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COMPARISON OF WASTE DEGRADATION AND MICROBIAL
COMMUNITY PROFILES DURING COMPOSTING OF YARD
WASTE, KITCHEN WASTE AND COW MANURE

Composting process is an effective low-cost method that converts organic waste
including animal manures, municipal biosolids, crop residues, food processing wastes to a
valuable resource which can be used as fertilizer and soil conditioner. In this study, two
experimental sets named Setl (Y, K, YKM) and Set2 (YK, YM, KM) were carried out,
where the moisture content was adjusted to 55+5 % with the aid of sawdust. Analytical
methods were applied to compare the quality of the end products with regulatory
requirements to use as soil amendments and to control the process efficiency. Additionally,
the bacterial community compositions at thermophilic stage were analyzed using next
generation sequencing. Final C/N ratio, volatile solids content, electrical conductivity of all
composting systems met with regulatory limitations. The pH in Y and YKM composts
were found to be in the range of 5.5 to 8.5 stated in the regulations. Final moisture content
was found higher than regulatory limits (<30%) in all systems. The best performance of
composting process was observed in Y, K and YK composting systems. Firmicutes and
Proteobacteria were the most dominant phylum and the higher abundance of Bacillus sp.
in all composting systems indicated very active thermophilic conditions during composting

process.



Vi

BAHCE ATIKLARI, MUTFAK ATIKLARI VE INEK DISKISININ
KOMPOSTLASTIRILMASINDA ATIK AZALIMININ VE
MIKROBIYAL KOMUNITE PROFiLLERININ
KARSILASTIRILMASI

Etkili ve disiik maaliyetli bir yontem olan kompostlastirma hayvan diskisi,
biyobozunur belediye atiklari, hasat artiklari, gida tiretim atiklarinin toprak diizenleyici ve
gibre olarak kullanilabilen degerli bir kaynaga doniistiiriilebilmesine olanak
saglamaktadir. Setl (Y, K, YKM) ve Set2 (YK, YM, KM) adli deney setlerinde nem
icerigi talag yardimiyla %55+5 degerine ayarlanmistir. Analitik metodlar, nihai Griinlerin
toprak iyilestirici olarak kullanilabilirli§i agisindan yonetmelikler ile karsilastirmak ve
islem verimliligini kontrol etmek i¢in uygulanmistir. Buna ek olarak, tiim sistemlerde
termofilik asamadaki bakteri kompozisyonlari, yeni nesil dizileme kullanilarak analiz
edilmistir. Bu ¢alismada, tiim kompost sistemlerinde, elektriksel iletkenlik, nihai C / N
orani ve ugucu kati madde icerigi yonetmeliklerin sinir degerlerini karsilamistir. Y ve
YKM kompostlarindaki pH'larin diizenlemelerde belirtilen 5.5 ila 8.5 aralifinda oldugu
bulunmustur. Nihai nem igerigi, yonetmeliklerde belirlenen sinirlardan daha yiiksek (<%
30) bulunmustur. Y, K ve YK kompostu en iyi performansi gostermistir. Firmicutes ve
Proteobacteria kompostlama siirecinde en baskin subeler olarak tespit edilmistir ve tim
kompost sistemlerinde Bacillus sp. en yaygin olarak bulunan tiir olmustur. Bacillus sp. en

yaygin tiir olmasi aktif bir termofilik evrenin gergeklestiginin gostergesidir.
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1. INTRODUCTION

Over the last decades, the quantum of waste generated by industrial and agricultural
activities increased significantly and led to various environmental problems. Municipal
solid waste generated by households, institutions, commercial establishments and
industries has major contribution to both atmospheric and hydrologic environmental
problems. Municipal solid waste (MSW) is composed of solid waste including grass
clippings, food scraps, newspapers, bottles, clothing product packaging, batteries, paint and
appliances (Farrel and Jones, 2009). Biodegradable municipal solid waste (BMSW)
including food waste, green waste, paper and cardboard waste is 60% and 70% of MSW
depending on local conditions, industrialization degree, eating and drinking habits, and,
climate (Garcia et al., 2005). According to Turkish Statistical Institute, the amount of
municipal waste by disposal methods was 28.011 million ton at total in 2014 in Turkey and
the production rate of MSW is approximately 2.77 kg MSW per person in Turkey (TUIK,
2015).

Disposal of wastes with high biodegradable content to landfills leads to decrease in
available landfill space as well as production of gaseous effluents consisting of volatile
organic compounds (VOCs), carbon dioxide and methane, and a leachate with high COD
and TOC concentrations in the landfills (Park and Shin, 2001). In this regard, adapting an
environmental-friendly, cost-effective and safe alternative to the disposal of MSW to
landfills is profoundly important in order to reduce the amount of waste in landfills.

In many civilized countries, in the scope of integrated waste management, first
priority has been prevention or minimization in generation and disposal of MSW to landfill
has been considered most undesirable option (Taylor and Kosson, 1996; Sakai et al.,
1997; Koufodimos and Samara, 2002). Furthermore, some countries advocate that any
waste that does enter landfill must first be treated in order to minimize its impact on
environment (Farrel and Jones, 2009). The European Union (EU) Landfill Directive
requires by 16 July 2016, the reduction of biodegradable municipal solid waste (BMSW)
entering the landfill to 35% of the total amount by weight of BMSW generated in 1995
(EU, 1999)-
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Treatment of MSW includes physical, thermal, chemical and biological processes that
aim to reduce the volume of waste or hazardous nature, facilitate the handling and enhance
recovery by changing the characteristics of waste (DEFRA, 2005). The most usual
management methods are composting, anaerobic digestion, incineration, thermolysis and

gasification (Crowe et al., 2002).

Agricultural waste containing animal manure is another source of solid waste. The
quantity of cattle manure produced in Turkey is around 52.9 million ton per year (TUIK,
2015; Berkes and Kislaoglu, 1993). Untreated animal manure results in odor, emissions
such as ammonia, methane and nitrous oxide (Hornig et al., 1999) Anaerobic digestion is
most common treatment method for animal manure which provides biogas as a renewable
energy source. However, as a biodegradable waste, composting of animal manure is also

preferable option to reduce its environmental impacts (Guo et al., 2016).

Composting is an environmentally-friendly process which converts organic wastes
including animal manures, municipal biosolids, crop residues, food processing wastes and
biodegradable municipal solid waste to humus-like end product (Westerman et al., 2005).
This process defined as the biological decomposition of organic matter under controlled
aerobic conditions enables to obtain a stabilized end product by reducing bulk and odor,
concentrating nutrients, killing pathogens (Farrell et al., 2009). The process is carried out
by a diverse microbial population, which dynamics vary greatly both temporally and
spatially, and generally involves the development of thermophilic temperature as a result
of biologically produced heat (Swan et al., 2002). Moreover, as microbial dynamics are
highly dependent on physicochemical conditions as well as organic wastes used as a
compost product, microbial community structure at different stages of the composting

process is barely known.

The interest in composting technologies at different levels of sophistication have been
raised greatly in numbers for the disposal of MSW, sewage sludge, cow and pig manures
in last 50 years (Haug, 1993). Basic scientific principles of composting system have been
conducted in order to understand the process in many years. However, engineering designs
depending on trial and error approach are limited to known substrates or previously tested

process conditions (Cerenzio, 1987; Richard, 1997). The numerous studies relevant to food



waste composting in various composting systems have been conducted in last decade
(Richard, 1997; Donahue et al., 1998; Nakasaki et al., 1998; Nakasaki and Ohtaki, 2002;
Lemus and Lau, 2002; Das et al., 2003; Kwon and Lee, 2004; Nakasaki and Nagasaki,
2004; Seo et al., 2004; Cekmecelioglu et al., 2005; Komilis and Han, 2006; Chang et al.,
2006). In addition, yard waste consisting of leaves, grass clippings, wood chips and
prunnings composting studies have gained considerable attention (Campbell et al., 1997,
Benito et al., 2003; Kumar et al., 2010; Brown and Li, 2013).

Hence, in this study, comparison of yard waste, kitchen waste and cow manure in
terms of waste degradation and bacterial community profiles was conducted in order to
contribute the knowledge of composting process using different raw materials. Moreover,
this study is a great example for local municipal waste management that reduces to organic
wastes loads to landfills and also it contributes to sustainable development. Introducing
new methods like the one that is investigated in the current study, would reduce the organic
waste contribution to landfills and bring better local municipal waste management

solutions.



2. LITERATURE SURVEY

2.1. Composting

Composting is a widely accepted technique which leads to economic and
environmental attributions associated with municipal landfill capacity; costs related to
landfilling and transportation of materials; reducing the use of commercial fertilizers (He
et al., 1992, Otten, 2001, Hansen et al., 2006 and Zhang et al., 2006).

There is an extensively increased interest in composting in the last few decades as it
transforms carbon-rich waste to a valuable resource. It is a cost- effective and
environmentally sustainable method converting waste into stabilized, humus-like end
product which can be used as fertilizer in agriculture, an animal feedstuff (Garcia et al.,
2005), remediation of heavy metal contaminated sites and organically polluted sites
(Farrell et al., 2009).

Composting process is conducted in anaerobic and also anaerobic conditions. Aerobic
biological conversion process is utilizing aerobic bacteria in order to convert organic
fraction of waste to humus like end product in the presence of O,. new cells, CO,, H,0,
NHs, SO4, heat, and compost are the end products of the composting process. Anaerobic
biological conversion processes are utilizing anaerobic bacteria in conversion of organic
materials to humus like end product in the absence of O,. New cells, CO,, CH,4, NH3, H,S,
and compost are the end products of the composting process. The advantage of anaerobic
composting is to achieve combustible gas, CH4 which can be used as renewable energy
source (Vigil, 1994).

Strict control of blast volume, high energy input and skilful operation of mechanical
equipment are essential for biological decomposition of organic matter under aerobic
conditions (Yu et al., 2015). In contrast to aerobic composting, maximum retention of
sludge nutrients and lower power consumption are required while breakdown of solid
organic fraction by microorganisms. Anaerobic composting has disadvantages including

low stabilization degree, long period of the process, odor problem related to the formation
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of H,S and dissatisfactory maturity (Himanen and Hanninen, 2011; Banegas et al.,
2007). Therefore, due to the problems facing in anaerobic composting, aerobic

composting is widespread application comparing to anaerobic composting process.
2.2. Fundamentals of Aerobic Composting
Aerobic composting is conversion organic fraction of waste in the presence of O, and

formation of end products consisting of new cells, CO,, H,0O, NHs, SO4? heat, and
compost (Figure 2.1.).

Water Heat Co,
Organic matter
(including carbon,
chemical energy,
protein, nitrogen)
Minerals (including
nitrogen and other
nutrients)
Organic matter (including carbon,
Water 3 Compost Site 3 chemical energy, nitrogen, protein,
P humus), minerals, water,
: ; microorganisms.
Microorganisms
Raw Materials ¢ Finished Compost
0,

Figure 2.1. The composting process (Rynk et al., 1992).

