 × 107
	1.1



	t034 high load
	37
	2.76 × 107
	1.1
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Table 2. MRSA status of manure and sock samples.
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Farm ID

n = 19

	
Manure

Status *

	
Sock Sample before Fertilization

	
Sock Sample after Fertilization




	
Status

	
Positive/n Samples

	
Status

	
Positive/n Samples






	
1

	
−

	
+

	
3/5

	
−

	
0/5




	
2

	
−

	
−

	
0/1

	
−

	
0/5




	
3

	
−

	
+

	
1/2

	
+

	
1/5




	
4

	
−

	
−

	
0/5

	
+

	
2/5




	
5

	
+

	
+

	
1/3

	
−

	
0/3




	
6

	
−

	
−

	
0/1

	
−

	
0/5




	
8

	
−

	
−

	
0/4

	
−

	
0/5




	
9

	
−

	
−

	
0/5

	
−

	
0/5




	
10

	
−

	
−

	
0/5

	
−

	
0/5




	
11

	
−

	
−

	
0/4

	
−

	
0/3




	
12

	
−

	
+

	
1/5

	
−

	
0/5




	
13

	
+

	
−

	
0/5

	
−

	
0/5




	
14

	
+

	
−

	
0/5

	
−

	
0/5




	
15

	
+

	
−

	
0/5

	
NA **

	
NA




	
16

	
+

	
−

	
0/5

	
−

	
0/5




	
17

	
+

	
−

	
0/5

	
−

	
0/5




	
18

	
+

	
−

	
0/5

	
−

	
0/5




	
19

	
−

	
+

	
1/5

	
+

	
2/5




	
20

	
−

	
−

	
0/5

	
−

	
0/5




	
Total pos

	
7/19

	
5/19

	
7/80

	
3/18

	
5/86




	
% pos

	
37%

	
26%

	
9%

	
17%

	
6%








* + indicates positive and − indicates negative. ** NA indicates that samples from this field were not obtained.
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