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Abstract

:

This study was performed to investigate the characteristics of pollutants and microbial communities obtained in simulated lysimeters and to evaluate the effects of anaerobic sludge and water on the biodegradation of swine carcasses. The leachate production rates of Lysimeters 2 and 3 with the addition of anaerobic sludge were higher than that of Lysimeter 1 (control). The methane production rate of Lysimeter 3 with anaerobic sludge addition and increased water content was higher than those of other lysimeters. The result of microbial community analysis revealed that the relative abundances of Proteobacteria including pathogens in Lysimeter 3 were lower than those in other lysimeters. Overall, this study demonstrated that the proper operating conditions of lysimeters accelerated the stabilization of swine carcasses and could contribute to sustainable land use.
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1. Introduction


The outbreak of foot and mouth disease (FMD) in South Korea in 2010 led to approximately 3.4 million livestock carcasses and over 4500 burial sites [1]. FMD mainly appears in even-toed hoofed mammals (Artiodactyla), also known as cloven-hoofed mammals, such as swine and cattle. It is classified as a List A disease by the Office International des Epizooties (OIE) because its communicability is very high [2,3].



Disposal methods of livestock carcasses with infectious diseases include burial, incineration, rendering, and composting. Although livestock burial may lead to environmental contamination including ground and surface water with pathogens and infective agents [4], it has the advantage of enabling the disposal of a large number of livestock carcasses in a short time [5]. Thus, livestock burial is still used in some regions and countries.



Biodegradation of livestock carcasses in burial sites has been influenced by various factors such as temperature, water content, microbial communities, and species of livestock carcasses [4]. Livestock carcasses are biodegraded under anaerobic conditions. The leachate produced from the burial sites contains relatively high concentrations of contaminants compared to groundwater and has been reported to be a potential cause of contamination of soil and groundwater [6,7,8,9]. The gas generated from burial sites consists of mainly of methane and carbon dioxide, and its contents are affected by seed microorganisms [10].



A few studies about livestock carcass burial sites have examined the characteristics of leachate, but there have been very few studies about the evaluation of the atmospheric environmental impacts from livestock carcass burial sites. To investigate the characteristics of livestock carcass biodegradation in burial sites under anaerobic condition, both the leachate and gas produced from burial sites should be considered [6,7,8,9,10,11,12].



Previous studies have presented results on the characteristics of pollutants such as leachate and gas, and reported that they could adversely affect the environment. There are few studies on the operating plan to reduce the impact of livestock burial on the environment and to enhance land use.



This study was, therefore, performed to examine the characteristics of leachate and gas produced from livestock carcass burial sites using simulated lysimeters under different operating conditions. The effects of the addition of anaerobic sludge and water on leachate and gas production were evaluated and the pyrosequencing microbial techniques were used to reveal the microbial communities of all lysimeters.




2. Materials and Methods


2.1. Materials


In this study, swine carcasses were used as substrates and were kept at −20 °C to prevent decomposition until use. The total solids (TS), volatiles solids (VS) and total organic carbon (TOC) of swine carcasses were 0.26 g TS/g, 0.25 g VS/g and 334.0 g TOC/kg VS, respectively. The seed sludge was obtained from an anaerobic digester in a local wastewater treatment plant in H city. The pH, alkalinity, and volatile solids (VS) of the sludge were 6.9, 2.3 g/L as CaCO3, and 19.0 g/L, respectively.




2.2. Lysimeter Operation


All three lysimeters were made in a 1/1000 scale of the standard burial sites presented by the South Korean Ministry of Agriculture, Food, and Rural Affairs (Figure 1) and then placed inside a container. Gravel was placed at the bottom of lysimeters to prevent clogging of sampling ports for leachate. The fine-textured soil without sterilization was used for backfilling of lysimeters and compacted with a tapping machine. The compaction density and void ratio of the lower cover soil (0.1 m) were 1.6 g/cm3 and 0.8, respectively. Then, approximately 30 kg of swine carcasses (five heads) without grinding was placed on the backfilled soil. The seed sludge and deionized water according to the operating conditions (Table 1) were added to the carcass layers of lysimeters to investigate its influence on the degradation of livestock carcasses. The water content of the seed sludge was considered when it was simultaneously added into lysimeters with water. The upper cover soil (0.2 m) was filled with the fine-textured soil without compaction. The thermometers were equipped in livestock carcass layers. The temperature was not controlled [13].