Composting process is developed in two main phases including the bioxidative phase
and the maturating phase also called curing phase (Bernal et al., 1996; Chen and Inbar,
1993). The bioxidative phase is divided into three stages (Keener et al., 2000) : an initial
mesophilic phase (temperature range:10-42 °C), varying from a few hours to a couple of
days where degradation of simple compounds such as sugars, amino acids, proteins, etc., is
occured via mesophilic bacteria and fungi; (ii) a thermophilic phase (temperature range:
45-70°C), lasting a few days, several weeks especially for food wastes, where thermophilic
microorganisms degrade fats, cellulose, hemicellulose and some lignin, during this phase
the degradation of organic content is at maximum while the destruction of pathogens
occurs; (iii) cooling phase which mesophilic organisms have a role to recolonize the

remaining substrates consisting of sugars, cellulose and hemicellulose and the microbial
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activity is reduced relevant to the depletion of degradable organic matter (Tuomela et al,
2000; Insam de Bertoldi, 2003). During composting process, the organic compounds are
converted to CO, and NHgs, with the consumption of O,. Maturation phase ensures the
stabilization and humification of organic matter and a mature with humic characteristics

end product is acquired (Bernal et al., 2009).

The succession of the composting depends on various physical and chemical
parameters needed to be adjusted appropriately to set convenient conditions for

biotransformation of organic substrates (Lopez-Gonzalez et. al., 2015).

Chemical requirements for composting consist of carbon-to-nitrogen ratio (C/N), the
balance between oxygen and moisture content, and pH. Compost physics is related to
aeration, mechanism of heat loss, moisture, particle size and size of compost system.
Variety of group of biological organisms including bacteria, actinomycetes, fungi,
protozoa, invertebrates have the key role in decomposition process (Table 2.1.) (Ryckeboer
etal., 2003).

The different steps of the process are defined as the temperature of the mass which
lead to growth of the biological organisms involved in composting process occur according
to the temperature of the mass, which defines the different steps of the process (Keener et
al., 2000).

Predominance of bacteria occurs early stage of composting, fungi presenting during
all composting process predominate whilst moisture content drops to the level below 35%
and are not active at temperatures higher than 60°C. Fungi are able to degrade resistant
polymers together with actinomycetes which predominate during stabilisation and curing
(Bernai et al., 2009). The efficiency of the system is directly linked to these parameters

associated with one another (Jayasree and Balan, 2012).



Table 2.1. Functional groups of organisms in composting process.

Tertiary Secondary Primary Organic

Consumers Consumers Consumers Residues

Centipedes Springtails Actinomycetes Leaves

Predatory mites  Feather-winghed beetles  Fungi Grass clippings

Rove beetles Some types of mites Snails Plant debris

Pseudoscorpions Nematodes Slugs Food Scraps
Protozoa Millipedes Fecal Matter

Sowbugs Soil invertebrates

Some types of
mites
Nematodes
Protozoa

2.3. Environmental and Operational Factors Affecting Composting Process

2.3.1. Substrate

In composting process, substrate is the waste to be composted. It refers the organic
material used as compost product. The origin of all degradable substrates is either of
animal, plant, or microbial. Plant materials are involved in the largest fractions while
animal tissues and microbial components are minor fractions of any mixture (Insam et al.,
2010). The chemical and physical properties of the substrate is crucial in efficiency of the
composting process in terms of course and rate like any other biological systems. The type
of substrate is essential to balance the nutrients that dictate the feasibility of the process.
Primary physical characteristics of the substrate are relevant to moisture content and
particle size of compost product. Some of the most important chemical characteristics are
associated with complexity, nature, molecular size and also elemental makeup of the
molecules. The characteristics including the complexity and the nature of the molecular
structure of the substrate link to the assimilability of the nutrients by the various

microorganisms in the system (Diaz et al., 2007).



Lignin is a major component of plants and it may consist around 30% of wood.
Degradation of lignin is a difficult task due to the extraordinary various of bonding among
them. Fungi which primarily degrade lignin are often pathogens. After the degradation of
lignin, cellulosic components are left behind. Trametes versicolor and Streeum hirsutum

are known as lignin-degrading fungi (Insam et al., 2010).

Cellulose presented in almost every type of organic waste is the most abundant
natural organic compound. When the cellulose is encrusted with lignin like in wood and
straw, fungi are generally responsible for cellulose degradation. Chaetomium, Fusarium,
and Aspergillus are well-known fungal cellulose degraders. The myxomycetes and relevant
taxonomic groups of Cytophaga, Polyangium, and Sorangium are responsible for cellulose
degradation. Moreover, Pseudomonas and related genera are found to be as cellulose
degraders. As oxygen is limited in the process, mesophilic and thermophilic Clostridia,
and also Fibrobacter species are important in cellulose utilization. Hemicellulosic
compounds consisting of xylan, pectin and, starch is degraded by various fungi and also
bacteria. Xylanases enzymes are produced to degrade xylan mostly found in straw,
bagasse, and wood. Pectinases ensures pectin degradation and three groups of enzymes
including phosphorylases, amylo-1,6-glucosidase and alpha-amylase have the key role in
starch degradation (Insam et al., 2010).

2.3.2. Types and sources of nutrients

The macronutrients for microorganisms are carbon (C), nitrogen (N), phosphorus (P),
and potassium (K). Manganese (Mn), cobalt (Co), copper (Cu), magnesium (Mg), and a

number of other elements are the macronutrients for microbes.

The ensuing enzymatic makeup of individual microbe procures availability of
nutrients. A certain number of microbes having enzymatic complex are not able to degrade
and utilize the organic material found in a freshly generated waste; while the
decomposition products are utilized by other microbes as a source of nutrients. The
composting of a waste is the consequence of the dynamic activities of different groups of

microorganisms in which one group compose the pathway for its successor group.



Materials including lignin and chitin are decomposed very slowly in spite of the fact
that all other optimum environmental conditions are maintained as these organic materials
are significantly resistant and refractory to microbial utilization. Nitrogen presented in
peptide, proteinaceous, or amino acid form is easily available. However, it is difficulty
available in chitin and lignin. Moreover, cellulose-C is readily available to fungi; whereas

it is unavailable to the various of the microorganisms.

2.3.3. Carbon to nitrogen ratio (C/N)

Carbon to nitrogen ratio (C/N) of organic waste to be composted is the most important
factor supporting the nutritional needs of the microorganism active in the system. The
adequate conditions can be achieved when C/N ratio is in the range of 25-35 as the
optimum microbial activity requires 30 parts of C per unit of N. Almost 30 parts of carbon
for each part of nitrogen are utilized via living microorganisms in their metabolism. CO,
(ATP) is formed by the oxidation of about 20 parts of carbon used for metabolic activities
and 10 parts of carbon is utilized for the synthesis of protoplasm, cell or membrane and
also storage products. Microorganisms consumes nitrogen to synthesize protoplasm. In
fact, the average C/N in many bacteria varies between 9 to 10 (Diaz et al., 2007).

High C/N reduces biological activity in composting process leading to long
operational time to decrease the C/N to a more suitable level (Golueke, 1977). The carbon
bound in compounds such as chiefly lignin, some aromatics, and some physical forms of
cellulose broken down formidably by biological activation wherefore carbon in microbes is
formed slowly (Diaz et al., 2007).

The downside of having the amount of carbon over that of nitrogen lower than 20 is
the loss of nitrogen through ammonia volatilization. High temperature and basic pH
ranging 8 to 9 ensures this loss which actualizes at the beginning of the process during
thermophilic stage. By reducing the nitrogen content of the end product, loss of ammonia
limits the value of organic fertilizer. Compost with too low C/N can be phytotoxic to plant

roots due to the ammonia released (Zucconi et al., 1981a,b).
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C/N ratio should not be accepted as the only one factor to identify the nature of
carbon in the wastes to be composted. The order of degradation of compounds is as
follows: carbohydrates>hemicelluloses>cellulose>cellulose=chitin>lignin. Therefore, the
rate at which organic materials are broken depends on the complexity of C compounds. On
the contrary, organic wastes containing mostly simple carbohydrates such as fruit and
vegetable are easily degradable while barks, trees, nutshells and leaves composed of

cellulose, hemicellulose and lignin have lower decomposition rate (Epstein, 1997).

The biodegradable fraction of a substrate in terms of volatile solids (VS) can be
calculated by following practical formula: biodegradable fraction = 0.83 — 0.028 x lignin
content of VS (Chandler et al., 1980). As there is no lignin-free plants, percentage of
degradable fraction of VS cannot reached to 83%. Moreover, lignin is required as a

precursor of the humic-like substances.

CO, concentration increases rapidly due to the microbial respiration reducing the C
level in the mass. However, when the decrease in C content is higher than that of N, C/N
ratio will be reduced in case of low ammonia volatilization and of negligible N content in
leachate (Maheshwari, 2014). Therefore, C/N diminishes constantly when optimum
conditions are procured for the composting process due to the biological mineralization of

carbon compounds converting into (Diaz et al., 2007).

2.3.4. Hydrogen ion level (pH)

The pH reflecting the acid concentration is a function of the accumulated acid
production and the decomposition of acids in order to produce CO; and heat (Sundberg,
2005). While the accumulation of acids occurs continuously, the pH decreases due to the
higher rate of acid production than acid decomposition. As both rates of acid production
and decomposition equal, the pH value reaches a minimum. The time for pH to reach a
minimum is defined as acidification time which can be considered as an index for the

composting rate.


http://www.sciencedirect.com/science/article/pii/S0960852408002654#bib33
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The microbial formation and decomposition of organic acids are dependent on the
oxygen level and temperature. According to previous studies, pH values varying between
7.4 to 8.8 during composting process indicate that optimum conditions relevant to
microflora and oxygenation are achieved (Michel and Reddy, 1998; Eklind and
Kirchmann, 2000; SanchezMonedero et al., 2001). Furthermore, Beck Friis et al. (2001)
asserted that the pH of 6.7-9.0 supports good conditions for microbial activity during
composting process. According to de Bertoldi et al. (1983) and Miller (1992) optimum

values of pH are ranging from 5.5 to 8.0.

Higher oxygen concentration leads to lower maximum concentrations of organic
acids in the compost and a faster decomposition of the acids, and thus a faster rise in pH
(Beck-Friis et al., 2001). Degradation of organic matter in compost product results in the
liberation of NH,4" leading to higher pH values at the beginning of composting, usually
ranging from 7 to 9 (Tang et al., 2004).

It is reported that the microbial community is severely impeded to coincide with low
pH in the matter (Day et al., 1998; Beck-Friis et al., 2001). The change from mesophilic to
thermophilic conditions during the initial stage of composting related to a change in pH
from acidic (pH=4.5-5.5) to alkaline (pH=8-9) (Beck-Friis et al., 2001).

2.3.5. Temperature

Temperature is widely accepted as an important environmental variable in composting
efficiency (Namkoong and Hwang, 1997; Joshua et al., 1998). The energy released during
the rapid microbial respiration procures heat which rises the temperature of the composting

process (Farrel and Jones, 2009).

The microorganisms are not precisely effective in converting and utilizing the
chemical energy bound in the substrate. Heat energy is generated by energy not used. The
amount of heat rises within the activity of microbial population (Diaz et al., 2007).
Therefore, the temperature profile indicates the microbial activity and the occurrence of the
composting process (Bernal et al., 2009). Due to the degradation of easily decomposable

components of the waste including sugars, starch and simple proteins, the rise in


http://www.sciencedirect.com/science/article/pii/S0048969708012795#bib13
http://www.sciencedirect.com/science/article/pii/S0960852404000677#BIB6
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temperature is exponential. During this phase, the exponential microbial growth is
observed. Whilst the readily decomposable material is limited, bacterial activity diminishes

and as a result temperature drops.

