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Abstract

:

Nowadays, there is an effort to improve the effectiveness of the composting process, supported by the addition of various supplements to reduce soil nutrition losses and increase soil remediation. The aim of this study was to examine the devitalization effect of natural additives like zeolite-clinoptilolite and its combination with hydrated lime in composted cattle manure on indicator and pathogen bacteria. The composting process was running in three static piles of cattle manure mixed with wheat straw (control, zeolite–lime, and zeolite) for 126 days. Composted manure substrates were determined for physicochemical (temperature, pH, nitrogen and phosphorus content, C/N, organic matter, and moisture) and microbiological analyses (Salmonella spp., indicator bacteria). The effects of additives were reflected in changes in physicochemical factors, e.g., an increase in temperature (<53 °C) or pH (<9.3). According to Pearson correlation, these changes (pH, Nt, Pt) resulted in a significant decrease (p < 0.001) of indicator bacteria (two or three orders) in zeolite pile or zeolite–lime pile. Die-off of Salmonella spp. in the zeolite–lime pile was indicated within 41 days; in other piles, this occurred on day 63. Our results can aid in further optimizing the composting of cattle manure in order to lower environmental pollution and the risk of human infection.
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1. Introduction


The substantial increase in the human population has led to a greater demand for animal products. In addition, the livestock industry is increasing in size, which presents challenges that call for animal waste management and disposal plans [1]. Dairy cows can produce about 46 kg of fresh manure per 454 kg of average live weight per day [2]. Cattle excrement primarily consists of digested grass and grain, depending on the diet. Its composition is high in organic material and essential micro- and macronutrients suitable for crop management [3].



Cattle excrement provides valuable material for the survival of a wide range of pathogenic and saprophytic microorganisms despite its value for plant production. The components of this manure serve as the necessary nutrients for microorganisms and protect them from drying and UV radiation [4]. A multitude of zoonotic bacteria, such as Escherichia coli, Salmonella spp., Listeria monocytogenes, and Campylobacter spp., inhabit the intestinal tracts of animals and are typically shed into this habitat asymptomatically. On the other hand, these pathogens can infect humans and cause illnesses that manifest as diarrhea, fever, nausea, and vomiting [5]. For children, immunosuppressed individuals, or seniors, these diseases and the associated dehydration can have fatal consequences [6].



The survival of microorganisms in manure is significantly affected by its management and treatment. The feces of animals are usually collected and treated in piles directly on the farm [7]. The piles are affected by environmental conditions, and changes in microbial populations occur in them over time. The survival of microorganisms in manure depends on many factors, such as temperature, moisture content, pH, nutrient availability, biological interactions, etc. [1]. One of the critical factors affecting the pathogen’s survival is temperature. Venglovsky et al. [8] studied the effect of temperature on indicator microorganisms and the devitalization of pathogens during the storage of manure. Their results showed that increased temperature accelerated their die-off rate; on the other hand, lower temperatures generally enabled longer survival times. When the environmental conditions are favorable (low temperature, good moisture level), bacterial pathogens such as Salmonella spp., Listeria monocytogenes, and E. coli O157:H7 can survive for several months. Pathogenic bacteria are sporadically found in the environment and, only occasionally, some of them can survive for several months. Their heavily stressed cells are viable but nonculturable, have limited ability to grow in vitro, but are still capable of reviving and causing diseases under in vivo conditions [9]. This ability hinders their direct detection in vitro. Therefore, it is the monitoring of risks based on the determination of the presence of numerous indicators of fecal contamination, such as E. coli, total coliforms, and fecal enterococci, that helps to reveal the hygiene quality of the manure [8]. E. coli is typically chosen as the representative indicator of antimicrobial resistance in Gram-negative bacteria and is responsible for infections in humans and animals [10,11].



Animal excrement represents a potential source of microbial contamination. Inadequately treated manure used in crop production poses a risk to human and animal health. Common routes of microbial contamination via manure include pre-harvest contamination from spreading manure on fields, irrigation with contaminated feces, and direct contamination from livestock or wild animals, and post-harvest contamination related to the processing of crops and workers’ hygiene [10]. Manure-borne microorganisms distributed across the landscape may reach surface and groundwater resources [11]. Numerous foodborne disease outbreaks linked to contaminated fresh fruits and vegetables have been documented, such as romaine lettuce contaminated with STEC E. coli O157:H7 [12] or outbreaks of contaminated tomatoes with Salmonella spp. [13], originating from soil, surface water, or manure as well [14].



The main measures that eliminate the risks related to the spreading of manure-borne pathogens to the environment include proper management and treatment of animal wastes, preferably biothermic treatment (composting). The methods used to achieve control of pathogenic microorganisms in livestock manure are based on chemical, physical, and biological principles. The overall objective of these methods is to remove coarse particles and thereby prevent the pollution attributed to manure [15]. Due to the potential occurrence of various pathogens requiring different conditions for their inactivation, it is appropriate to use a combination of several methods to achieve the best effect of minimizing their numbers [1]. The most common method used on farms is aerobic degradation, which, compared to anaerobic fermentation, has low odor generation, low energy utilization, and produces harmless organic fertilizer with added value [16]. This process involves piling up organic materials and allowing them to break down naturally. The devitalization of pathogenic microorganisms depends on the changes that occur during the breakdown, such as high temperature (>55 °C), effective pH, and suitable moisture content [7]. One of the measures that can increase the devitalization of pathogens and improve compost quality is the amendment of substrate with additives such as zeolite [17,18] or hydrated lime [19,20].



The aim of this study was to investigate the influence of hydrated lime and natural zeolite on the survival of Salmonella spp. and indicator microorganisms during the composting process of cattle manure mixed with wheat straw stored under experimental conditions. Except for the devitalizing effect of additives, we also studied the physicochemical changes in composting materials and their influence on microorganisms.




2. Materials and Methods


2.1. Inoculum Preparation


For the inoculum preparation, this study used two strains of Salmonella spp.: Salmonella enteritidis (CCM 4420) and Salmonella typhimurium (CCM 4763). These were purchased from the Czech Collection of Microorganisms. According to the instructions provided by the CCM laboratory, the lyophilized bacteria were reconstituted in nutrient broth and incubated at 37 °C for 24 h. After incubation, each strain was inoculated into 3 L of nutrient broth and allowed to multiply for 24 h at 37 °C. Afterward, these broths were combined to obtain 6 L of double-strain cocktail. The initial counts of bacteria in the prepared double-strain cocktail were 9 × 108 CFU/mL with Salmonella typhimurium and 3.1 × 108 CFU/mL with Salmonella enteritidis.




2.2. Description of Materials and Building up of the Piles


Livestock manure has low microbiological activity and high moisture content [21] and generally does not have the optimal physicochemical properties required to achieve the proper composting process by itself. Therefore, in our study, we mixed caw manure with wheat straw, which constituted a bulking material for preparing the respective substrates. The straw was cut into pieces that measured about 4 cm. The amount added to the manure was approximately 18% by weight. Before building up the piles, both the manure and wheat straw were analyzed for the relevant parameters (Table 1).



Natural zeolite (clinoptilolite) was purchased from ZEOCEM Inc., Slovakia. Because of its unique physicochemical characteristics, which include high ion exchange, gas sorption capacity, thermostability, reversible hydration, and dehydration; clinoptilolite is extensively used in agriculture. Its high adsorption (heavy metals and ammonia) can improve the composted manure quality and reduce ammonia emissions, nitrogen retention, or microbial numbers [18].



Hydrated lime (calcium hydroxide) is produced after calcium oxide is slaked with water. At the ambient temperature, dissolved in pure water, one can create hydrated lime with a pH of 12.4 [20]. The alkaline properties of lime are advantageous for neutralizing acidity. The addition of hydrated lime to the composted manure piles increases the pH of the substrates, which not only causes the neutralization of organic acids but also contributes to the devitalization of the pathogens in the piles.