2.3. Analytical Methods


The leachate samples were either measured on site or stored at 4 ° C until analysis. The pH of leachate was immediately analyzed on site using a pH meter (YSI 556 MPS, YSI, Yellow Springs, OH, USA). The concentrations of biochemical oxygen demand (BOD), chemical oxygen demand (COD) and ammonia-N (NH4+-N) were measured according to Standard Methods [14]. Total kjeldahl nitrogen (TKN) concentration was analyzed using a Kjetec system (KjetecTM 8100, Foss, Hillerød, Denmark) and total organic carbon (TOC) concentration was measured with a TOC analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan). The gas composition was analyzed using a gas chromatography system (GC, Gow Mac series 580, GOW-MAC Instrument Co., Bethlehem, PA, USA) equipped with a thermal conductivity detector (TCD) and 6 ft × 2 mm (i.d.) stainless steel Porapak Q (80/100 mesh) column. The operating temperatures of the injector, detector and column were kept at 90, 80, and 50 °C, respectively. In addition, high purity (99.999%) helium gas was used as a carrier gas. The produced gas was adjusted to the standard temperature and pressure (STP).



Cumulative leachate and methane production curves were described by the following modified Gompertz Equation [15]:


   M = P · exp  [  − exp  {     R m  · e  P   (  λ − t  )  + 1  }   ]    








where, M = cumulative production (L/kg VS); P = maximum production (L/kg VS); Rm = maximum production rate (L/kg VS-d); λ = lag phase (d); t = time (d); an e = exp(1).




2.4. Microbial Analysis


Bacteria and archaea communities were characterized using next generation sequencing (454 pyrosequencing). The samples were collected on Day 382 and were stored at 4 °C prior to the analysis. The total genomic DNA was extracted from the sample by using the Mobio PowerSoil DNA extraction kit (Solana Beach, CA, USA). 16S rRNA genes fragments were amplified from the obtained DNA using a primer set, 27F (5’-AGAGTTGATCCTGGCTCAG-3’) and 518R (5’-ATTTACCGCGGGCTGCTGG-3’) for bacteria and 344F (5’-ACGGGGCTGCAGCAGGGGCGA-3’) and 915R (5’-GTGCTCCCCCGCCAATTCCT-3’) for archaea. The 454 pyrosequencing of the PCR amplicons was conducted by Macrogen Inc. (Seoul, Korea) for sequencing on the Roche GS FLX 454 pyrosequencing platform to generate 400-bp sequence reads. The raw sequence reads were sorted, purified, trimmed, qualified and clustered to operational taxonomic units (OTUs). Then, taxonomic classification of the refined sequence was performed using the RDP’s Classifier (http://pyro.cme.msu.edu/). Detailed PCR conditions, pyrosequencing, and phylogenic analysis are described in previous publication [16,17].





3. Results and Discussion


3.1. Characteristics of Leachate Production


Figure 2 illustrates that the total cumulative leachate production of Lysimeters 1, 2 and 3 were 1.7, 2.7 and 3.0 L/kg VS, respectively, due to the difference of operating conditions (i.e., anaerobic sludge addition and initial water content). The volume of leachate produced from livestock carcasses was calculated by excluding the volume of water injected initially from the total volume of leachate. Leachates were continuously produced from Lysimeters 1, 2 and 3 for 70 days and, thereafter, were shown to be insignificant. The maximum leachate production rates of Lysimeters 1, 2 and 3 were 0.04, 0.08 and 0.09 L/kg VS-d, respectively. Lysimeters 2 and 3 with the addition of anaerobic sludge showed similar maximum leachate production rates, while Lysimeter 1 without it showed a lower one. The previous studies reported that leachate production was affected by water content, climate and biodegradation of organic matter. The leachate production of lysimeter with increased water content by rainfall was higher than that of the control. Both microorganism addition and increased water content led to acceleration of biodegradation of organic matter [18,19,20]. In this study, the total leachate production in Lysimeter 3 was found to be higher than any other lysimeter due to increased water content. The leachate production rates of Lysimeters 2 and 3 with the addition of anaerobic sludge were higher than that of Lysimeter 1 without it.