Temperature increase within composting material depends on the initial temperature
of the system, metabolic heat evolution and the conservation of heat (Miller, 1992). In lag
period, temperature rises gradually. Thereafter, in appropriate conditions, temperature
increases exponentially with time until it begins to plateau at around 65 to 70°C. The
thermophilic period depending on the system and the organic wastes used in the system
persists for 1 to 3 weeks. Then, temperature begins to decrease gradually until temperature

of the system has descended to ambient air temperature (Diaz et al., 2007).

Microbial metabolism and also the population dynamics of microorganisms are highly
affected by temperature. High rates of decomposition is acquired by the achievement of
minimum temperature levels which is essential to an effective composting process
(Finstein and Morris, 1975; Finstein et al., 1986). A study conducted by Mosher and
Anderson (1977) has demonstrated that temperatures of composting products below 20°C
substantially incline to slow or even stop process. Temperatures in excess of 60°C have
been shown to decrease the microbial activity, and above this temperature, the activity of
microbial population diminishes due to excessive number of thermophilic microorganisms
(Milller, 1992). Furthermore, several researchers have indicated that the stagnation in the
microbial activity occurs if the temperatures reach to 82°C (Neil and Wiechers, 1978;
Finstein et al., 1986; Fermor et al., 1989). The optimum composting temperatures were
found to be in the range of 52-60 °C by MacGregor et al. (1981). However, Miller et al.,
(1989, 1990) have demonstrated that in order to produce high quality compost, the
temperatures in this range are not essential. In addition, some researchers have found that
lower temperatures may rise the activity of microorganisms (Suler and Finstein, 1977;
McKinley et al., 1986).

2.3.6. Moisture content

Moisture content is an important variable which ensures a medium for the transport of

dissolved nutrients needed for the physiological and metabolic activities of
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microorganisms (Stentiford, 1996; McCartney and Tingley, 1998). The optimum moisture
content for composting process varies with the type of composting product, physical state
and the size of the particles. The moisture content in the starting material generally should
be in the range of 50% to 60% (Tiqua et al., 1998; McKinley et al., 1986; Suler and
Finstein, 1977).

Excessive water higher than 60% in the starting material tends to favor anaerobic
conditions due to lessening of the space available for air and water. Excessive moisture
could prevent and arrest the ongoing composting activities, resulting in a slower process
and low quality final product (Diaz et al., 2007). Moreover, very low moisture content
would result in early dehydration during composting, which will halt the biological
process, thus giving physically stable but biologically unstable end products (Bertoldi et
al., 1983). However, the maintenance of suitable conditions for moisture content will be
based on the nature of feedstocks in the compost mixture (Agnew and Leonard, 2003).
Composting of vegetable wastes with an initial water content of excess in 82% was
conducted successfully by Vallini and Pera (1989). Liao et al. (1993) reported that
composting of swine manure solids mixed with sawdust in a 5:1 ratio by weight with a
71% moisture content was feasible as long as sufficient air in the compost pile to maintain

oxygen needed for microorganisms was supported.

Permissible moisture content and oxygen availability are strongly interrelated. The
oxygen supply to microorganisms is the ambient air and also the interstitial air. Whilst the
rate of diffusion of ambient air into the mass reaches inadequate levels, the air trapped
within the interstices of composting products becomes the major source of oxygen.
Consequently, high moisture content displacing most of the air from the interstices

develops anaerobic conditions (Diaz et al, 2007).

The maximum permissible water content that is a function of particles of composting
products indicates to the degree of the resistance of individual particles to compression.
The permissible moisture content increases with the structural strength of the material to be
composted. The materials including woodchips, rice hulls and corn stover have up to 75-
80% permissible moisture content. However, amorphous materials which have little or no

structural strength such as paper, fruit wastes, sludges, and animal manures have an upper
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permissible moisture content in the range of 55-60%. In order to compost those materials,
it is required to add ‘‘bulking’’ agent having a high degree of structural strength to the
system (Diaz et al., 2007). The most commonly used bulking agents in the recent studies
are cornstalks, rice straw, cotton waste, peanut shells, sawdust and woodchips (Yang et al,
2013; Shao et al., 2014; Zhou et al., 2014). Leonard et al. (1997) studied the efficiency of
composting process when the initial moisture content was excess in recommended limit of
60% and the structural strength of compost material was extremely low. The mixture of a
sludge-straw-sawdust with a moisture content of 80% used for composting process and the
structure of the mixture collapsed. In order to restore porosity, the addition of straw was
required. Therefore, optimum conditions for composting process are obtained with an
initial moisture content which provides adequate water for microbial activity while

maintaining sufficient oxygen supply and structure (Agnew and Leonard, 2003).

During composting, evaporation of a large quantity of water can be acquired, in order
to sustain appropriate conditions for microbial activity being affected by decrease in the
rate of decomposition, rewetting of the system is required (Bernal et al., 2009). Based on
work using a laboratory composter, it is determined by Viel et al (1987) water lost through
evaporation was lower than water released through microbial activities. The changes of
moisture content during composting process depend on the method of composting, the
bulking agent, and the feedstock used in the system (Epstein, 1997). At the end of the
process, the moisture content of the final product should be approximately at 30% level in
order to avoid any further biological activity in the stabilized material (Diaz et al., 2007).

2.3.7. Aeration

In composting, system designs have been improved for the provision of oxygen to the
composting mass. Entrapped air in the composting mass, during the microbial activities,
varies in composition. While carbon dioxide concentration is rising progressively, oxygen
content reduces significantly. The sum of carbon dioxide and oxygen level in the content is
approximately 20 %. Carbon dioxide concentration is varying from 0.5 to 5 % and oxygen
from 15 to 20 %. When the level of the oxygen drops off this range, anaerobic conditions
occurs due to excessive number of anaerobic microorganisms over aerobic ones. In order

to maintain aerobic conditions, a constant oxygen supply is required. Otherwise, anaerobic
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respiration and fermentation processes predominate the system leading to altered microbial
activities (Diaz et al., 2007).

2.4. Microbiology of the Composting Process

Wild array of microorganisms is involved in composting process. Compost microbes
are composed of useful microorganisms performing the recycling of organic waste and
other that are mainly detrimental for environment, plant, animal and human. However, the
upside of the process is the ‘inactivation’ of the harmful microbes and providing beneficial
microbial community growth with the help of favorable conditions of oxygen, moisture
content and C/N ratio (Fuchs, 2010). Bacteria, actinomycetes, fungi, and possibly also

protozoa and algae are responsible for the process.

During the various composting stages, changes in the population of bacteria, fungi,
and actinomycetes are observed, each of which being adapted to the current environment.
Therefore, the variations of microbial communities predominant during the process.
Domain organisms utilizing the initial substrates provide a physico-chemical environment

appropriate for secondary decomposers by creating metabolites for the other.

Temperature fluctuations at the beginning of the process results in a rapid transition
from mesophilic to thermophilic microflora (Fig. 2.2.). The high temperature inhibits the
initial mesophilic populations while the thermophilic microflora has not yet growth due to
the insufficient temperature level. At temperatures above 60 °C, the optimum conditions
for thermophiles are generated and thermophilic phase concludes when the heat dissipation
is higher than the heat production as a result of the depletion of easily degradable
substrates. During cooling phase, decrease in microbial activity and heat output are
observed due to the limited nutrients in the system. During the maturation phase, hardly
degradable compounds such as lignin humus complexes become limiting factor for the

microbial activity (Ryckeboer et al., 2003).
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Figure 2.2. Changes in microbial diversity during composting process (Bhatia et al., 2015).

2.4.1. Microbial population

In initial phase of the composting process, easily degradable materials consisting of
sugars and proteins are consumed by mesophilic and thermotolerant fungi and bacteria
referred as primary decomposers (20-40 °C). During this phase, the competition between
fungi and bacteria occurs and subsequently fungi is outcompeted within a few hours or
days due to increase in pH resulted from ammonification. Bacteria are nutritionally domain
group of organisms in composting process using wide range of enzymes for the
degradation of various organic matters. Moreover, the growth rate of fungi is slower than
bacteria which results in a competitive disadvantage during those phases of the process
consisting of rapid changes in substrate availability and environmental parameters. As a
result, the decomposition and heat generation actualize mostly by bacteria during the initial
step of the composting process (Ryckeboer et al., 2003; Insam et al., 2010).

In thermophilic stage, mesophilic microorganisms are inactivated and thermophilic
and/or thermotolerant bacteria, actinomycetes and fungi species diversity escalate (Beffa et
al., 1996b). In early thermophilic stage of composting, proteins are metabolized and
subsequently the substrates become more alkaline as a result of liberation of ammonium

(Thambirajah et al., 1995). As temperature increases above 30 °C, actinomycetes,
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peculiarly streptomycetes causing the characteristic earthy smell of soil and compost, are
in an endeavour. After degradation of easily decomposable organic content by fungi and
bacteria, actinomycetes consume natural polymers and may be responsible for inhibition of
microbial growth by generation of antibiotics, lytic enzymes or even by paratisim
(Ryckeboer et al., 2003). C and N sources for actinomycetes are cellulose and
hemicellulose from plant material, chitin from fungus and soil fauna, lignin and humus.
(Lacey, 1973; Hardy and Sivasithamparam, 1989; Beffa et al., 1996a).

At temperatures varying between 50 to 60 °C endospore-forming bacteria like
Bacillus spp. dominates (Herrmann and Shann, 1997; Ryckeboer et al., 2003). When
temperature increases above 65 °C, thermophilic bacteria like B. stearothermophilus are
responsible for the degradation process. At temperature ranging between 40 to 80 °C, with
optimum growth from 65 to 75 °C, non-spore forming bacteria Thermus/Deinoccus group
oxidizing sulfur and hydrogen play a major role in decomposition (Beffa et al., 1996b). In
thermophilic stage, temperature may exceed 80 °C and such high temperatures lead to
destruction of human and plant pathogens, demolishment of weed seed and insect larvae
(Insam et al., 2010). However, it is determined by Millner et al (1987) the suppression of
Salmonella spp. was maintained more efficiently in composts at 55 °C comparing to in
those at 70 °C. Moreover, temperatures exceeding 70 °C may result in delay in regrowth of
mesophilic populations and appropriate reinoculation shemes can overcome this problem
(Insam et al., 2010). In recent researches, Firmicutes, Proteobacteria, Bacteroidetes and
Actinobacter are found to be dominant phyla at thermophilic stage of composting process
(Partanen et al., 2010; Zhang et al., 2015b, 2016). Zhang et al. (2015a) reported that the
high abundance of Firmicutes might come from its thermotolerance. Moreover, the
abundance of Proteobacteria and Bacteriodetes might be applied to the lower temeperature
(Zhang et al., 2015b).