Three composted manure piles were built in an area protected by a tin roof against bad weather (rain). Three sections measuring 100 cm × 100 cm × 100 cm (width × length × height) were constructed on a concrete floor using wooden panels. The bottoms of the compartments were sloping to hold plastic trays for the collection of leachates. The inner walls of compartments (sides and bottom) were covered with perforated foil that allowed the leachate to reach the collection tray. At the bottom of each composted manure pile, a 12 cm thick layer of wheat straw was placed. The first pile (C-pile) consisted of raw cattle manure and wheat straw and served as a control. The second pile—the zeolite–lime pile (ZL-pile)—consisted of cattle manure, straw amended, 2.5% of hydrated lime, and 2.5% of zeolite. The third pile—the zeolite pile (Z-pile)—consisted of cattle manure, straw, and 2.5% zeolite. The fermented manure substrates and a double-strain cocktail (S. typhimurium and S. enteritidis, 2 L of bacterial inoculum per compartment) were mechanically homogenized prior to the construction of the composted manure piles. The composting process lasted for 126 days, from May to October. The static piles were not turned during this time. Samples from the cores of the piles were collected by a sterile injecting screw sampler on days 1, 2, 4, 6, 9, 14, 20, 27, 41, 63, 90, and 126 of the investigation. Samples were used for microbiological analysis as well as the determination of the physicochemical parameters.



Testo 175 T3 thermometers (Testo SE & Co., KGaA, Titisee-Neustatd, Germany) were used to record the temperatures in each pile. One of the probes was inserted approximately 10 cm below the surface of the pile, and the other into its core (50 cm deep). Ambient temperature was recorded with a Thermo-hygrometer Testo 175 H1 (Testo SE & Co. KGaA, Titisee-Neustatd, Germany). The thermometers, Testo 175 T3, were set for measuring the temperature in the range of −50 °C to 100 °C, and the thermo-hygrometer Testo 175 H1 was set for the range of −20 °C to 50 °C. For the evaluation of the results of temperature, Testo Comfort Software Basic 5.6 SP6.3.167.36094 was used.




2.3. Microbiological Analyses


Indicator microorganisms and pathogens were detected and enumerated by direct plating on nutrient agar or selective enrichment culture media (HiMedia, Mumbai, India). To prepare the initial suspension, a 25 g sample and 180 mL of sterile water were homogenized with multifunctional orbital shaker—Biosan PSU-20i (Biosan, Riga, Latvia). This suspension, made from each sample, was serially diluted (1:10) and spread onto three plates with culture media. The microorganisms investigated, media used, and incubation conditions ensured are presented in Table 2.



For the detection of Salmonella spp. in the piles, we used a horizontal method for the detection, enumeration, and serotyping of Salmonella [22].The microorganisms investigated, media used, and incubation conditions ensured are presented in Table 1. Rappaport–Vassiliadis broth was used as a selective enrichment medium, and XLD agar and Salmonella–Shigella agar were used for the isolation of colonies. The selected colonies were tested by biochemical EnteroPluri-Tests (Liofilchem S.r.l., Roseto degli Abruzzi, Italy) to identify Salmonella spp. The counts of indicator microorganisms and pathogen bacteria were converted to the mean of log10 CFU/mL ± standard deviation to ensure data normality.




2.4. Chemical Analyses


For the laboratory analyses of the physicochemical properties of the composted manure substrates, the base suspension that was used before in the bacteriological examination was used. For the determination of total nitrogen, the samples were first mineralized and then digested by the Digesdahl Digestion Apparatus model 4436-20 (HACH, Düsseldorf, Germany), with subsequent steam distillation with NaOH. The ammonium ions (NH4+) were analyzed by steam distillation and titration as well. The determination of total organic carbon in substrates to determine the C/N ratio is described in Renčo et al. [23]. The determination of phosphorus from the base suspension was conducted by spectrophotometer, Lange DR 2800 (HACH, Düsseldorf, Germany). The resulting absorbance was calculated based on the content of total phosphorus. pH was determined by direct measurement of the base suspension (1:10 in sterile water) with a glass electrode using a laboratory multi-meter, HQ440D (HACH, Düsseldorf, Germany). Dry matter was determined from the residual weights of dried samples at 105 °C. After burning the dried samples from the residue for four hours at 550 °C, the amount of ash was determined as well. The organic matter content was calculated as follows [24]:


  %   o f   o r g a n i c   m a t t e r = 100 %   d r y   m a t t e r − %   a s h   c o n t e n t .  












2.5. Statistical Analyses


The results of the investigated parameters are presented as the mean values of the double–three samples of the substrates ± standard deviation from the experimental piles. At p ˂ 0.05, p ˂ 0.01, and p ˂ 0.001 significance levels, a one-way ANOVA test was used to assess the significance of the differences in the experimental piles. Pearson correlation analysis was determined for the comparison of the relation between physicochemical changes and the survival of microorganisms in the fermented manure substrates with GraphPad Prism 8.0.2 (263) (GraphPad Software Inc., San Diego, CA, USA).





3. Results


In addition to the physicochemical analysis, the presence of Salmonella spp. and the counts of indicating bacteria were determined in parallel in the samples of the substrates.



3.1. Temperature


One of the main factors influencing the microbial population and the rate of organic matter decomposition during the composting process is temperature [25]. In our study, two measuring probes were used for recording the temperature in each pile, the first one 10 cm below the surface and the second one in the core of the pile. Figure 1 shows the course temperatures in the core of piles compared to the ambient temperature.



Similarly, Figure 2 depicts the surface temperatures of the substrates in comparison with the ambient temperature level. The ambient temperature during the experiment ranged from 28.13 °C to 11.68 °C. Composting began with the formation of piles at temperatures about 10 °C higher than the ambient temperature. The evolution of the temperature pattern in experimental piles shows fluctuating values. During the first days, the temperatures in all piles started to increase, which indicated the start of the decomposition activity of microorganisms in substrates into simpler components.



The graphs show the highest (red squares) and lowest (blue squares) temperatures of the composted manure piles. The maximum of the top temperature in all three piles ranged from 36.4 °C to 47.5 °C, while the core temperature maxima were higher (38.55–52.48 °C). On the fifth day, the temperature at the ZL-pile reached 47.5 °C at the top and 52.48 °C in the middle. Overall, the temperature during the composting process in the ZL-pile had a tendency to decrease.



In the center of the Z-pile, the maximum values recorded were 41.9 °C on day 14 and 41.52 °C on the top in 17 days. The lowest maximum values were detected in the control pile: 38.55 °C in the middle and 36.16 °C on the top on day seventeen. After the rise in temperature in the first two weeks of composting, after about fifty days, it started to rise slightly in the pile amendment with zeolite. A similar evolution of temperature was detected in the control pile. The temperatures in these piles continued to fluctuate between 23 °C and 34 °C in 45 to 95 days of composting. The temperature rise during this phase of composting was most likely caused by cellulose decomposition after the digestion of easily decomposed matter. It is evident that the temperature course in the control pile copied more or less the course of ambient temperature throughout the study. The difference in temperature between the substrate and ambient air in amendment piles was higher for the first 50 days of composting, after which it significantly decreased. In all composted manure substrates, the lowest temperatures were measured about ten days before the experiment ended. This is the time of the beginning of the cold season, but also of the reduced intensity of the microbial processes in the piles which indicated the end of composting process. These fluctuations show that zeolite and lime have a positive effect and can enhance the temperature of the composting process.




3.2. Physicochemical Analysis


The chemical changes during the composting process have a substantial impact on the microbial population of the matured manure. As a result, chemical analyses were conducted concurrently with microbiological parameter analyses. Table 3 shows the concentration of evaluated chemical indicators on the first day, day 41, and at the end of the composting process.