Table 2 shows that the characteristics of the leachates produced from Lysimeters 1, 2 and 3. The COD, BOD, and TOC concentrations, related to organic matter, in the leachate produced from Lysimeter 1 were 965–88,980, 858–77,089, and 513–36,864 mg/L, respectively. Lysimeters 2 and 3 showed lower concentrations compared to Lysimeter 1. Tatsi and Zoubloulis (2002) reported that increased water volume during the wet season caused a larger volume of diluted leachate, whereas the concentration of pollution parameters was higher during dry season [21]. This study revealed that the lower concentration of pollutants from Lysimeter 3 was due to a larger volume of leachate and that the higher concentration of pollutants from Lysimeter 1 was caused by a smaller volume of leachate. However, the NH4+ in leachate from Lysimeter 3, on a mass basis, was 9.2 g, which was higher than that (7.3 g) in leachate from Lysimeter 1. Lysimeter 3 resulted in a higher release of NH4+ due to the proper operating conditions.



Previous studies reported that it would be more effective to use appropriate ratios between the different parameters instead of absolute values because the concentrations of contaminants varied widely [21,22]. Due to the generation of refractory matter such as humic substances or non-biodegradable matter, the BOD/COD ratio decreases as the biodegradation of organic matter proceeds [23]. Tatsi and Zoublis (2002) reported that the ranges of COD and BOD of landfill leachate were 44,000–115,000 and 9500–80,795 mg/L, respectively, and the BOD/COD ratio of the leachate decreased from 0.97 to 0.14 as organic matter was degraded. In this study, the BOD/COD ratio in Lysimeter 1 decreased from 0.89 to 0.38, while the BOD/COD ratio in Lysimeter 3 decreased from 0.76 to 0.10. The VS/TS ratios of the leachates in Lysimeters 1, 2 and 3 were 0.54, 0.48 and 0.35, respectively. As results of previous studies, the range of VS/TS ratio was 0.21 to 0.66, which was similar to this study. The VS/TS ratio of leachate from stabilized landfill ranged from 0.21 to 0.37 [10,21]. In comparison to previous studies, the leachate of Lysimeter 3 reached the stabilization phase.



The burial sites are an unfavorable condition for carcass decomposition [24]. The soil with a low water content promotes desiccation and can result in decreased the biodegradation of carcasses. The activity of hydrolytic enzymes and/or microorganisms associated with cycling of carbon and nutrients can be decreased by low water content [24,25]. The Lysimeter 3 in this study has a favorable conditions for the biodegradation of livestock carcasses compared to the natural soil. Therefore, the waiting time for land reuse may be shortened due to the biodegradation of livestock carcasses being, accelerated.




3.2. Characteristics of Gas Production


Figure 3 illustrates methane produced from Lysimeters 1, 2 and 3. In the first 106 days, cumulative methane production in Lysimeters 1, 2, and 3 showed a continuously increasing tendency. From Day 107 to Day 206, cumulative methane production in all three lysimeters was relatively constant. The soil temperature was 25 °C in the first 75 days, and then it decreased to 2 °C until Day 260 (Figure 4).



The maximum methane production of Lysimeters 1, 2, and 3 were 13.5, 21.9 and 31.0 L CH4/kg VS, respectively. In the first 260 days, the maximum methane production rates of Lysimeters 1, 2 and 3 were 0.36, 0.41 and 0.64 L CH4/kg VS-d, respectively. Thereafter, the maximum methane production rates of Lysimeters 1, 2 and 3 were 0.01, 0.05 and 0.09 L CH4/kg VS-d, respectively.