The growth of thermophilic fungi occurs when the temperatures are up to 55 °C and
the substrate rich in cellulose and lignin are available in the system. Toumela et al. (2000)
reported that a few Basidiomycota such as the white-rot fungus Phanerochaete
chrysosporium (anamorph Sporotrichum pulverulentum) grow efficiently at elevated
temperatures. The optimum growth was observed at temperatures around 36 to 40 °C and

even at 46 to 49 °C.  Temporary anoxic conditions may originate in thermophilic stage and
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as oxygen supply is a limiting factor for fungal generation, their population in the process
becomes negligible (Insam et al., 2010). Humification process of compost materials
correlated with the degradation of lignin is maintained mostly by fungi if the optimum
conditions are settled in thermophilic phase. Otherwise, bacterial species including
Flavobcterium, Pseudoxanthomonas, Sphingobacterium composti (Karadag et al, 2013),
Bacillus (Tian et al, 2013), Ureibacillus (Ting et al., 2013) and Stretomycetes (Lu et al.,
2013) are responsible for the lignin degradation. It is also reported that Bacilli and
Clostridium group also play an important role in hydrolisation of cellulose under

thermophilic and anoxic conditions (Lv et al, 2015; Maeda et al., 2010).

Whilst the activity of the thermophilic diminishes due to exhaustion of substrates, the
temperature starts to decline. Recolonization of the substrate is maintained by mesophilic
organisms originating from surviving spores, through spread from protected microniches,
or from external inoculation. In second mesophilic stage, the characteristic of domain
organisms is the ability to degrade starch or cellulose. Bacteria such as Cellulomonas,
Clostridium, and Nocardia and fungi of the genera including Aspergillus, Fusarium, and
Paecilomyces are cellulose degraders in this phase of composting process (Ryckeboer et
al., 2003; Insam et al., 2010).

In maturation phase, the quality of the substrates decreases and the compounds
comprised of lignin-humus complexes become predominant. During this phase, the fungal
population overcomes bacterial communities due to the competitive advantages of fungi
under lower water content and poorer substrate availability (Insam et al., 2010). Bacteria
belonged to genus Arthrobacter are domain natural bacterial flora of soils and their
presence and numbers could be used as indicator of mature compost. Hence, species
diversity seems to be associated with compost maturity evaluation and also stability of the
end product (Beffa et al., 1996a).

2.4.2. The techniques to assess microbial diversity during composting
Bacterial cultivation technique ensures the identification of only a small fraction of

microorganisms (0.01-10%) in natural environments. Accurate molecular methods

consisting of DNA extraction, followed by PCR amplification and ensuing 16s rRNA
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genes developed to minimise the limitation relevant to culture dependent approaches.
However, it is considered that cultivation techniques may also give information about bias
(Bhatia et al, 2013).

Wide range of methods including DGGE (Ishii et al, 2000; Steger et al, 2007)
(denaturing gradient gel electrophesis), SSCP (Peters et al, 2000) (single strand
conformation polymorphisms), ARISA (Schloss and Handelsman, 2003) (automated
ribosomal intergenic spacer analysis), cultivation (Beffa et al, 1996b; Ryckeboer et al,
2003), restriction analysis and sequencing (Dees and Ghiorse, 2001), and microarrays
(Franke-Whittle et al, 2009), have been conducted to analyze compost microbiota to
investigate which microorganisms are present during different stages of the process (Fig
2.3).

Indirect DNA Extraction | Compost Samples | Direct DNA Extraction
‘ Bacterial Isolates | | Total Compost DNA Extraction |
| Genomic DNA Extraction | | PCR Amplicon ‘

— l —— DGGE, TGGE, SSCP
Nucleic Acid ‘ DNA Microarrays | | % (G+C) Content | RFLP, ARDRA. RISA
Reassociation i ’ T

‘ Total Genetic Diversity | | Community Finger Printing
‘ Total Community Analysis ‘ 16S rRNA Sequencing and

Comparative Sequence

|

I Phylogenetic and Functional Diversity |

Figure 2.3. Molecular approach for analyzing microbial diversity (Agrawal et al., 2015).

2.4.2.1. Cultivation techniques. Isolation and enumerations of microorganisms from

compost have been so far conducted on rich organic complex media to detect microbial
diversity during composting process and the traditional plating techniques such as pour
plate, spread plate and straking methods have been performed by various researches (Kane
and Mullins, 1973; Finstein and Morris, 1975; Nakasaki et al., 1985a, 1985b; Strom 1985a,
1985b; Hardy and Sivasithamparam, 1989; Davis et al., 1991; Beffa et al., 1996a; Choi
and Park, 1998; Ryckeboer et al., 2003; Van Gestel et al., 2003). The number of

microbes/mL or microbes/g in a sample can be found using the pour plate technique in
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which 0.1 to 1.0 ml of diluted sample is pipetted into a sterile Petri plate and then melted
agar is added and mixed with the sample. Colonies, each of which represents a colony
forming unit (CFU) spread on the surface as well as throughout the agar. The preferable
range of CFU varies between 30 to 300 colonies/plate for an accurate count. The drawback
of this method is that the embedded colonies are smaller in contrast to the ones on the
surface and, excessive attention is needed to know all colonies are overlooked. Adding
that, obligate aerobes may develop if deeply imbedded in the agar. In the spread method,
the diluted sample is spread over an agar plate and collonies are formed on the surface. A
streak plate method ensures the isolation a single species from a mixed species population
(Bhatia et al, 2013).

2.4.2.2. Molecular technigues. Conventional culture techniques yield only a limited

fraction of all microbes present in a sample. Molecular techniques provide an information
about the microbial community in its full diversity by analyzing of single cells. In order to
investigate population structures and dynamics in terms of richness, evenness and

composition, genetic fingerprinting methods are required (Fakruddin, 2003).

Denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel
electrophoresis (TGGE) are similar analysis which examine microbial genetic diversity.
DGGE/TGGE have been preferable methods in environmental microbiology to isolate
bacteria, analyse enrichment cultures, compare DNA extraction techniques, study
community complexity, monitor population shifts, investigate sequence heterogeneity of
16S RNA/18S RNA genes, detect PCR and cloning biases, and screen clone libraries
(Muyzer and Smalla, 1998; Nicolaisen and Ramsing, 2002). These techniques are based on
the extraction of DNA from soil sample, followed by the PCR amplification of 16S or 18S
rRNA genes using universal primers. As separation on a polyacrylamide gel with a
gradient of increasing concentration of denaturants including formadide and urea will
occur relied on melting behaviour of the double-stranded DNA, the 5’-end of forward
primer includes a 35 to 40 base pair GC clamp to provide that at least some part of DNA
remains double stranded. On denaturation, melting of DNA being sequence specific ensues
in domains, and DNA migrates differentially through the polyacrylamide gel (Muyzer and
Smalla, 1998). After denaturation step, the visualisation of DNA bands in DGGE/TGGE
profiles can be conducted using ethidium bromide, SYBR Green |, or silver staining
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(Agrawal et al., 2015). Sequence variations in PCR-amplified DNA fragments of identical
length are utilized and resolved based on differences in mobility in polyacrylamide gels
consisting of gradient of a denaturing agent (Muyzer et al., 1993). Movement of fragments
is dependent on the molecular weight. However, whilst they progress into higher
denaturing conditions and each reaches a melting point depending on its sequence
composition. In contrast to DGGE, in TGGE approach, a uniform concentration of
denaturant in the gel is utilized and rise in temperature occurs uniformly with time
throughout the electrophoresis leading to more easily reproducible separations (Agrawal et
al., 2015). PCR biases and laborious sample handling limits DGGE/TGGE having an
influence on the microbial community and variable DNA extraction efficiency (Theron and
Cloete, 2000). Different sequence variations in PCR-amplified DNA fragments may have
shown similar mobility characteristics in the polyacrylamide gel. Thus, one bacterial
species may represent multiple bands due to multiple 16S rRNA genes with slightly
different sequences and one band may not belong to one species (Gelsomino et al., 1999;
Maarit-Niemi et al., 2001).

Single-strand conformation polymorphism (SSCP) is a molecular method used to
analyse microbial diversity based on DNA polymorphisms which refers that after
separating the amplification products on gels, the banding patterns distinguish organisms
according to the absence or presence of bands (Agrawal et al., 2015). In this method,
single-stranded DNA is separated on a polyacrylamide gel according to their mobility
characteristics resulted from their folded secondary structure (Lee et al., 1996). SSCP
involves all the same limitations of DGGE. Adding that, as some single-stranded DNA
may generate multiple stable conformation, one species may give rise to more than one
band on the gel. However, a GC clamp and the construction of gradient gels are not
required (Peters et al., 2000).

Amplified ribosomal DNA restriction analysis (ARDRA) also known as restriction
fragment length polymorphism (RFLP) is relied on PCR amplification of 16S rRNA genes,
followed by digestion of the PCR product with tetracutter restriction endonucleases and
resolving restricted fragments on agorose or polyacrylamide gels. Liu et al. (1997) reported
that ARDRA provides analysis of microbial structural changes in microbial communities

but not give information about the microbial diversity or specific phylogenetic groups.
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ARDRA-ITS ensures the analysis of fungi without prior knowledge of their genome
organization using the universal primers ITS 1 and ITS 4 (White et al., 1990) which anneal

to the evolutionary stable 18S and 28 rRNA genes.

Ribosomal intergenic spacer analysis (RISA) and automated intergenic spacer
analysis (ARISA) are relied on fingerprinting of the microbial community. PCR
amplification provides the intergenic spacer (IGS) region between 16S and 23S ribosomal
subunits that later denatured and separated on polyacrylamide gel under denaturing
conditions. In RISA analysis, a community specific profile is obtained and each band
represents at least one organism. ARISA analysis includes a fluorescence-labelled forward
primer compare to RISA (Agrawal et al., 2015).

Next generation high-through put DNA sequencing techniques gives enormous
opportunities in the life sciences including genome-wide characterisation and profiling of
mRNAs, small RNAs, transcription factor regions, structure of chromatin and DNA
methylation patterns, microbiology and metagenomics (Ansorge, 2009). Comparing to
conventional techniques, next generation sequencing (NGS) technologies provide the
inexpensive production of massive number of sequence data (Metzker, 2009).
Furthermore, inherent limitations of conventional methods aimed the researchers to the
detection of dominant microorganisms in complex microbial consortia compositions. NGS
makes it possible to determine relatively low abundant microorganisms in microbial
communities (Samarajeewa et. al, 2015). Applied Biosystems (SOLiID system), Roche
(454) and Illumina (HiSeq control system, the Genome Analyzer, lon Personal Genome
Machine) are the three sequencing systems which perform better performance, and have
their own advantages relevant to read length, accuracy, applications, consumables,
informatics infrastructure and also man power requirement. The lon Torrent sequencing
technique (Personal Genome Machine) released at the end of 2010, is based on
semiconductor chip and hydrogen ion sensor, in order to detect H* release during
hydrolysis of the triphosphate moiety due to the incorporated position of nucleotides into
DNA (Loman et al., 2012; Rothberg et al., 2011). The novelty of the lon Torrent PGM is
being the first commercial sequencing machine which does not require fluorescence and
camera scanning, leading to higher speed, lower cost and smaller instrument size (Liu et
al., 2012).
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2.5. Compost Quality Attributes, Measurements, and Variability

Composting final product is humus-like and stabilized material which can be used as
a soil amendment. The term ‘‘stabilization’’ indicates to the oxidation of organic matter
and also the conversion of organic content to a more refractory form. Maturity refers to
lower level of soluble organic carbon and yet higher levels of humified substances. It is a
function of the organo-chemical properties of the compost implying the presence or lack of
phytotoxic organic acids (Haug, 1993; Epstein, 1997; Farrel and Jones, 2009).