The C/N ratio is one of the most important factors affecting fermented manure quality because it influences temperature and pathogen reduction in composted manure piles [26]. According to Vochozka et al. [27], the C/N ratio required in international technical standards ranges between 20 and 30, whereas our substrates consist mostly of cow manure, which has a low C/N ratio. The calculation of the C/N ratio indicates that the initial value in the control pile was 22.4, that in the zeolite–lime pile was 27.2, and that in the zeolite pile was 22.8. The higher value of the C/N ratio in the ZL-pile showed a significant difference from the other piles (p ˂ 0.05). During the experiment, there was a significant decrease in the C/N ratio (p ˂ 0.05). After 41 days, the CN ratio decreased to 15.2 in the C-pile, 16.6 in the ZL-pile, and 18 in the Z-pile. This decrease continued up to the final values of 16.6, 15.1, and 15.2 (in the C-, ZL-, and Z-piles), which indicate composted manure maturation.



The decrease in C/N values was accompanied by an increase in total nitrogen and a decline in ammonia nitrogen. The initial levels of Nt in the substrates of C-pile (2.42%), ZL-pile (1.95%), and Z-pile (2.33%) were significantly increased at the end of the process, respectively: for the C-pile it increased to 3.14%, for the ZL-pile it increased to 3.20%, and for the Z-pile it increased to 3.12% (p ˂ 0.05). However, during the entire experiment, we observed an abrupt decrease in NH4+-N in all piles. There were significant differences (p ˂ 0.05) between the C-pile, ZL-pile, and Z-pile (0.61% vs. 0.41% vs. 0.49%) at the beginning. This showed the ability of zeolite to reduce NH4+-N release from the substrates. This trend was present during the entire experiment, while on day 41 of composting, significant differences (p ˂ 0.05) were shown between all of the experimental substrates (C-pile—0.26%; ZL-pile—0.07%; Z-pile—0.15%). The decreases in NH4+-N and increases in Nt were affected by the immobilization of the conversion of nitrogenous compounds. This increase was recorded as significant between the first and last days of the experiment on all substrates, as well as in the 41 days between all piles (p ˂ 0.05) At the end of the study, the NH4+-N values were in low concentrations, which also indicates the maturity of the fermented manure. Phosphorus is another crucial component of composted manure and a necessary nutrient for crop planting. The study revealed a significant increase (p ˂ 0.05) in the total phosphorus values in every pile, whereas its content between different piles was not significant.



During the entire study, the values of organic matter in the piles tended to decrease; on the other hand, the values of ash increased. The final values of the organic matter were significantly lower (approximately 6%) than the initial values (C-pile—95.47%; ZL-pile—94.37; Z-pile—94.17). The values of inorganic elements in the substrates represented in ash content at the end of the process showed a significant increase, which was approximately 52% higher than its initial content (p ˂ 0.05). In the Z-pile, there was a significant (p ˂ 0.05) increase in the ash content and a decrease in the organic matter compared to the control.



The variance analyses showed differences in the increasing dry matter and the decreasing moisture contents between the C-pile and the amendment piles throughout the entire composting process (p ˂ 0.05). The statistical analysis of other parameters was insignificant (p > 0.05).



Figure 3 displays the dynamics of pH in each pile. The initial pH value in the Z-pile and the ZL-pile was higher than in the C-pile. This was probably due to the addition of lime, the cation exchange and the sorption abilities of lime, and the formation of organic acid in lime-free piles.



After the first days of storage, pH decreased in all piles to the values of 7.40 ± 0.16 in the control pile, 7.53 ± 0.03 in the ZL-pile, and 7.46 ± 0.09 in the pile amendment with zeolite. This decrease is probably caused by organic acids formed in an anaerobic microenvironment created due to a low supply of oxygen [28]. From this day on, the pH value increased, and during the experiment, it fluctuated in the alkaline range in the C-pile by 7.78 ± 0.06–9.38 ± 0.05, in the ZL-pile by 8.02 ± 0.11–9.59 ± 0.63, and in the Z-pile by 7.62 ± 0.33–8.80 ± 0.61. The highest peak was detected on day 41 in the ZL-pile (9.59 ± 0.63) and on day 126 in the control and Z-pile (9.38 ± 0.05 and 8.80 ± 0.61, respectively). These peaks were most likely related to the decomposition of nitrogen compounds and the decline in the NH4+-N concentrations at the end of the composting process. According to the variance analysis, the pH values of the ZL-pile and the C-pile, as well as the two amendment piles, are significantly higher (p ˂ 0.05).




3.3. Microbiological Analysis


Figure 4 illustrates the dynamics of the microbiological populations in the piles. At the beginning of the composting process, almost all of the studied microorganisms tend to decrease due to changes in the physicochemical properties of the substrates.



After the initial decrease in bacteria in the amendment piles (ZL-pile 5.87 log10 CFU/mL and Z-pile 7.80 log10 CFU/mL), TCB fluctuated. On the 27th day of the experiment, TCB (Figure 4A) ranged from 7.89 log10 CFU/mL to 6.91 log10 CFU/mL. At the end of the composting process, the counts of TCB decreased in one order. During the experiment, the number of E. coli (Figure 4D) and coliform bacteria (Figure 4B) varied in each pile. The highest peak of total coliform bacteria was 7.30 log10 CFU/mL on the second day in the substrate of the C-pile, and the lowest was in a sample of the ZL-pile at 5.30 log10 CFU/mL. The counts of coliform bacteria in the piles were highly varied. The ZL-pile and the Z-pile had generally lower CB concentrations than the C-pile. At the end of the experiment, the CB count was very similar in each pile (in the range of 6.33–6.13 log10 CFU/mL). The decrease in CB was observed on day 63 (from 6.20 log10 CFU/mL to 4.45 log10 CFU/mL). In comparison to the counts of E. coli, these were lower, which can indicate the lower representation of other coliforms. The counts of Escherichia coli have fluctuated, from the highest count at the beginning of the process (6.71 log10 CFU/mL to 6.22 log10 CFU/mL) to the lowest count at the end of the process (3.50 log10 CFU/mL to 6.00 log10 CFU/mL). On day 9, the counts of E. coli were 2.11 log10 CFU/mL, which could be affected by pH. The lowest concentration of fecal enterococci in the substrate was 6.45 log10 CFU/mL. This points to the low survival of bacteria due to the higher pH and lower temperature compared to the previous days. The devitalization properties of lime and the absorption properties of zeolite contribute to the decrease in the bacterial count.



On the first day of the study, the counts of Salmonella spp. (Figure 4E) were in the range of 4.68–6.32 log10 CFU/mL. On the second day of composting, the counts of these bacteria rapidly dropped to 1.55 log10 CFU/mL in substrates. This could be due to the devitalizing effect of lime. The decrease in Salmonella spp. in the composted manure piles is a proof of its good adaptation. While the shock of a new environment is not good for bacteria devitalization, it just causes a rapid decrease. Then, the counts of bacteria in all piles fluctuated considerably and increased to the level of about 5 log10 CFU/mL in the C-pile and a little below 4 log10 CFU/mL in the ZL- and Z-piles. Day 20 was critical for Salmonella spp. survival in the ZL-pile, which was proved with negative results of its growth in the enrichment culture media. These changes were followed by a decrease in microorganisms, which was more rapid in the ZL-pile, where the bacteria were shown to be in concentrations of 2.98 log10 CFU/mL on day 27 of composting, and were not detected in the next sample.



The early devitalization of Salmonella spp. in the ZL-pile (compared to the C- and Z-piles) was affected by the combined effects of lime, zeolite, temperature, pH, etc.



Pearson correlation analysis (Table 4) revealed a positive correlation between the growth of Salmonella spp. and the moisture content, NH4+-N, in the C- and Z-piles, as well as the content of organic matter in all the experimental piles (r = 0.613). Their survival was negatively influenced by pH (r = −0.631) in the Z-pile, the content of inorganic substances in all piles, and total phosphorus in the ZL-pile. However, according to the statistical results, the counts of E. coli were affected by the content of carbon (r = 0.658) which is available for the bacterial cells.