Khanal (2008) reported that temperature has a significant effect on the methane production rate [26]. The activity of methanogens at 25 °C and 5 °C showed 41% and 93%, compared to that of methanogens at 30 °C, respectively. Therefore, the methane production shown from Day 107 to Day 260 was caused by the decrease of the activity of methanogens due to temperature. Yuan et al. (2012) evaluated the methane production characteristics of cattle carcasses through anaerobic digestion [9]. According to the results, the methane production of a reactor with the addition of anaerobic sludge increased 1.8 times more than that of the control. Christensen et al. (1989) reported that the additional supply of water and microorganisms increased gas production in landfills [20]. In this study, the methane production of Lysimeters 2 and 3 with the addition of anaerobic sludge increased 1.6 and 2.3 times more than that of Lysimeter 1, respectively. Moreover, the methane production of Lysimeter 3 increased 1.4 times more than that of Lysimeter 2.




3.3. Comparison of the Leachate and Gas Production Characteristics


In the first 106 days, though the leachate production rate of Lysimeter 2 was two times higher than that of Lysimeter 1, the methane production rates of Lysimeters 1 and 2 were similar to each other. Furthermore, the leachate production rates of Lysimeters 2 and 3 were similar to each other, but the methane production rate of Lysimeter 3 was 1.6 times higher than that of Lysimeter 2.



The rate constants of COD were predicted by first order kinetics [27]. The hydrolysis constants (k) of Lysimeters 1, 2 and 3 were −0.0013, −0.0020 and −0.0023 d−1, respectively (Figure 5).



According to previous studies, the decay constant of organic matters in landfill with a seed microorganism was 0.033 yr−1, which was 1.9 times higher than that (0.016 yr−1) without it [28,29]. Li et al. (2014) reported that a methane production rate increased 1.3 times with increased water content from 70% to 75% in dry anaerobic digestion [30]. The results of this study and previous studies indicated that anaerobic sludge addition affected a hydrolysis constant and a maximum leachate production rate, but did not have a significant effect on a maximum methane production rate. However, both anaerobic sludge addition and increased water content influenced the maximum leachate and methane production rates. Fujishima et al. (1999) observed that methane production decreased from 330 to 290 mL CH4/g VSSadded when water content decreased from 92.9% to 89.0%, and found that acetoclastic methanogens had resistance to high ammonia concentration (750~4400 mg N/L) whereas hydrogenotrophic methanogens were inhibited by it [31]. Therefore, the maximum methane production of Lysimeter 3 was higher than those of other lysimeters due to anaerobic sludge addition and increased water content.



The degradation efficiencies of livestock carcasses in all three lysimeters were evaluated based on TOC balance (Figure 6). The efficiency of degradation was calculated as degradation efficiency = (TOC of leachate and gas)/(initial TOC of carcasses) × 100. The cumulative amount of TOC (leachates and gases) of Lysimeters 1, 2 and 3 were 62.1, 85.5 and 107.9 g TOC/kg VS, respectively. The degradation efficiencies were calculated as (TOC of leachate and gas)/(initial TOC of carcasses) × 100. The cumulative amount of TOC (leachates and gases) of Lysimeters 1, 2 and 3 were 62.1, 85.5 and 107.9 g TOC/kg VS, respectively. The degradation efficiencies of Lysimeters 1, 2 and 3 were 18.6% (leachate: 13.8%; gas: 4.8%), 25.6% (leachate: 19.2%; gas: 6.4%) and 32.3% (leachate: 23.8%; gas: 8.5%), respectively. Matsufuji et al. (2014) reported that the amount of carbon released by leachate from initial landfill was high, which was similar to the result of this study, but then decreased gradually [32]. Hydrolysis was the rate-limiting step in anaerobic digestion. As hydrolysis progressed, leachate production increased and exceeded the water capacity of soil. Then, leachate was discharged to the outside of lysimeters and the leachate remaining in the soil was converted to methane [33,34,35]. Therefore, the TOC removed in all three lysimeters was mainly converted to mainly leachate. The degradation efficiency of carcasses in Lysimeter 3 was higher than those of Lysimeters 1 and 2. It revealed that the biodegradation of livestock carcasses in Lysimeter 3 increased due to anaerobic sludge addition and increased water content.