When the composting process progresses, the readily degradable organics in the
substrate is utilized by the various microorganisms and gradually less degradable humus
materials remain. At the end of the process, the remained materials are still degradable.
However, the degradation rate is less in comparison to the feedstock. The aim of the
composting process is to obtain an organic soil conditioner beneficial to plants.
Stabilization can be defined as the impact of organic matters on plant growth. Therefore, a
stabilized end product must be released from the nuisance potential and phytotoxic

metabolites.

The degree of stabilization and evaluation of the compost product can be measured by

several approaches explained in following:

1. decline in temperature at the end of batch composting or curing
2. a low level of self-heating in the end product
3. volatile solid content, chemical oxygen demand, carbon content, ash

content or C/N ratio referring to organic content of the compost

4. oxygen uptake rate
5. the impact on seed germination and plant growth
6. the absence of particular components consisting of ammonia,

sulfides, organic acids and starch and the presence of others such as nitrate
7. increase in the redox potential
8. characteristic changes in odor production during process and odor

potential of the end product upon rewetting
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9. lack of insect attraction or lack of insect larvae development in the
end-product

10.  experience of the operator (Haug, 1993).

Compost maturity and stability are immense important for the use of final product as
soil conditioner. Chemical, physical and biological parameters assist to evaluate the system

and compost quality.

2.5.1. Chemical properties of composts

Organic matter concentration is a function of the total organic C of a compost.
Measurement of total organic C is mostly conducted by two laboratory methods including
combustion based on high temperature furnace oxidation and ensuing direct determination
of C via an infrared detector and Walkley-Black (Schulte, 1988) method relied on partial
chemical oxidation of total organic C. As the Walkey-Black test ensures an estimate of
organic C, combustion method is more accurate and precise measurement. The Walkey-
Black method calibrated for soil organic matter is not sufficient to compost organic matter.
Moreover, due to the use of dichromate for analyze, it is non-environmentally friendly

procedure.

The volatile solids in the content reduce during the composting process as a result of
biodegradation of organic matter by various microorganisms. The volatile solids reduction
varying 45 to 60% is dependent on feedstock used at the beginning of the process. The
volatile solids methods determine the estimated organic and ash concentrations of
composts. The lost portion in high-temperature (550 °C) approximates organic matter; the

remained portion after combustion is ash.

Cation exchange capacity (CEC) is the holding capacity of exchangeable cations
consisting of potassium (K), calcium (Ca), magnesium (Mg), and sodium (Na), to
negatively charged surfaces. Dissociation of acidic functional groups in organic matter are
the sources of negative charges in compost. The CEC rises with the increase in pH. During

composting process, compost CEC increases due to the incremental humified organic
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matter. Compost CEC tests is an indicator for compost maturity providing the evaluation of

potting media for container plants.

The total N content of compost is highly dependent on feedstocks, the compost
process, curing, and storage. Total Kjedahl and combustion are two laboratory methods for
measurement of total N. In contrast to Kjedahl method, combustion method provides more
accurate and precise result. In the Kjedahl method, digestion of N present in lignin
occurred insufficiently and samples consisting of large amount of lignin will have less N

by Kjedahl method than combustion which detects all N forms.

Inorganic forms of N including NH4-N, ammonia-N (NHs-N), and NO3-N are also the
useful indicator of compost maturity. During composting, NH,4 concentration in the content
decreases while NOs level increases. Immature or unstabilized composts mainly consist of
substantial amount of NH4-N. The estimation of plant-available N supplied with the

compost is developed by inorganic N measurement of composts.

The pH of final product ranging from 6 to 8 can vary significantly based on the
feedstock, processing conditions, and the addition of any amendments. Excessive alkalinity
or acidity results in inhibition on plant growth and damage to plant roots. It is essential to
comply with plant requirements before applying the compost to soil. In potting media,
increase in pH can be conducted by the addition of lime, and pH can be decreased by
elemental sulfur (S) addition which must be of very fine particle size (Marfa et al., 1998).
Saturated paste and volume addition are the two methods to measure compost pH. The
paste method is based on exceeding water-holding capacity of the compost sample by the
addition of water. For volume method, a defined volume of water is mixing with a defined
volume of sample in a predetermined ratio. Then, for both methods the pH is determined
by immersing the pH electrode into the mixture. Usually, 0.1 to 0.3 higher pH units are

obtained using volume method compared to saturated paste method.

Electrical conductivity (EC) of the compost used as a measurement of soil salt content
is relevant to dissolved solutes content of soil (Brady and Weil, 1996). Measurement of EC
Is conducted by saturated paste and volume addition method like pH measurement. In

saturated method, two composts with the identical electrical conductivity but differing in
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water holding capacity will give a result showing that the compost with the higher water
holding capacity has a lower EC. Moreover, EC correlates with other properties consisting
of texture and bulk density (Agnew and Leonard, 2003). EC analyze representing the
salinity of the compost does not specify the type of salts in the compost. Salts including
chloride (Cl), sodium (Na), and boron (B) have a harmful impact on the plants at elevated
concentrations. Cations or anions containing calcium (Ca), magnesium (Mg), sulfate-S
(S0O4-S), and (NOs-N) are also nutrients needed for plant growth. Soluble salt content in
water extracts rises in value due to the release of organic acids and soluble salts in
maturation phase (Avrimelech et al., 1996; Wu et al., 2000). Excessive saline compost has
a detrimental influence on root health and seed germination. Some vegetable crops
including onions (Allium cepa L.) and beans (Phaseolus vulgaris L.) have a low tolerance
to salts. Composts consisting of B higher than 1 meq.L™ of a saturated paste extract may
have an effect on sensitive crops like beans, and Cl content in excess of 10 meq.L™ of a
saturated paste extract may inhibit grape (Vitis spp.) growth (Stofella and Kahn, 2001). A
study conducted by Ringer (1997) indicated that manure compost with EC ranging from
0.7 to 1.5 mS cm-1 had no phytotoxic impacts on plant growth. Epstein (1997) suggested
that the conductivity higher than 5 mS cm-1 may affect plant grow by conducing

phytotoxicity.

2.5.2. Physical properties of composts

Moisture content assesses some understanding of processing and storage conditions.
Moisture content lower than 30% prevent further microbial activity in the stabilized end-
product. During the process, water content based on feedstock and processing may
fluctuate widely (Stofella and Kahn, 2001). Widely used determination method of moisture
content is the gravimetric method based on drying in convection or forced-air ovens. The
mass of the water present in a sample is detected drying the material and recording the
mass loss. For gravimetric method, it is assumed that only water is lost during drying
process (Agnew and Leonard, 2003). Microwave techniques are also satisfactory method
used in moisture determination for peat (Balascio,1990,1992) and forages (ASAE 2000)
and also for compost (Cardenas, 1977; Ramer and Leonard, 1995). The accuracy of drying
samples of yard waste and manure composts with commercially-available microwave oven

was conducted by Ramer and Leonard (1995). The drying times ranging from 6 to 30
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minutes was dependent on the sample size varying 20 to 100 g, the material and the
moisture content. Results of microwaved samples which exposed to microwaves till
reached a constant weight without charring were within 1.5% of those gained using
conventional oven methods. Moreover, the soil moisture analysis consisting of
tensiometers and neutron moisture probes have been investigated for compost samples to
establish their suitability for use in compost (Arslan et al., 1997; Pojasok, 2000). The
upside of the use of tensiometers is to monitor moisture content in real time in situ (Miller,
1989). Reliable and simple way of continuous moisture determination can be achieved by

using tensiometers in composting facilities (Agnew and Leonard, 2003).

Bulking density expressed as the weight per unit volume of compost is influenced by
ash content, moisture content, the degree of decomposition, and particle size distribution.
While bulk density rises, interstitial air level decreases, and water holding capacity
referring to the amount of water held in pores after gravitational loss for a specified time is
increased (Stofella and Kahn, 2001). On the other and, lower values of bulking density
imply excessive substrate aeration and, obliquely, a drop in the available water fraction
(Nappi and Barberis, 1993). Measurement of bulking density mostly based on the simple
mass per unit volume technique as described in the ASTM standards (He et al., 1995;
Glancey and Hoffman, 1994). This procedure is based on filling sample in a beaker or
container of known mass and volume. The material should be compacted to avoid large
spaces. Then in order to calculate the bulking density, the weight of the sample and the

container is determined.

Water holding capacity is the difference between the percentage of pore space and the
percentage free air space. The water holding capacity of composts can be measured by
adding water slowly onto a sample for approximately two hours then the sample is dried.
The amount of the water held in the sample gives the water holding capacity of compost
(Leege and Thompson, 1997).

The term ‘particle density’’ also known as absolute density (Wilson,1983; Villar et
al., 1993) is the mass of solids divided by the volume of the solids. The difficulty of the
measurement of particle density is to eliminate air trapped from pore spaces and

heterogeneous nature of the compost material results in interference to calculation (Agnew
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and Leonard, 2003). Determination method is generally based on the measurement of air
volume. Leege and Thomas (1997) measured particle density by adding water to a dried
sample of compost until it is saturated completely. In this method, a wetting and draining
procedure should be repeated for 4 times in order to fulfill all air voids. Additionally, it
assumed that all air voids are filled with water which volume gives the volume of air
spaces presented in the sample. Subtracting the volume of air from the total dry volume is
the volume of the particles. Haug (1995) found indirect method based on organic material
and ash content to measure bulk density. In this method, a specific gravity of 1.0 for

organic matter and 2.5 for ash content.

The porosity of the material, or airspace and water filled voids governed by particle
size and size gradation ensure the amount of water and air available to the microorganisms.
Porosity indicates matrix structure but not specifically the potential of oxygen availability
within the matrix due to the possibility of air-filled pores. On the other hand, free air space
(FAS) is relevant to oxygen availability as it is the determination of air-filled pores. The
reliable methods for determination of the porosity and free air space mentioned in the latest
researches are the air pycnometer and water displacement techniques (Agnew and Leonard,
2003).



29

3. MATERIALS AND METHODS

3.1. Composting System Setup

Composting processes composed of different feed stocks including kitchen waste,
yard waste and cow manure were conducted in two tumbler composting systems with a
capacity of 1 ton/year. Each compost tumbler system had the dimensions of were 200cm L
x 90 cm W x 150 H cm and both units were divided in two compartments. An additional
mill unit was designed to increase the efficiency of the system by homogenizing the wastes

and decreasing the in composting time (Fig 3.1b.).

Figure 1.4. Manual composting system (a) tumbler composting system (b) mill unit.

The composting systems were operated as a batch reactor in which compost products
were added once, and then the systems were allowed to start composting process.
Tumblers were turned manually three times a day throughout the process and the
composting period lasted for 30 days.

Two experimental sets named Set 1 and Set 2 were carried out and sawdust was added

to all the composting processes as a bulking agent to maintain moisture content at 55+5 %

(Table 3.1.).
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Table 3.1. Description of organic materials used for composting.