On the other hand, fecal enterococci (Figure 4C) were more sensitive to environmental changes, and their growth was negatively affected in the Z-pile by time (r = −0.695), ash (r = −0.677), and total phosphorus (r = −0.651). The content of total phosphorus had a negative effect on the C-pile (r = −0.692) and the ZL-pile (r = −0.638) too. The moisture content of the amendment piles positively impacted their growth (ZL-pile r = 0.687, Z-pile r = 0.723).



The total coliform bacteria count in the C-pile demonstrated the same effect in relation to moisture loss (r = 0.671). However, total coliform bacteria showed their sensibility to changes in pH (r = 0.591) and content of total carbon (r = 0.629) in the ZL-pile, and ash in the C-pile (r = 0.720), which suppressed their representation in the matured manure substrates.



During the composting process in the C-pile, the total count of bacteria decreased (r = −0.648). Also, the total phosphorus and the total number of bacteria in the Z-pile showed a negative correlation (r = −0.795).



The Pearson correlation analysis demonstrated the effect of fecal enterococci in the Z-pile on Salmonella spp. growth (r = 0.718). The relationships between the other investigated parameters were not significant.





4. Discussion


The mitigation of the risk of food-borne diseases related to animal production is affected by the reduction in enteric pathogens in animal manures before field application. Animal wastes applied in agriculture present microbial risks for animal and human health. Before its application to the soil, it is necessary to minimize pathogen survival with adequate treatment, such as composting. In this research, we focused on the influence of amendments (zeolite and a combination of zeolite and hydrated lime) on the viability of pathogens and indicator microorganisms during the composting process of cattle manure with wheat straw without turning.



Composting is an exothermic process that allows the degradation of organic materials by microorganisms under controlled conditions. During the process, four stages of temperature pattern are determined: the mesophilic, thermophilic, cooling, and maturation phases [7]. The experimental piles showed a rapid increase in temperatures during the first days of composting, which indicates the activity of microorganisms causing the intense decomposition of substrates into simple components. The thermophilic phase of composting is 40–65 °C, and temperatures above 55 °C cause the devitalization of pathogens [29]. During the thermophilic phases of the experimental piles, the temperatures were lower than anticipated, while the devitalization effect occurred at 55 °C. By the fourth day of storage, the pile amended with zeolite and lime achieved the optimal biodegradation temperature range of 45–55 °C. The control and zeolite piles reached this optimal range after two weeks of storage. However, the temperatures generated within the piles were insufficient (below 50 °C) to significantly impact the devitalization of pathogens, thereby hindering the production of hygienically composted manure. Lower access to oxygen, a relatively low volume of piles, a higher surface-to-volume ratio, and a slower rate of organic matter decomposition could all be contributing factors to the temperature deficits [30]. The level of oxygen during composting without turning is lower than in aerated composted manure. Lower oxygen levels inhibit aerobic microorganisms’ activity and metabolism, which lowers pile temperature and lengthens the composting process [31]. Conversely, O2 molecules can reach composted manure substrates due to the porosity of clinoptilolite. The variations in pertinent parameters between the substrates with and without zeolite in our experiment demonstrate the impact of oxygen. A decrease in temperatures below 40 °C indicated the end of the thermophilic phase. Following this is a phase of cooling and maturation. During these phases, the similarity of bacterial populations was observed, as found before in the study by Ren et al. [32]. Besides the temperature, microbiological populations are also affected by the physicochemical properties of the substrate, e.g., moisture content, C/N ratio, ammonium concentration, pH, or the presence of other microorganisms [8].



The pH changes during the composting process remain in the alkaline range, which is probably associated with the buffering effect of bulking material as a result of CO2 accumulation and NH3-N release from the mineralization process of N-organic [26]. Our results showed that the addition of lime in combination with zeolite increased the initial pH values in comparison to control and zeolite piles. Overall, in all the piles, there was a decrease in pH on the first day of storage which was caused by the creation of organic acids during the decomposition, followed by a gradual increase throughout the process. Previous studies by Zhang et al. [33] and Jiang-Ming [34] suggested that the presence of H+ ions supported the volatilization of ammonia and nitrification, which caused a decline in pH concentrations. The high pH and temperatures that initiated the thermophilic phase facilitated the higher conversion of organic nitrogen into NH4+-N during the decomposition and ammonification processes [35]. The effect of amendment with zeolite and lime on the N-cycle corresponds to that reported by Mardini et al. [36], who suggested that the increase in granular zeolite dosage from 1.6% to 47.2% (w/w, dry weight basis) reduced N-losses and NH4+ emissions from 979 ppm to 127 ppm. The pH changes in the control pile in the present study corresponds with that of Rana et al. [26], where the pH concentrations in the treatment of cattle manure with rice dust showed alkaline values after 40 days of composting.



Moisture and the physicochemical properties of the substrate play a significant role in the ability of pathogens to persist and resuscitate in amended soils. During composting, the optimum water content maintains microbial activities and promotes the decomposition of organic matter. This study used a dry matter basis to calculate the moisture content decrease. The moisture decreased throughout the storage. Yu et al. [37] achieved similar results. During the initial heating and thermophilic phases, the moisture content decreased gradually due to the increased rate of fermentation reactions throughout the piles. By the end of the experiment, the moisture content in the Z- and ZL-piles was lower than in the control pile, which suggested higher activity of microorganisms. A study by Hongye et al. [38] examined the impact of moisture content on pathogen survival. They discovered that in the dairy composted manure stored at 22 °C and 40% MC, Non-O157 Shiga-Toxin-Producing Escherichia coli can survive at least for 125 days, with counts equal to 3.17 log10 CFU/g.



According to Macias-Corral et al. [39], the initial C/N ratio had a significant effect on the reduction in microbial counts in cattle manure composted with wheat straw. Their research showed that the counts of indicator bacteria and pathogens declined more effectively in heaps with a C/N ratio of 22:1, while a higher C/N ratio caused a decrease of about 35% of the initial concentration. Our findings correlate with these findings, as the initial C/N ratio in our piles was even higher. The C/N ratios gradually decreased in all piles until they reached relatively stable values of about 16:1 in the second half of composting. Values below the range of 10–15:1 signify a satisfactory level of composted manure maturation [40]. The decrease in these values is a result of the decomposition and utilization of organic material and the mineralization of nitrogen by microorganisms [41]. Compared to the control pile, the C/N ratio dropped more quickly in the ZL-pile. A similar effect of additives on the acceleration of composting was reported by Awasthi et al. [42], who observed that the addition of 30% zeolite and 1% lime (w/w, dry weight basis) to the mixture of biosolids and wheat straw before composting significantly enhanced the processes of degradation, the humification of organic matter, and the enzymatic activities and decreased the maturation period by two weeks.



In our study, we observed the positive effect of zeolite and lime on physicochemical parameters, such as a decrease in N-losses or ammonia emissions. The addition of various additives to the fermented manure has positive efficiency not only in the devitalization process, but also contribute to reducing emissions into the atmosphere such as VOCs, H2S, CH4, CO2, and NH4. Żołnowski et al. [43] studied the effect of mineral–microbial deodorizing preparations based on perlite and bentonite on the poultry manures as soil amendments. They reported a beneficial effect of amendments in reducing harmfulness emission, especially ammonia, which correspond with our results in the decrease in NH4+-N in amendment piles. Despite the amendments, they were inadequate in devitalizing pathogens and creating discernible differences in microbial populations. During the initial two weeks, fluctuations in the counts of indicator microorganisms were observed, corresponding with changes in the concentrations of NH4+-N in the piles. Indicator microorganisms such as Escherichia coli, coliform bacteria, and fecal enterococci began to decrease after the 41st day, a time point which also marked changes in the concentration of total nitrogen and NH4+-N. However, these populations persisted throughout the 126-day storage period.