However, the ratio of TOC in gas produced the Lysimeter 3 was higher than other lysimeters. The major composition of the gas are carbon dioxide and methane, which were typical greenhouse gas (GHG) that cause climate change. The global warming potential (GWP) of methane, which has radiative forcing value of 0.48 W/m2, is higher following carbon dioxide [33,34,35]. By addition of anaerobic sludge and increased water content, the biodegradation of livestock carcasses can be accelerated. However, the atmospheric environment can be affected by the GHG production from the burial sites. It is necessary to take measures to reduce pollution of the atmospheric environment or to utilize it as energy, considering the potential of methane production.




3.4. Bacteria and Archaea Communities in Lysimeters


Figure 7 illustrates the relative abundance of the bacteria and archaea communities at the phylum and genus levels, respectively. The majority of sequences from all three lysimeters were assigned to the phyla Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria. In Lysimeter 1, Proteobacteria were predominant and accounted for 79.9% during operation. Proteobacteria and Firmicutes were predominant in Lysimeter 2 with the addition of anaerobic sludge, while Firmicutes and Bacteoidetes were predominant in Lysimeter 3 with anaerobic sludge addition and increased water content. Proteobacteria include a wide variety of pathogens including E. coli, and were founded in animal large intestines. In Lysimeter 1, Moraxellaceae (phylum Proteobacteria) were the most predominant class with an abundance of 39.3%.



Firmicutes were detected in Lysimeter 2 and 3, including the class Clostridia. Clostridia (phylum Firmicutes) are capable of performing diverse fermentation pathways in anaerobic condition. Apart from their role in hydrolysis and acidogenesis, they are involved in acetogenesis and syntrophic acetate oxidation [36,37]. Clostridia were the most predominant class in Lysimeters 2 and 3 with an abundance of 23.1% and 25.3%, respectively. Bacteroidetes was mainly founded in anaerobic digestion and resistant to adverse environmental conditions such as low pH and temperature [17,38].



If pathogens in leachate flow into surface water and/or groundwater, they can adversely affect the food of humans and animals and may cause the transmission of disease [39]. As result of this study, the relative abundances of bacteria communities including pathogens were reduced by changing operating conditions of burial sites. This could reduce the impact on natural ecosystems including humans.



According to the results of archaea community analysis, Methanothrix, Methanosaricina, Methanoculleus, and Methanosprillum were detected in all three lysimeters. The genus Methanothrix was an acetoclastic methanogen and the most predominant genus in Lysimeters 1, 2 and 3 with an abundance of 39.9%, 55.9% and 66.9%, respectively. The genus Methanoculleus and Methanosprillum were the hydrogenotrophic methanogens, but their abundances in all three lysimeters were low (<15%). The genus Methanosaricina, whose metabolic features are diverse, include both acetotrophic and hydrogenotrophic pathways, and its abundances in Lysimeters 1, 2 and 3 were 12.3%, 15.2% and 27.6%, respectively. The relative abundances of Methanothrix and Methanosaricina in Lysimeter 3 with anaerobic sludge addition and increased water content were higher than those in other lysimeters. The relative abundances of Methanoculleus and Methanosprillum in Lysimeters 1 and 2 were higher than that in Lysimeter 3. Previous studies reported that the predominance of hydrogenotrophic methanogens such as Methanoculleus and Methanosprillum was found under stress conditions, and that it might be related to its tolerance of high ammonia concentrations [38,40,41].