System Materials Ratio (volume)
Y YW 100

= K KW 100

7 YKM YW:KW:CM 40:20:40
YK YW:KW 50:50

~ YM YW:CM 50:50

E KM KW:CM 50:50

Remark; YW = Yard waste KW = Kitchen waste CM = Cow manure

In the first set, yard waste (YW) and kitchen waste (KW) were used separately as a
compost product and the last compartment was fed with a mixture of yard waste, kitchen
waste and cow manure (CM) together. The first compartment (Y) was fed with 4 kg of
sawdust and 15.5 kg yard waste. In the second compartment (K), 4 kg sawdust and 13.2 kg
kitchen waste were added to the system. Mixture in the last compartment (YKM) was
composed of 4 kg sawdust, 5 kg cow manure, 2.3 kg kitchen waste and 5 kg yard waste.
Experiment was carried out in July 2015 and ambient air temperature was 27 + 3 °C.
Mixing sawdust as bulking agent with manure increased the total C but decreased total N
content in the mixture above optimum C/N range while maintaining optimal moisture
content. Therefore, in this study, manure composted with other feedstocks and the

influence of manure on composting process was observed.

In the second set, compartments were fed with binary combinations of compost
products consisting of yard plus kitchen waste, yard waste plus cow manure, and kitchen
waste plus cow manure (in September 2015 at ambient air temperature 17 + 3 °C) (Fig.
3.2.). In the first compartment (YK), 7kg sawdust, 12 kg kitchen waste and 12 kg yard
waste were used as feedstocks. The second compartment (Y M) was fed with 7 kg sawdust,
10 kg cow manure and 10 kg yard waste. 14 kg sawdust, 22 kg manure and 22 kg kitchen
waste were added to the last compartment (KM). Maturity of compost was determined
when temperature of the compost declines to ambient temperature and carbon-to-nitrogen

(C/N) ratio became constant.
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Figure 3.2. lllustration of composting systems’ setup.

3.2. Characteristics of Compost Products

Fresh cow manure was obtained from the barn of Veterinary Faculty of Istanbul
University, Istanbul, Turkey. Yard waste used during the study was clipping grass acquired
from Bogazigi University. Kitchen waste collected from student cafeteria of Bogazici

University comprised of vegetable, meat and side dishes such as rice and pasta.

Characteristics of feed stocks used in composting processes are given Table 3.2.

3.3. Analytical Methods to Assess Waste Degradation

Compost samples were obtained from the tumbler system on day 0, 3, 5, 11, 18 and
30 after onset of composting. Three replicates were sampled to measure moisture content,
organic content and dry solid analyses. Moisture content and dry solid were determined by
drying samples at 105 °C for 24 h and organic matter content was detected by heating the
sample at 550 °C for 5 h (Nelson and Sommerse, 1996).

Temperature fluctuations were detected during composting process with the help of a
thermometer. For measuring pH and electrical conductivity, raw samples were mixed with
deionized water at a weight ratio 1:10 (w/v) and shaken for half an hour. HANNA HI 221
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Microprocessor pH meter was used to measure the pH value daily. For determining
electrical conductivity, WTW LF 320 EC meter was used with 1:10 (w/v) water extract for

characterization of end products (Tiquia et al., 2010).

C/N ratio was analyzed using ECS 4010 model Elemental Combustion System
Costech CHNS-O (ABD) with dried samples at 105 °C for 24 h for characterization and
determination of maturity. Metal content was analysed by Inductively Coupled Plasma
optical emission spectrometry using Perkin Elmer ICP-OES for characterization of end
products. Total Kjedahl nitrogen (TKN) were measured according to Standard Methods for
the Examination of Water and Wastewaters (APHA, AWWA-WEF, 1998) for

characterization of raw materials and end products.

Table 3.2. Characteristics of compost products used during the study.

Yard waste Kitchen waste Cow manure Sawdust

TS, g TS/g FS 0.270+0.03 0.243+0.04 0.17+0.04 0.905+0.001
VS, gTVS/gTS 0.88+0.02 0.95+0.01 0.86+0.03 0.996+0.001
MC % 73.0+£2.2 75.7+4.3 83+2.1 0.95+0.001
C% 35.57+2.4 35.5£9.9 37.65+0.63 39.16+0.63
N% 3.57+0.5 1.45+1.8 1.445+0.07 0.23+0.07
CIN 9.97:1+0.9 18.27:1+7.0 26.03:1+1.3 170.26:1+4.9
TKN, mg/kg 4252.9+24 3517.8+53 3069.0+18 2141.4+11
pH 6.07 5.45 8 4.73

EC, dS/m 0.576 1.454 0.19 0.107

3.4. Molecular Methods to Assess Microbial Community Structure
3.4.1. DNA extraction
Approximately 500 uL sample was added up to lysing matrix tubes along with 978 pL

sodium phosphate and 122 uLL MT buffer solution. The tubes contain mixture of ceramic

and silica particles to lyse all microorganisms in sample. The lysing matrix tubes were
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spinned in Ribolyser (Fast Prep TM FP120 Bio 101 Thermo Electron Corporation) for 45
seconds at speed of 6.5 m/s. The tubes were then centrifuged at 14000xg at 4°C for 5
minutes. After centrifugation, supernatants were transferred to clean 1.5 ml microfuge
tubes and added 250 puL PPS reagent. To mix the composition the tubes were shacked for 30
seconds. After mixing, the tubes were centrifuged again at 14000xg for 5 minutes to pellet
the precipitate. Supernatants were transferred to 15 mL conical tubes and 1 ml of binding
matrix suspension was added to supernatant. The tubes were inverted for 3 minutes to
allow binding of DNA to matrix. To settle the silica, matrix tubes were incubated at room
temperature for 3 minutes. 500 uL of supernatant was removed carefully without
disturbing settled silica matrix. Then the binding matrix was resuspended in the remaining
supernatant. All mixture was filtered by centrifugation at 14000xg for 1 minute in filter
spin tubes and filter was placed to a new tube. Filter was washed by 500 uL. SEWS-M wash
solution. After washing, filter was dried by centrifugation at 14000xg for 2 minutes. Filter
was removed to a new tube and 50 uL DES (DNase/Pyrogen free water) was added. The
filter with DES was then centrifuged at 14000xg for 2 minutes. Application-ready DNA
was obtained in the tube. 1/10 and 1/100 diluted genomic DNA was run on the 1% (w/v)
agarose gel, prestained with ethidium bromide (EtBr) in 1x Tris-acetate-EDTA (TAE)
buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA; pH 8). Gel was visualized by using
a gel documentation system, Mitsubishi 91.

3.4.2. Next generation sequencing (NGS)

NGS-based metagenomic sequencing approach was applied using lon PGM™ protocol.
V4 region of 16S rRNA gene was amplified from the extracted DNA samples using 515F and
806R 16S universal Eubacterial primers (Table 3.4.). PCR was operated with PCR
HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) and comprised of an initial
denaturation step of 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s and 53 °C for
40s.

Table 3.2. Primer sequence used in amplification.

Primer Sequence

515F GTGCCAGCMGCCGCGGTAA
806R GGACTACVSGGGTATCTAAT
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The amplified PCR products were diluted to same concentration and purified using
Agencourt Ampure beads kit (Agencourt Bioscience Corporation, MA, USA). lon PGM
methodology was conducted with supplied materials according to manufacturer’s protocol.
Sequencing data sets clarified from the data obtained without barcodes and shorter sequence
(<200bp) were excluded. Furthermore, readings containing high homopolymer regions (<6bp)
also were removed from the data sets. Averagely 41315 readings were obtained per sample
from the total 413158 readings.

Operational taxonomic units (OTU) were determined based on maximum 97%
similarity. OTUs were classified taxonomically using MSRN and BLASTn database
(DeSantis et al., 2006). QIME (Quantative Insights Into Microbial Ecology) was operated

in order to verify different taxonomic profiles between the samples and the categories.
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4. RESULTS AND DISCUSSION

Composting processes composed of different organic wastes consisting of kitchen
waste, yard waste and cow manure were operated in two tumbler composting system for 30
days. In Set 1, Y, K and YKM composts and in Set 2 YK, YM and KM composts were
obtained. For all treatments, the process temperature and pH detected daily in order to
control the composting systems. Moisture content and organic material were determined in
sampling days (0.,3.,5.,11.,18.,30). C/N, TKN, EC and metal contents were determined as
quality parameters. Characteristics of composts acquired from study are examined below.

4.1. Temperature

Temperature measurements are presented in Figure 4.1. In both set (Set 1 and Set2),
the temperature increased rapidly during the first three days of composting process due to
intense microbial activities favoured by the high concentration of easily decomposable
organic matter. Temperature in K, YKM, YK and YM composts peaked on day 4, in Y
peaked on day 3 and in KM had a peak on day 5. The maximum temperatures attained in
composting processes were in K, Y and YK compost 62 °C, 70 °C and 72 °C, respectively.
After peaking, the temperature in Y and YM compost began to drop gradually and reached
to ambient air. The fluctuation in the temperature during thermophilic phase was observed

in K, YKM, YK and KM composting processes.

Temperature is the main parameter which both affects and indicates the rate of
biological reactions. It also defines the sanitation capacity of the composting process
(Zhang and Sun, 2016). In some European countries and China, the thermophilic phase
(55-60 °C) lasted longer than three days ensures the compliance with sanitation
requirements related to absence of weed seeds and pathogens in compost (Sadaka and El-
Taweel, 2003; Zhang et al., 2013). The thermophilic phases (55-60 °C) lasted longer than
three days occurred in Y (4-5 days), K (3-4 days), YK (8-9 days) composting processes.
This shows that the temperatures in Y, K and especially YK composts met the sanitation

requirement.
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Figure 4.1. Temperature fluctuations during composting (a) SET 1 (b) SET 2.
4.2. pH

As illustrated in Fig.4.2a, in Y compost, the pH did not change markedly and varied
between 6.61 to 7.47. The pH in K compost having initial pH at 4.36 increased
significantly to 8.76. Stabilization with pH fluctuations was observed in YKM ranging

from 7.37 to 8.12 during composting.

A fast pH increment during the first days of the process was detected in both
composting systems including YK, YM and KM. Afterwards, the pH in YK and YM
fluctuated slightly, from 6.52 to 8.67 and 7.02 to 8.56, respectively. The pH in KM
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dropped to its minimum value 5.93 on day 5. After a rise in pH, another low pH was seen
in KM compost. At the end of the process, pH in KM reached to 8.56 (Fig. 4.2.b).

Fluctuations in pH value during compost system may be due to volatilization of NH,".
Moreover, the acidification can be also resulted from the production of organic acids. pH
values, varying between 6.7 to 9.0 during the composting process are considered to lead to
optimum aerobic conditions for the microbial activity (Beck Friis et al., 2001). In this
study, pH evolution in compost systems showed that YKM (7.37 — 8.12), YM (7.23 — 8.82)
and KM (7.02 — 8.56) compost process occurred in the optimum range indicating that they

were subjected to good oxygenation conditions.
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Figure 4.2. pH fluctuations during composting (a) SET 1 (b) SET 2.
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4.3. Moisture Content

Fig. 4.3. and Fig. 4.4. illustrate the variation of moisture content (MC) during the
composting period of SET 1 and SET 2 under the conditions of the same initial moisture
content (55+5%). The temperature increased in Y (Fig. 4.3.a), K (Fig. 4.3.b), and YKM
(Fig. 4.3.c) compost process thus diminished moisture content in both systems. MC of Y,
K, and YKM compost declined from initial value of 55% to 45.28%, 49.5%, and 50.2%,

respectively.