Fan et al. [44] reported similar results. They observed an increase in NO3−-N during the cooling phase, within 30 days of composting, in the treatment groups containing pig and cow manure. This finding corresponds with the study by Jiang et al. [41], who suggested the existence of nitrifying microbial communities that were resistant to high temperatures. The changes reported in our study were also affected by ambient conditions. At the time of summer rains, we observed an alteration in the microbiological population, such as the growth of fecal enterococci and the decline in coliform bacteria, E. coli, and Salmonella spp. The die-off of Salmonella spp. was observed in the C-pile and the Z-pile on day 63 and in the ZL-pile on day 41. The amount of Salmonella spp. decreased during the second and third weeks of composting, but this effect was not found in the ZL-pile. This phenomenon was probably due to the stress related to the changes in physicochemical properties and microbiological population changes caused by amendments. As Salmonella spp. and Escherichia coli are important zoonotic pathogens, several authors have focused on their survival [45,46,47,48] and their microbiological associations during composting [3,21,49,50] as well. According to Venglovsky et al. [8], who investigated the survival of pathogens and indicator bacteria in raw pig slurry stored for 115 days at different temperatures, Salmonella typhimurium in pig slurry stored at 20 °C survived for 32 days; in contrast, the decline in indicator bacteria at the same temperature was generally by about two or three orders. Their results offer the survival of microorganisms at lower temperatures, which corresponds with our results. The decline in microorganisms during composting amended with zeolite was reported by several authors [50,51,52], and the same was observed with the addition of lime [53,54]. Overall, the counts of microorganisms observed in our study showed an initial fluctuation and then decreased gradually. The amendment with zeolite affected the counts in both the Z- and ZL-piles, whereas the noticeable changes in bacteria counts were in the amendment pile potentiated by hydrated lime.



As was mentioned before, the effect of amendments such as natural zeolite or calcium hydroxide is significant and has been studied by many authors. Nowadays, there is still a need to study many aspects of the maximal usage of enriched matured manure as a natural source of micro- and macronutrients for crop management. The aim of the management of the composting process is not only to minimize the risk of the transfer of any pathogens to protect human and animal health, but also to minimize the usage of chemical substances in agriculture to protect the environment for our future.




5. Conclusions


Individual methods of manure management and treatment differently affect the viability of pathogens and the final quality of manure that is used for land application. Inadequate treatment of animal waste presents a risk of contamination to crops, soil, and water sources. This study highlights the impact of natural additives on the microbial population during the composting process. Understanding pathogen survival in manure piles before they are applied to agricultural land is a crucial goal of this study.



The results showed that natural zeolite or zeolite–lime combinations improved the composting process. A multitude of factors, including temperature, pH, C/N ratio, moisture content, other physicochemical characteristics, and native microflora, influence bacterial survival during composting. However, they were unable to significantly reduce hygienic indicators, such as the counts of total coliform bacteria, fecal enterococci, and E. coli, at the applied doses. Conversely, Salmonella spp. survived for only 63 days in the control pile and the zeolite pile, and survived for 41 days in the zeolite–lime pile. In summary, this study provides a microbial perspective on the benefits of additives to the microbiome of composted manure. It serves as a reference for future studies on the benefits of additives and the potential microbial risk of composted manure.







Author Contributions


Conceptualization, I.M. and G.G.; methodology, J.V. and N.S.; software, I.M.; validation, G.G.; formal analysis, I.M. and G.G.; investigation, I.M.; resources, I.M.; data curation, I.M.; writing—original draft preparation, I.M., G.G. and T.S.; writing—review and editing, I.M., G.G. and T.S.; visualization, I.M. and G.G.; supervision, J.V. and G.G.; funding acquisition, G.G. All authors have read and agreed to the published version of the manuscript.




Funding


This publication was supported by Cultural and educational grant agency KEGA of the Ministry of Education, Science, Research and Sports of the Slovak Republic project number KEGA 001UVLF-4/2022.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All existing data are listed in the manuscript.




Conflicts of Interest


The authors have no competing interests to declare that are relevant to the content of this article. The authors declare they have no relevant financial or non-financial interests to disclose.




References


	



Manyi-Loh, C.H.E.; Mamphweli, S.N.; Meyer, E.L.; Makaka, G.; Simon, M.; Okoh, I.A. An Overview of the Control of Bacterial Pathogens in Cattle Manure. Int. J. Environ. Res. Public Health 2016, 13, 843. [Google Scholar] [CrossRef] [PubMed]

	



Kiyasudeen, S.K.; Ismail, S.A.; Nagar, B. Characterization of Fresh Cattle Wastes Using Proximate, Microbial and Spectroscopic Principles. American-Eurasian. J. Agric. Environ. Sci. 2015, 15, 1700–1709. [Google Scholar] [CrossRef]

	



Wan, J.; Wang, X.; Yang, T.; Wei, Z.; Banerjee, S.; Friman, V.P.; Mei, X.; Xu, Y.; Shen, Q. Livestock Manure Type Affectes Microbial Community Composition and Assembly During Composting. Front. Microbiol. 2021, 12, 621126. [Google Scholar] [CrossRef] [PubMed]

	



Burch, T.R.; Spencer, S.K.; Borchardt, S.S.; Larson, R.A.; Borchardt, M.A. Fate of Manure-Borne Pathogens during Anaerobic Digestion and Solids Separation. J. Environ. Qual. 2013, 47, 336. [Google Scholar] [CrossRef] [PubMed]

	



Enigdaw, A.; Getachew, G.; Meselu, A. Review on Major Food-Borne Zoonotic Bacterial Pathogens. J. Trop. Med. 2020, 2020, 4674235. [Google Scholar] [CrossRef]

	



World Health Organisation. Food Safety, Salmonella (Non-Typhoidal). Available online: https://www.who.int/news-room/fact-sheets/detail/salmonella-(non-typhoidal) (accessed on 17 January 2024).

	



Sommer, S.G.; Christensen, M.L.; Schmidt, T.; Jensen, L.S. Animal Manure Recycling: Treatment and Management, 1st ed.; John Wiley & Sons Ltd. Europa: Copenhagen, Denmark, 2013; pp. 91–99. [Google Scholar]

	



Venglovsky, J.; Sasakova, N.; Gregova, G.; Papajova, I.; Toth, F.; Szaboova, T. Devitalisation of pathogens in stored pig slurry and potential risk related to its application to agricultural soil. Environ. Sci. Pollut. Res. 2017, 25, 21412–21419. [Google Scholar] [CrossRef] [PubMed]

	



Haruta, S.; Kanno, N. Survivability of Microbes in Natural Environments and Their Ecological Impacts. Microbes Environ. 2015, 30, 123–125. [Google Scholar] [CrossRef] [PubMed]

	



Boqvist, S.; Söderqvist, K.; Vågsholm, I. Food safety challenges and One Health within Europe. Acta Vet. Scand. 2018, 60, 1. [Google Scholar] [CrossRef] [PubMed]

	



Biswas, D.; Micallef, S. Safety and Practice for Organic Food, 1st ed.; Academic Press: Maryland Heights, MO, USA, 2019; pp. 28–35. [Google Scholar]

	



CDC Centers for Disease Control and Prevention. Multistate Outbreak of E. coli O157:H7 Infections Linked to Romaine Lettuce (Final Update). Available online: https://www.cdc.gov/ecoli/2018/o157h7-04-18/index.html (accessed on 17 January 2024).

	



CDC Centers for Disease Control and Prevention. List of Selected Multistate Foodborne Outbreak Investigations. Available online: https://www.cdc.gov/foodsafety/outbreaks/lists/outbreaks-list.html (accessed on 17 January 2024).