4. Conclusions


This study was performed to investigate the characteristics of pollutants and microbial communities obtained from burial sites using simulated lysimeters and to evaluate the effects of anaerobic sludge addition and increased water content on the biodegradation of livestock carcasses. In summary, this study demonstrated that the addition of anaerobic sludge to Lysimeter 2 influenced bacteria communities, involved in hydrolysis and acidogenesis, such as Clostridia, and increased the leachate production rate. Moreover, the increase of water content in Lysimeter 3 with anaerobic sludge addition resulted in the increased relative abundance of methanogens and the enhanced maximum methane production rate. Thus, the degradation efficiency of Lysimeter 3 was higher than those of other lysimeters.
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Figure 1. Schematic diagram of the lysimeter. 
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Figure 2. Cumulative leachate production of Lysimeters 1, 2 and 3. 
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Figure 3. Methane production of Lysimeters 1, 2 and 3 with time. 
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Figure 4. Variation of temperature in air and soil with time. 
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Figure 5. Behaviors of COD concentrations in leachates produced from Lysimeters 1, 2, and 3 with time. 
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Figure 6. Degradation efficiencies based on TOC of carcasses in Lysimeters 1, 2 and 3 with time. 
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Figure 7. Taxonomic compositions of bacteria (a) and archaea (b) communities in Lysimeters 1, 2, and 3. 






Figure 7. Taxonomic compositions of bacteria (a) and archaea (b) communities in Lysimeters 1, 2, and 3.



[image: Sustainability 09 00471 g007a][image: Sustainability 09 00471 g007b]







[image: Table] 





Table 1. Operating conditions of lysimeters.
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Parameters

	
Lysimeter 1

	
Lysimeter 2

	
Lysimeter 3




	
Substrate

	
Swine Carcasses (5 heads)






	
Water content (%, v/v)

	
30%

	
30%

	
40%




	
Anaerobic sludge (%, w/w)

	
×

	
0.04

	
0.04
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Table 2. Characteristics of leachates produced from Lysimeters 1, 2 and 3.
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Item

	
Lysimeter 1

	
Lysimeter 2

	
Lysimeter 3




	
Min.

	
Max.

	
Avg.

	
Min.

	
Max.

	
Avg.

	
Min.

	
Max.

	
Avg.






	
pH

	
6.1

	
8.3

	
7.5 ± 0.7

	
6.1

	
8.5

	
7.6 ± 0.8

	
6.2

	
8.8

	
7.8 ± 0.9




	
TS (mg/L)

	
5970

	
31,150

	
20,868 ± 8654.5

	
3580

	
15,480

	
8837 ± 4471.3

	
1380

	
12,610

	
7311 ± 3217.2




	
VS (mg/L)

	
3160

	
22,550

	
15,320 ± 6321.4

	
1770

	
10,290

	
5167 ± 3541.2

	
500

	
8190

	
4383 ± 2477.3




	
COD (mg/L)

	
965

	
88,980

	
45,611 ± 19,831.5

	
953

	
38,651

	
21,301 ± 9675.5

	
813

	
32,492

	
20,092 ± 8280.7




	
BOD (mg/L)

	
858

	
77,089

	
27,960 ± 17,230.9

	
811

	
30,904

	
11,359 ± 7165.6

	
617

	
18,615

	
8537 ± 4912.4




	
TOC (mg/L)

	
513

	
36,864

	
12,827 ± 8489.5

	
487

	
14,749

	
5456 ± 4203.5

	
413

	
12,096

	
3789 ± 2753.5




	
BOD/COD

	
0.38

	
0.89

	
0.62 ± 0.16

	
0.23

	
0.85

	
0.55 ± 0.19

	
0.10

	
0.76

	
0.43 ± 0.19




	
TOC/COD

	
0.13

	
0.60

	
0.31 ± 0.15

	
0.09

	
0.77

	
0.31 ± 0.21

	
0.07

	
0.61

	
0.23 ± 0.18




	
TKN (mg/L)

	
1051

	
2541

	
1831 ± 506.4

	
851

	
2002

	
1337 ± 429.9

	
441

	
1751

	
1025 ± 427.6




	
NH4+-N (mg/L)

	
515

	
983

	
802 ± 138.3

	
422

	
917

	
645.1 ± 156.8

	
244

	
802

	
493 ± 166.1










© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).
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