MC of YK (Fig. 4.4.a), YM (Fig. 4.4.b), and KM (Fig. 4.4.c) reduced from 55% to
48.3%, 50.22% and 53.8%, respectively. Variations of MC in SET 2 appeared to have a
similar profile as Y, K and YKM. YK and Y compost possessing the highest temperature
in thermophilic phase reached the lowest moisture content at the end of the process in

comparison with other systems in their set.

The moisture content has a direct effect on the microbial activity, the compost
temperature, and also the rate of decomposition (Kumar et al., 2010). The compost
systems started at optimum range varying 50% to 60% (Tiqua et al., 1998; McKinley et al.,
1986; Suler and Finstein, 1977).

In all compost processes, decrease in moisture content was observed. As the highest
inner temperature maintained in Y, K and YK compost, higher moisture reduction was
observed compared to other systems. In addition, as an amorphous material, manure may
result in impediment of diffusion of interstitial air into the mass at adequate levels and
have influence on moisture reduction in YKM, YM and YKM composting systems

content.
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4.4. Organic Matter

The change in organic matter during composting process is given in Figure 4.5.
Organic matter decreased rapidly in the first days of composting due to easily
decomposable organic content in materials. The decrement in organic matter in subsequent
phase was found to be slower related to hardly decomposable organic matter remained in

the reactors.
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Figure 4.5. Profiles of organic matter during composting of (a) SET1 (b) SET2.

Initial organic content in Y, K and YKM (Fig.4.5a) compost was 0.912, 0.964 and
0.921 g TVS/g TS, respectively and at the end of process organic contents in the system
were found to be 0.853 g TVS/g TS g in Y compost, 0.871 g TVS/g TS in K compost, and
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0.868 g VS/g TS in YKM compost. Organic matter content of YK, YM, and KM declined
from 0.938, 0.912, and 0.913 g TVS/g TS to 0.783, 0.864, and 0.875 g TVS/ g TS,

respectively.

The total volatile solids (TVS) indicates the biodegradable organic matter and the
decomposition of organic matter is asserted via the difference between the initial and final
total volatile solids (Kwon and Lee, 2004). Maximum TVS reduction occurred in YK

process with the value of 16.5 %.

4.5. Carbon to Nitrogen Ratio (C/N)

The initial and final C/N ratio of compost samples are shown in Figure 4.6. The initial
C/N content was varying from 37.32 to 51.36 and C/N content of composting systems
stabilized ranging between 23.2 to 28.7. In this study, due to excess C in treatments with
high C/N ratios of composting systems, all nitrogen in the system might be immobilized
and hinder nitrification (Eiland et al., 2001).

60
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Y K YKM YK YM KM
| Initial 37,32 47,65 48,83 43,44 50,47 51,36
Final 23,2 27,6 28,4 25,28 26,8 28,7

Figure 4.6. Initial and final C/N content in compost samples.

Eiland et al. (2001) examined the impact of initial C/N ratio (11, 35, 47, 50, 54) on
chemical and microbial composition during long term composting of straw. Low initial
C/N ratios resulted in fast degradation of fibers during the first phase of the process and
lower fungal/bacterial ratio compared to the high C/N treatments. It is stated that high
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degradation rate of easily degradable matters in treatments with low C/N ratio lead to less
available material and poor quality substrate for microbial growth. Moreover, low C/N
ratio resulted in high temperature over a relatively long time due to the high initial
decomposition activity and less substrate remained for subsequent recolonization of fungi.
In this study, thermophilic stage lasted longer in Y, K and YK composting systems that

have lower C/N content compared to other composting systems.

Wang et al. (2017) investigated the effects of the feeding ratio of food waste on fed-
batch aerobic composting and its microbial community. The duration of the study lasted 30
days. The initial C/N ratio and moisture content was approximately 38 and 62%,
respectively. Feeding ratios of food waste to system were 0% as control, 5%, 10% and
15%. The C/N ratio of the control stabilized at 25 whilst the system temperature reached to
ambient air. The final C/N ratios were found to be 15.7, 18.2 and 20.8 for the 5%, 10% and
15% systems, respectively. In this study, the C/N ratio reduction degrees of all composting

systems were consistent to the levels of three treatments conducted by Wang et al. (2017).

4.6. Total Kjedahl Nitrogen (TKN)
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Figure 4.7. Initial and final TKN content in compost samples.

The initial and final TKN results illustrated in Figure 4.7. The initial TKN content of
reactors ranging from 3150 to 3700 mg/kg declined to the levels varying from 1600 to
3200 mg/kg at the end of the process. The higher decrease in TKN in SET 1 could be due
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to the immobilization of NH," ions via the carbonaceous materials (Ramaswamy et al.,
2010).

4.7. Metal content

During composting process, degradation of heavy metals including Cr, Ni, Zn, Cd and
Pb does not occur, and due to the microbial degradation and decline in water and carbon
content, the heavy metals in the material consequently become more concentrated
(Richard, 1992). The heavy metal contents differ from negligible background levels in
composts such as source-separated food waste, to toxic levels in some mixed based
composts. The sources of heavy metals are batteries, paints, electronics, plastics, ceramics
and dyes of MSW which contribute to the metal levels in composts (Farrell and Jones,
2009).

Apllication of composts with high levels of heavy metals to soil poses a risk in terms
of phytotoxicity of food crops (Papadimitrou et al., 2008). Repeated application to soil
represents an obvious concern as rise in the heavy metal concentration occurs in land

(Ramos and Lopez-Acevedo, 2004).

The mechanisms such as complexation and sorption with organic matter, microbial
mobilization and also oxidation bind metals and metal bioavailability decreases with length
of the process (Greenway and Song, 2002). The water-soluble organic carbon content
converting metals to non-bioavailable form follows descending trend during the process
Therefore, in order to decrease in metal availability, maturity phase needs to be concluded
(Farrell and Jones, 2009). Comparison of the heavy metal concentrations in final products
obtained in this study with regulatory limits is tabulated in Table 4.1. The results are found

to be below the limits of regulations.
4.8. Electrical Conductivity
Electrical conductivity referred to the salt content of composts should be below 10

dS/m for the use of compost as a soil amendment according to the regulations. The

composts obtained in this study have barely saline and agricultural soils EC varies from 0
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to 4 dS/m (Hargreaves et al., 2008). Therefore, application on soil may not result in

phototoxic effect on plants.

Table 4.1. Electrical conductivity results of final products.

SET1 SET 2
Y K YKM YK YM KM
dS/m 2.0 1.4 1.2 1.8 1.4 1.6

4.9. Legal Requirements for the Use of Compost as a Soil Amendment

In this study, it is aimed to comply within regulation limits regarding the use of
compost as a soil amendment. Hence, analytical results compared with legal requirements
illustrated in Table 3.3. According to ‘‘Regulations Regarding the Production, Import,
Marketing and Inspection of Organic, Organomineral Fertilizers and Soil Amendment
Products and Other Products, Microbial and Enzyme Based Products’’ being published in
the Official Gazette dated 29.03.2014 and numbered 28956 and, ‘‘Compost Regulation”’
being published in the Official Gazette dated 05.03.2015 and numbered 29286, C/N
portion should be in the range of 10 to 30, volatile solid content should be at least 35 % of
total solid, moisture content should be lower than 30%, and electrical conductivity should
be lower than 10dS/cm. Furthermore, according to ‘‘Compost Regulation’” pH should be

in the range of 5.5 to 8.5.

In this study, final C/N ratio (23.2-28.7), volatile solids content (0.783 -0.875 ¢
TVS/g TS) and electrical conductivity (1.18-2.07dS/m) in all composting systems were
complied with the regulatory requirements. The final pH of Y and YKM compost met
within the legal limitations. The pH in K, YK, YM and KM were found to be slightly
above the limits with the value of 8.76, 8.67, 8.82 and 8.56, respectively. The moisture
contents of compost were found to be in range of 45 % to 50 %. In order to comply with
regulatory limitations, moisture content can be decreased via air ventilation or mechanical

aeration.
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SET1 SET 2
Y K YKM YK YM KM Regulations
mg/L
Cr 5.0 12.3 22.3 9.3 7.0 4.00 350
Ni 4.7 8.7 12.3 6.7 5.7 3.7 120
Cu 6.7 11.0 13.0 10.7 9.7 10.0 450
Zn 50.3 180.3 80.7 169.0 311.7 92.7 1100
Cd 0.0 0.0 0.0 0.0 0.0 0.0 3
Pb 3.3 3.0 4.3 3.3 2.3 2.3 150
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Table 4.3. Legal requirements in order to use compost as a soil amendment.

Regulations Regarding the Production,

Import, Marketing and Inspection of

Compost Organic, Organomineral Fertilizers and
Regulation Soil Amendment Products And Other
Products, Microbial And Enzyme Based
Products
Cd 3 3
Cr 350 350
Cu 450 450
Ni 120 120
Pb 150 150
Zn 1100 1100
Moisture content < %30 < %30
C/N ratio 10-30 10-30
Organic matter
(in total solid) > %35 > %35
pH 5.5-85 -
Electrical
conductivity <10 dS/cm <10 dS/cm

4.10. Microbial community structure

NGS-based metagenomic sequencing approach was applied in order to analyse the
microbial community structure in different compost treatments during the highest
temperature and also to determine the most abundant bacteria species throughout the

process.

The taxonomic distribution of the bacterial communities in each compost sample in

thermophilic stage was illustrated at the class level in Fig. 4.8., and phylum level in Fig.
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4.9. While comparing at phylum level, in all composting processes, Firmicutes and
Proteobacteria were dominant. Firmicutes perform the initial degradation of organic
contents into soluble matter by virtue of cellulolytic, hemi-cellulolytic, and proteolytic
characterizations (Ariesyady et al., 2007; Valdez-Vazquez and Poggi-Varaldo, 2008).
Proteobacteria known as humic-reducing microorganism like Firmicutes use the
propionate, acetate and butyrate as a carbon source for their metabolic activities and
contribute the biodegradation of recalcitrant pollutants (Xi et al., 2016; Gulhane et
al.,2017). Heat-resistance capacity of Firmicutes might be the reason of its high abundance
at thermophilic stage. Firmicutes was the most abundant phyla in the Y composting system
which the highest temperature was observed during process (Fig. 4.8). In addition, lower
temperature might contribute the subsequent dominance of Proteobacteria (Wang et al.,
2017).

As illustrated in Fig.4.9., the most abundant class in Y compost were Bacilli (81.11%)
and Gammaproteobacteria (8.95%) when the temperature reached at 70 °C. In treatment
with K at 59 °C temperature bacterial community was dominated by Gammaproteobacteria
(47.12%) along with Bacilli (38.69%). In YKM compost at 51 °C, higher abundance of
Gammaproteobacteria (56.14%) and Bacilli (24.5%) were detected. In the last three
composting system including YK at 58 °C, YM at 58 °C and KM at 50 °C, Bacilli was the
dominant class with 42.88%, 39.61% and 71.98, respectively. In these systems Bacilli was
followed by Gammaproteobacteria presented at a level of 40.93% in YK, 27.59% in YM,
and 16.85% in KM compost. Bacilli were found to be a dominant class during composting
process at thermophilic stage in the latest researches and the results indicated that this
study overlaps with literature (Dees and Ghiorse, 2001; Takaku et al., 2006; Xi et al.,
2016).