	



Luna-Guevara, J.J.; Arenas-Hernandez, M.M.P.; Martinez de la Pena, C.; Silva, J.L.; Luna-Guevara, M.L. The Role of Pathogenic E. coli in Fresh Vegetables: Behavior, Contamination Factors, and Preventive Measures. Int. J. Microbiol. 2019, 2019, 2894328. [Google Scholar] [CrossRef]

	



Matthews, L.; Reeve, R.; Gally, D.L.; Low, J.C.; Woolhouse, M.E.J.; McAteer, S.P.; Locking, M.E.; Chase-Topping, M.E.; Haydon, D.T.; Allison, L.J.; et al. Predicting the public health benefit of vaccinating cattle against Escherichia coli O157. Proc. Natl. Acad. Sci. USA 2013, 110, 16265–16270. [Google Scholar] [CrossRef]

	



Maroušek, J.; Gavurová, B. Recovering phosphorous from biogas fermentation residues indicates promising economic results. Chemosphere 2022, 291, 133008. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Chen, M.; Sui, Q.; Tong, J.; Jiang, C.; Lu, X.; Zhang, Y.; Wei, Y. Impacts of addition of natural zeolite or a nitrification inhibitor on antibiotic resistance genes during sludge composting. Water Res. 2016, 91, 339–349. [Google Scholar] [CrossRef] [PubMed]

	



Soudejani, T.H.; Kazemian, H.; Inglezakis, V.J.; Zorpas, A.A. Application of zeolites in organic waste composting: A review. Biocatal. Agric. Biotechnol. 2019, 22, 101396. [Google Scholar] [CrossRef]

	



Regulation (EU) No 528/2012 Concerning the Making Available on the Market and Use of Biocidal Products. Evaluation of Active Substances. Assessment Report, Hydrated Lime (Veterinary hygiene). 2016. Available online: https://echa.europa.eu/documents/10162/b77c478f-cd12-11a2-c1ff-2b3d62aa06dc (accessed on 17 January 2024).

	



Pesticide Research Institute for the USDA National Organic Program. Hydrated Lime: Technical Evaluation Report. 2015. Available online: https://www.ams.usda.gov/sites/default/files/media/Lime%20Hydrated%20TR%202015.pdf (accessed on 17 January 2024).

	



Zhang, Z.; Yang, H.; Wang, B.; Chen, C.; Zou, X.; Cheng, T.; Li, J. Aerobic co-composting of mature compost with cattle manure: Organic matter conversion and microbial community characterization. Bioresour. Technol. 2023, 382, 129187. [Google Scholar] [CrossRef] [PubMed]

	



STN EN ISO 6579-1:2017; Microbiology of the Food Chain. Horizontal Method to Prove the Number and Serotyping of Bacteria of the genus Salmonella. Part 1: Evidence of Salmonella sp. ISO: Geneva, Switzerland, 2017.

	



Renčo, M.; Sasanelli, N.; D’Addabbo, T.; Papajová, I. Soil nematode community changes associated with compost amendments. Nematology 2010, 12, 681–692. [Google Scholar] [CrossRef]

	



Larney, F.J.; Ellert, B.H.; Olson, A.F. Carbon, ash and organic matter relationships for feedlot manures and composts. Can. J. Soil Sci. 2005, 85, 261–264. [Google Scholar] [CrossRef]

	



Wang, G.; Kong, Y.; Yang, Y.; Ma, R.; Li, L.; Li, G.; Yuan, J. Composting temperature directly affects the removal of antibiotic resistance genes and mobile genetic elements in livestock manure. Environ. Pollut. 2022, 303, 119174. [Google Scholar] [CrossRef] [PubMed]

	



Rana, M.S.; Hashem, M.A.; Murshed, H.M.; Bhuiyan, M.K.J.; Rahman, M.M. Influence of bulking materials on the organic matter degradation during composting of cattle manure. J. Food Agric. Environ. 2020, 1, 33–38. [Google Scholar] [CrossRef]

	



Vochozka, M.; Maroušková, A.; Šuleř, P. Obsolete laws: Economic and moral aspects, case study—Composting standards. Sci. Eng. Ethics 2017, 23, 1667–1672. [Google Scholar] [CrossRef]

	



Beck-Friis, B.; Smårs, S.; Jónsson, H.; Eklind, Y.; Kirchmann, H. Composting of Source-Spreated Household Organics at Different Oxygen Levels: Gaining an Understanding of the Emmision Dinamics. Compos. Sci. Util. 2003, 11, 41–50. [Google Scholar] [CrossRef]

	



Barthod, J.; Rumpel, C.; Dignac, M. Composting with additives to improve organic amendments. A review. Agron. Sustain. Dev. 2018, 38, 17. [Google Scholar] [CrossRef]

	



Cofie, O.; Nikiema, J.; Impraim, R.; Adamtey, N.; Paul, J.G.; Kone, D. Co-composting of Solid Waste and Fecal Sludge for Nutrient and Organic Matter Recovery. In Resource Recovery and Reuse Series 3; International Water Management Institute (IWMI): Colombo, Sri Lanka, 2016. [Google Scholar] [CrossRef]

	



Zheng, G.; Wang, Y.; Wang, X.; Yang, J.; Chen, T. Oxygen Monitoring Equipment for Sewage-Sludge Composting, and Its Application to Aeration Optimization. Sensors 2018, 18, 4017. [Google Scholar] [CrossRef] [PubMed]

	



Ren, G.; Xu, X.; Qu, J.; Zhu, L.; Wang, T. Evaluation of microbial population dynamics in the co-composting of cow manure and rice straw using high throughput sequencing analysis. World J. Microbiol. Biotechnol. 2016, 32, 101. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Luo, W.; Yuan, J.; Li, G.; Luo, Y. Effects of woody peat and superphosphate on compost maturity and gaseous emissions during pig manure composting. Waste Manag. 2017, 68, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Jiang-Ming, Z. Effect of turning frequency on co-composting pig manure and fungus residue. J. Air Waste Manag. 2017, 67, 313–321. [Google Scholar] [CrossRef]

	



Yu, H.; Xie, B.; Khan, R.; Yan, H.; Shen, G. The changes in functional marker genes associated with nitrogen biological transformation during organic-inorganic co-composting. Bioresour. Technol. 2020, 295, 122197. [Google Scholar] [CrossRef]

	



Mardini, B.; Shibusawa, S.; Kojima, Y.; Hosaka, S. Effect of natural zeolite (clinoptilolite) on ammonia emissions of leftover food- rice hulls composting at the initial stage of the thermophilic process. J. Agric. Meteorol. 2016, 72, 12–19. [Google Scholar] [CrossRef]

	



Yu, H.; Xie, B.; Khan, R.; Shen, G. The changes in carbon, nitrogen, and humic substances during organic-inorganic aerobic co-composting. Bioresour. Technol. 2019, 271, 228–235. [Google Scholar] [CrossRef]

	



Hongye, W.; Muthu, D.; Zhao, C.; Xiuping, J. Persistence of Non-O157 Shiga Toxin–Producing Escherichia coli in Dairy Compost during Storage. J. Food Prot. 2017, 80, 1999–2005. [Google Scholar] [CrossRef]

	



Macias-Corral, M.A.; Cueto-Wong, J.A.; Morán-Martínez, J.; Reynoso-Cuevas, L. Effect of different initial C/N ratio of cow manure and straw on microbial quality of compost. Int. J. Recycl. Org. Waste Agric. 2019, 8, 357–365. [Google Scholar] [CrossRef]

	



Gómez-Brandón, M.; Lazacano, C.; Domínguez, J. The evaluation of stability and maturity during the composting of cattle manure. Chemosphere 2008, 70, 436–444. [Google Scholar] [CrossRef]

	



Jiang, J.; Liu, X.; Huang, Y.; Huang, H. Inoculation with nitrogen turn over bacterial agent appropriately increasing nitrogen and promoting maturity in pig manure composting. Waste Manag. 2015, 39, 78–85. [Google Scholar] [CrossRef]

	



Awasthi, M.K.; Wang, Q.; Chen, H.; Awasthi, S.K.; Wang, M.; Ren, X.; Zhao, J.; Zhang, Z. Beneficial effect of mixture of additives amendment on enzymatic activities, organic matter degradation and humification during biosolids co-composting. Bioresour. Technol. 2018, 247, 138–146. [Google Scholar] [CrossRef]

	



Żołnowski, A.C.; Bakuła, T.; Rolka, E.; Klasa, A. Effect of Mineral–Microbial Deodorizing Preparation on the Value of Poultry Manure as Soil Amendment. Int. J. Environ. Res. Public Health 2022, 19, 16639. [Google Scholar] [CrossRef] [PubMed]

	



Fan, T.; Zhang, X.; Wan, Y.; Deng, R.; Zhu, H.; Wang, X.; Wang, S.; Wang, X. Effect of different livestock manure rations on the decomposition process of aerobic composting of wheat straw. Agronomy 2023, 13, 2916. [Google Scholar] [CrossRef]

	



Erickson, M.C.; Smith, C.; Flitcroft, I.D.; Jiang, X.; Doyle, M.P. Survival of Salmonella enterica and Listeria monocytogenes in manure-based compost mixtures at sub-lethal temperatures. Agric. Food Anal. Bacteriol. 2014, 4, 224–238. [Google Scholar]

	



Lepesteuer, M. Human and livestock pathogens and their control during composting. Crit. Rev. Environ. Sci. Technol. 2022, 52, 1639–1683. [Google Scholar] [CrossRef]

	



Ongeng, D.; Geeraerd, A.H.; Springael, D.; Ryckeboer, J.; Muyanja, C.M. Fate of Escherichia coli O157:H7 and Salmonella enterica in the manure-amended soil-plant ecosystem of fresh vegetable crops: A review. Crit. Rev. Microbiol. 2015, 41, 273–294. [Google Scholar] [CrossRef]

	



Chen, Z.; Kim, J.; Jiang, X. Survival of Escherichia coli O157:H7 and Salmonella enterica in animal waste-based composts as influenced by compost type, storage condition and inoculum level. J. Appl. Microbiol. 2018, 124, 1311–1323. [Google Scholar] [CrossRef] [PubMed]

	



Wan, L.; Wang, X.; Cong, C.; Li, J.; Xu, Y.; Li, X.; Hou, F.; Wu, Y.; Wang, L. Effect of inoculating microorganisms in chicken manure composting with maize straw. Bioresour. Technol. 2020, 301, 122730. [Google Scholar] [CrossRef]

	



Peng, S.; Li, H.; Song, D.; Lin, X.; Wang, Y. Influence of zeolite and superphosphate as additives on antibiotic resistance genes and bacterial communities during factory-scale chicken manure composting. Bioresour. Technol. 2018, 263, 393–401. [Google Scholar] [CrossRef]

	



Azizi-Lalabadi, M.; Alizadeh-Sani, M.; Khezerlou, A.; Mirzanajafi-Zanjani, M.; Zolfaghari, H.; Bagheri, V.; Divband, B.; Ehsani, A. Nanoparticles and Zeolites: Antibacterial Effects and their Mechanism against Pathogens. Curr. Pharm. Biotechnol. 2019, 20, 1074–1086. [Google Scholar] [CrossRef] [PubMed]

	



Mao, H.; Zhang, H.; Fu, Q.; Zhong, M.; Li, R.; Zhai, B.; Wang, Z.; Zhou, L. Effects of four additives in pig manure composting on greenhouse gas emission reduction and bacterial community change. Bioresour. Technol. 2019, 292, 121896. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, M.; Roll, V.; Leite, F.; Prá, M.D.; Xavier, E.; Heres, T.; Valente, B. Quick lime treatment and stirring of different poultry litter substrates for reducing pathogenic bacteria counts. Poult. Sci. 2013, 92, 638–644. [Google Scholar] [CrossRef]

	



Hieng, O.T.; Hasfalina, C.M.; Mitsuhiko, K.; Fadhil, S.; Fatimah, M.Z.; Tatsuki, T.; Kiyohiko, N.; Norulhuda, M.R. The effect of calcium hydroxide addition on enhancing ammonia recovery during thermophilic composting in a self-heated pilot-scale reactor. Waste Manag. Res. 2023, 116, 194–202. [Google Scholar] [CrossRef]








[image: Life 14 00490 g001] 





Figure 1. The course of core temperature in the experimental piles and ambient temperature. 






Figure 1. The course of core temperature in the experimental piles and ambient temperature.



[image: Life 14 00490 g001]







[image: Life 14 00490 g002] 





Figure 2. The course of the temperature at 10 cm above the surface of the experimental piles and the ambient temperature. 
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Figure 3. Changes in pH in the composted manure piles during experiment. 
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Figure 4. (A–E) Changes in bacterial populations in the composted manure piles ((A)—total count of bacteria; (B)—coliform bacteria; (C)—fecal enterococci; (D)—Escherichia coli; (E)—Salmonella spp.). 
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Table 1. Mean ± standard deviation (n = 3) of physicochemical and microbiological parameters of raw materials.
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	Parameter
	Manure
	Wheat Straw





	C/N
	22.31:1
	92.15:1



	DM (%)
	16.82 ± 0.49
	87.64 ± 0.41



	MC (%)
	83.18 ± 0.49
	12.36 ± 0.41



	OM (%)
	97.30 ± 0.15
	88.22 ± 0.69



	Ash (%)
	2.70 ± 0.15
	11.78 ± 0.69



	NH4+-N %
	0.66 ± 0.14
	0.004 ± 0.00



	Nt (%)
	2.42 ± 0.11
	0.53 ± 0.18



	Pt (%)
	0.11 ± 0.03
	0.04 ± 0.001



	pH
	7.28 ± 0.08
	7.48 ± 0.12



	Salmonella spp. (log10 CFU/mL)
	ND
	ND



	CB (log10 CFU/mL)
	6.7583 ± 0.41
	3.4720 ± 0.22



	Escherichia coli (log10 CFU/mL)
	5.7916 ± 0.46
	2.9870 ± 0.13



	Fecal enterococci (log10 CFU/mL)
	6.1266 ± 0.43
	2.1393 ± 0.30



	TCB (log10 CFU/mL)
	8.2036 ± 0.59
	5.4866 ± 0.07







ND—not detected by the direct plating method and biochemically; C/N—carbon/nitrogen ratio; DM—dry matter; MC—moisture content; OM—organic matter; Nt—total nitrogen; Pt—total phosphorus; (%)—the percentage recalculated to dry base; CB—coliform bacteria; TCB—total count of bacteria.













 





Table 2. Culture media and incubation conditions.






Table 2. Culture media and incubation conditions.





	Microorganisms
	Culture Media
	Incubation Conditions





	Total count of bacteria (TCB)
	Nutrient Agar
	37 °C/24 h.



	Coliform bacteria (CB)
	Endo Agar
	37 °C/24 h.



	Escherichia coli
	Endo Agar
	43 °C/24 h.



	Fecal enterococci
	Slanetz–Bartley Agar
	37 °C/48 h.



	Salmonella spp.
	Salmonella–Shigella Agar
	37 °C/24 h.










 





Table 3. Mean value ± standard deviation (n = 3) of selected physicochemical parameters of substrates of experimental piles at day 1, day 41, and the last day of composting process.
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Parameters

	
Experimental Piles

	
Day of Composting




	
1. Day

	
41. Day

	
126. Day






	
C/N

	
C

	
22.37:1

	
15.21:1

	
16.60:1




	
ZL

	
22.88:1

	
16.59:1

	
15.10:1




	
Z

	
22.76:1

	
17.98:1

	
15.21:1




	
DM (%)

	
C

	
17.88 ± 0.88

	
18.87 ± 0.77

	
22.63 ± 0.33




	
ZL

	
19.61 ± 0.38

	
23.66 ± 0.43

	
26.90 ± 0.62




	
Z

	
19.86 ± 0.24

	
26.72 ± 0.95

	
27.97 ± 0.61




	
MC (%)

	
C

	
82.12 ± 0.82

	
81.12 ± 0.75

	
77.36 ± 0.37




	
ZL

	
80.39 ± 0.32

	
76.33 ± 2.70

	
73.10 ± 0.63




	
Z

	
80.14 ± 0.23

	
73.27 ± 2.04

	
72.03 ± 0.61




	
OM (%)

	
C

	
95.75 ± 0.27

	
95.47 ± 1.45

	
92.00 ± 0.16




	
ZL

	
94.37 ± 0.24

	
91.7 ± 1.70

	
88.00 ± 0.33




	
Z

	
94.17 ± 0.60

	
88.35 ± 1.46

	
86.80 ± 0.26




	
Ash (%)

	
C

	
4.25 ± 0.27

	
4.53 ± 0.33

	
8.00 ± 0.16




	
ZL

	
5.63 ± 0.19

	
8.30 ± 0.53

	
12.00 ± 0.33




	
Z

	
5.83 ± 0.30

	
11.64 ± 0.66

	
13.20 ± 0.26




	
NH4+-N (%)

	
C

	
0.61 ± 0.13

	
0.26 ± 0.08

	
0.02 ± 0.07




	
ZL

	
0.41 ± 0.62

	
0.07 ± 0.12

	
0.01 ± 0.50




	
Z

	
0.49 ± 0.74

	
0.15 ± 0.62

	
0.01 ± 0.29




	
Nt (%)

	
C

	
2.42 ± 0.28

	
3.45 ± 0.24

	
3.14 ± 0.07




	
ZL

	
1.95 ± 0.20

	
3.07 ± 0.17

	
3.20 ± 0.43




	
Z

	
2.33 ± 0.23

	
3.39 ± 0.34

	
3.12 ± 0.63




	
Pt (%)

	
C

	
0.07 ± 0.01

	
0.14 ± 0.01

	
0.16 ± 0.04




	
ZL

	
0.07 ± 0.01

	
0.09 ± 0.01

	
0.13 ± 0.01




	
Z

	
0.09 ± 0.02

	
0.12 ±0.00

	
0.14 ± 0.01








C/N—carbon/nitrogen ratio; DM—dry matter; MC—moisture content; OM—organic matter; NH4+-N—ammonia nitrogen; Nt—total nitrogen; Pt—total phosphorous; (%)—the percentage recalculated to dry base.













 





Table 4. Pearson correlation and statistical relation between counts of microorganisms and physicochemical properties of composted manure.
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Parameter

	
Pile

	
TCB

	
CB

	
Fecal Enterococci

	
Escherichia coli

	
Salmonella spp.






	
Day

	
C

	
−0.648 *

	
NS

	
NS

	
NS

	
−0.915 *




	
ZL

	
NS

	
NS

	
NS

	
NS

	
−0.644 *




	
Z

	
NS

	
NS

	
−0.695 *

	
NS

	
−0.875 *




	
T

	
C

	
NS

	
NS

	
NS

	
NS

	
NS




	
ZL

	
NS

	
NS

	
NS

	
NS

	
NS




	
Z

	
NS

	
NS

	
NS

	
NS

	
NS




	
pH

	
C

	
NS

	
NS

	
NS

	
NS

	
NS




	
ZL

	
NS

	
−0.591 *

	
NS

	
NS

	
NS




	
Z

	
NS

	
NS

	
NS

	
NS

	
−0.707 *




	
C

	
C

	
NS

	
NS

	
NS

	
+0.658 *

	
NS




	
ZL

	
NS

	
−0.629 *

	
NS

	
NS

	
NS




	
Z

	
NS

	
NS

	
NS

	
NS

	
NS




	
MC

	
C

	
NS

	
+0.670 *

	
NS

	
NS

	
+0.577 *




	
ZL

	
NS

	
NS

	
+0.686 **

	
NS

	
NS




	
Z

	
NS

	
NS

	
+0.722 **

	
NS

	
+0.637 *




	
OM

	
C

	
NS

	
+0.706 *

	
NS

	
NS

	
+0.817 **




	
ZL

	
NS

	
NS

	
+0.651 *

	
NS

	
+0.630 *




	
Z

	
NS

	
NS

	
+0.662 *

	
NS

	
+0.710 **




	
Ash

	
C

	
NS

	
−0.719 **

	
NS

	
NS

	
−0.824 ***




	
ZL

	
NS

	
NS

	
−0.650 *

	
NS

	
−0.622 *




	
Z

	
NS

	
NS

	
−0.677 *

	
NS

	
−0.720 **




	
NH4+-N

	
C

	
NS

	
NS

	
+0.656 *

	
NS

	
+0.684 *




	
ZL

	
NS

	
NS

	
NS

	
NS

	
NS




	
Z

	
NS

	
NS

	
NS

	
NS

	
+0.732 **




	
Nt

	
C

	
NS

	
NS

	
NS

	
NS

	
NS




	
ZL

	
NS

	
NS

	
−0.764 **

	
NS

	
NS




	
Z

	
NS

	
NS

	
NS

	
NS

	
NS




	
Pt

	
C

	
NS

	
NS

	
−0.692 *

	
NS

	
NS




	
ZL

	
NS

	
NS

	
−0.637 *

	
NS

	
−0.622 *




	
Z

	
−0.795 **

	
NS

	
−0.651 *

	
NS

	
NS








TCB—total count of bacteria; CB—coliform bacteria; C—carbon content; MC—moisture content; OM—organic matter; NH4+-N—ammonia nitrogen; Nt—total nitrogen; Pt—total phosphorous; T—temperature. * p < 0.05; ** p < 0.01; *** p < 0.001; NS—not significant.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 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 (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
REHEGS G A

= N
o U1 O U1 O

\

- O - O
Aam)

Max

F
/uf“

i

= Ambient e==C-pile

’N

Surface temperature

/“NW

NS RFSFSDH BT ERRB S

Days of composting

- =
(o))

%

\O
(o))

101

ZL-pile em——Z-pile

106
111

116

121

126





nav.xhtml


  life-14-00490


  
    		
      life-14-00490
    


  




  





media/file2.png
0
n

cunocaB8LHEHELGIEG

Core temperature

TP SRR A RFILRBRITERRD B

Days of composting
=== Ambient T e=C-pile ZL-pile

—7.-pile






media/file5.jpg
10

6 9 u W ¥ a
Days of composting
—C-pile ——ZL-pille ——2Z-pile

)

%

126





media/file3.jpg
4

cuBLBRERELGEY

Surface temperature

EREEREEER - IS
Days of composting
—— Ambient ——C-pile ——ZLpile ——Z-pile





media/file9.png





media/file1.jpg
A8

cwBLBRERELEYR

Core temperature

RRAFRSSEIRTBRRERERE

Days of composting
o Ambient T ——Copile —— ZLypile

—2zypile

106
m
116
21
126





media/file7.jpg
A Total count of bacteria B Coliform bacteria

" s
% 27
Es E
g g
£ £

4 4

L2iesunzasons L2isounzasns
Daysot composting (5 Rty
Cplle —mLiple ezl Cpile o TLple ez pie

c Faecal enterococci. D Escherichia coli

s s
27
Ee
g5

. .

126 unyaeos 1246 unyaenm
Daysol compostiog Daysof compsting
Cplle e Szl o e B
E Salmonella spp.
s

12469UD7469006

Daysof composting
——Cpile ——ZLpile ——Zpik





media/file0.png





media/file8.png
A Total count of bacteria B Coliform bacteria

10 8
E g EN
I
5 5 6
g " E

4 1

1 2 4 6 9 142027 41 63 90 126 1 2 4 6 9 1420 27 41 63 90 126