Bacilli emerged as the abundant class in all compost samples reached at thermophilic
stage. In a study conducted by Maeda et al. (2010) demonstrated that under mesophilic
conditions Betaproteobacteria and Bacteroidetes class were dominant during cow manure
composting in the surface zones and it was reported that these class might have a role in
nitrogen conversion. In another study by Maeda et al. (2010), the abundance of mesophilic
Gammaproteobacteria in the initial step of the thermophilic process in surface zones of

cattle manure compost was detected using DGGE of PCR-amplified 16S rRna sequence.
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Figure 4.8. Taxonomic distribution of bacterial diversity at phlyum level in thermophilic

stage.
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stage.
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Figure 4.10. Taxonomic distribution of bacterial diversity at species level in Y compost

with a proportion of at least 1% abundance.

In'Y compost, Bacillus sp. (29.06%), Bacillus spp. (13.74%) and Anoxybacillus toebii
(10.46 %) were abundant species in thermophilic phase during composting followed by
Planfifilum sp. (3.26%), Ureibacillus thermosphaericus (2.35%), Pediococcus stilesii
(2.2%), Enterobacter hormaechei (2.14%) and Bacillus thermoamylovarans (2.01%) (Fig.
4.10).

Bacillus sp. and Bacillus spp. are endospore-forming bacteria and very active at
temperatures around 50 - 60 °C (Ryckeboer et al. 2003). They were found to be the most
dominant species at thermophilic stage during Y composting process. The high abundance
of Bacillus species — the member of phylum Firmicutes showed that very active
thermophilic conditions occurred during Y composting process (Jimenez et al., 2015).

As illustrated in Figure 4.11, Enterobacter hormaechei (18.57%),
Pseudoxanthomonas taiwanensis (10.41%), and Bacillus sp. (8.83%) emerged as abundant
species in thermophilic stage during K composting. The other domain species detected in
K compost were Salmonella enterica (5.33%), Bacillus thermoamylovorans (5.08%),
Bacillus licheniformis (4.95%), Ureibacillus thermosphaericus (4.36%), Actinobacter sp.
(3.71%), Sphingomonas spp. (3.66%), and Bacillus spp. (3.45%).
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Figure 4.11. Taxonomic distribution of bacterial diversity at species level in K compost

with a proportion of at least 1% abundance.

The most dominant species in K composting, Enterobacter hormaechei is non-spore-
forming and aerobic bacteria belong to phylum Proteobacteria. Islam et al. (2011)
investigated diversity of free-living nitrogen-fixing bacteria from paddy fields and the
isolates were assigned to various species including Enterobacter hormaechei, Bacillus sp.,
and Sphingomonas sp.. In another study conducted by Kim et al. (2008) Enterobacter
hormaechei JH was screened from barnyard to discover thiosulfate-oxidizing
microorganisms. Temperature and pH were detected to determine the optimal culture
conditions for thiosulfate-oxidizing strain. The results indicated that Enterobacter
hormaechei JH grew at temperature varying 25 to 60 °C and the optimum growth
temperature was 30 °C. In addition, the growth of Enterobacter hormaechei JH was greater
than well-known thiosulfate oxidizing microorganism Thiobacillus delicates KCTC2851
(Kim et al., 2008).

Pseudoxanthomonas taiwanensis found in K composting process as abundant species
IS non-spore-forming, thermophilic and heterotrophic microorganisms that can convert
nitrite to nitrogen. The high abundance of Pseudoxanthomonas taiwanensis and Bacillus
sp. indicated active thermophilic conditions during composting of kitchen waste (Karadag
etal., 2013).
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Jimenez et al. (2015) investigated microbial composition in food waste composting
in-vessel rotating compost system at thermophilic stage. The results indicated that the
phylum Proteobacteria represented at level of 24%. The isolated species were Acetobacter
pasteurianus, Acinetobacter baumanni, E. coli, Paenalcaligenes hominis, Proteus
mirabilis, Pantoea sp., Paracoccus solventivorans, Acinetobacter sp., Klebsiella
pneumoniae pneumoniae, Pseudomonas thermotolerans, Pseudoxanthomonas taiwanensis,
Pusillimonas sp., and Enterobacter hormaechei hormaechei. The results found in this

study were consistent with previous researches.

KM = enterobacter hormaechei

= salmonella enterica
acinetobacter genomosp. 3

= acinetobacter sp.

= pseudoxanthomonas taiwanensis
weissella paramesenteroides

= weissella hellenica

= pacillus sp.

= comamonas Kkerstersii

= sphingobacterium siyangensis

= pseudomonas spp.

= others

Va

Figure 4.12. Taxonomic distribution of bacterial diversity at species level in YKM compost

with a proportion of at least 1% abundance.

In YKM compost, higher abundance of Enterobacter hormaechei (15.63%),
Samonella enterica (10.12%), and Actinobacter genomosp. 3 (7.09%) were detected in
thermophilic stage of composting. Thereafter, Actinobacter sp. (3.92%),
Pseudoxanthomonas taiwanensis (3.29%), Weissella paramesentreoides (3.13%), Weissella
hellenica (2.93%), Bacillus sp. (2.60%), Comamonas kerstersii (2.52%), Sphingobacterium
siyangensis (2.42), and Pseudomonas spp. (2.10%) were presented as dominant species
during this phase (Fig. 4.12).

N-fixing bacteria Enterobacter hormaechei was the most dominant species in YKM
composting system at thermophilic stage followed by an enteric bacteria Salmonella

enterica. Salmonella enterica may be presented in YKM compost due to manure
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application to feedstocks (Natvig et al., 2002). Bronikowski et al. (2001) investigated
effects of temperature on growth rate in natural isolates Esherichia coli and Salmonella
enterica from different thermal environment. The results indicated that the temperature
range over which 75% of maximum growth rate occurred for Salmonella enterica was
varying 27.7 to 39.8 °C. Therefore, determination of Salmonella enterica DNA may not

indicate current activity at thermophilic stage during YKM composting (Hultman et al.,

2010).
<

(
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= |actobacillus agilis
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= weissella hellenica

= weissella paramesenteroides
kurthia gibsonii

= bacillus sp.

= others

Figure 4.13. Taxonomic distribution of bacterial diversity at species level in YK compost

with a proportion of at least 1% abundance.

Figure 4.13 illustrates taxonomic distribution of bacterial diversity at species level in
YK composting. Pseudomonas tuomuerense (27.53%), and Lactobacillus agilis (13.29%)
had higher abundance followed by Enterobacter hormaechei (5.11%), Weissella hellenica
(3.68%), Weissella paramesenteroides (3.07%), Kurthia Gibsonii (2.29%), and Bacillus sp.
(2.27%) at species level in thermophilic stage of YK.

Pseudomonas tuomuerense has also been known by the names Serpens flexibilis and
Pseudomonas flexibilis (Shin et al., 2015) is non-spore-forming bacteria which optimal
temperature range is between 28 to 33 °C. Pseudomonas tuomuerense restrictedly uses
lactate as energy and carbon sources (Hespell, 1977). Pseudomonas tuomuerense was

seldom repoted in previous composting studies. The role of Pseudomonas
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tuomuerense during composting is necessary to investigate for future studies (Song et al.,
2015).

Lactobacillus agilis known as lactic acid bacteria is non-spore-forming facultative
anaerobic species that ferments sugar primarily into lactic acid (Coeuret et al., 2003). The
anaerobic conditions may exist in part of compost mixture favouring the growth of

anaerobic microorganisms. The presence of Lactobacillus agilis may be resulted from the

lack of air in some part of the compost mixture of YK (Yamada and Kawase, 2005).

p
7

Figure 4.14. Taxonomic distribution of bacterial diversity at species level in YK compost

= enterobacter hormaechei

= pseudoxanthomonas taiwanensis
laceyella sacchari

= bacillus sp.

= weissella hellenica
streptomyces thermospinosisporus

= salmonella enterica

= weissella paramesenteroides

= ureibacillus thermosphaericus

= brevibacillus invocatus
= others

with a proportion of at least 1% abundance.

Domain species were belonged to Enterobacter hormaechei (9.95%),
Pseudoxanthomonas taiwanensis (6.92%), and Laceyella sacchari (6.06%) in YM
compost. Bacillus sp. (4.30%), Weissella hellenica (3.48%), Streptomyces
termospinosisporus (3.18%), Salmonella enterica (3.02%), Weissella paramesenteroides
(2.96%), Ureibacillus thermosphaericus (2.51%), and Brevibacillus invocatus (2.31%)
were also presented as abundant species in thermophilic stage (Fig. 4.14).

The dominant species found in YM composting system at thermophilic stage
resembled with K composting system. N-fixing bacteria, Enterobacter hormaechei and
Pseudoxanthomonas taiwanensis were the most abundant species in yard waste and

manure compost system.
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KM = lactobacillus agilis
= weissella hellenica
enterobacter hormaechei
= weissella paramesenteroides
= bacillus coagulans
bacillus sp.
= weissella cibaria

= others
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Figure 4.15. Taxonomic distribution of bacterial diversity at species level in KM compost

with a proportion of at least 1% abundance.

Bacteria belonged to species Lactobacillus agilis (23.39%), Weissella hellenica
(9.35%), Enterobacter hormaechei (8.84%), Weisella paramesenteroides (7.34%), and
Bacillus coagulans (6.95%) were found to be dominant in thermophilic stage during KM
composting followed by Bacillus sp. (2.91%), and Weissella cibaria (2.72%) (Fig. 4.15).

Lactic acid bacteria Lactobacillus agilis and Weisella helenica found the most
dominant species in KM composting process. Weissella paramesenteroides, and Weissella
hellenica produce bacteriocins that is a member of natural antimicrobial agents by forming

lactic acid as a main end-product of fermentation (Woraprayote et al., 2015).

Enterobacter hormaechei (Phylum: Proteobacteria) and Bacillus sp. (Phylum:
Firmicutes) were found at every compost sample. While some species including Weissella
paramesenteroides, and Weissella hellenica detected in almost every sample. Various
studies indicated that predominant genera present throughout the composting process was
belonged to Bacillus sp. that is typical bacteria of thermophilic phase. Bacillus sp. has the
ability to survive in the compost pile by forming the endospores during thermophilic stage
(Chandna et al., 2013; Tuomela et al., 2000). Therefore, the high abundance of Bacillus
might be due to its capacity for heat resistance in contrast to other bacteria. In current
study, the abundance of Bacillus sp. reflected satisfactory conditions for thermophilic stage

during composting process (Wang et al., 2017).
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All in all, heterogeneity of microbiota of compost is dependent on combination of
materials, operating conditions, and surrounding environment. Therefore, enormous studies
were conducted relevant to different microbiota composition presented in composting
process (Lopez-Gonzalez et al., 2015). Moreover, microbial DNA determination is not a
sign of the presence of live or intact microbes because of the persistence of DNA within or

released from cells that once live in interested samples (Hultman et al., 2010).
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5. CONCLUSIONS

Several composting processes were investigated with the current study to find the best
end product that would fulfil the official regulatory limits in order to be used as soil
amendment. Traditional methods to follow physiochemical composition and abiotic factors
were applied together with innovative methods such as NGS that were used to understand

the biotic players behind the composting process.

In this study, two sets of composting processes, in which yard waste, kitchen waste,
and cow manure were used as feedstocks, were operated in two tumbler composting
systems for a month. In all composting systems, initial moisture content was adjusted to
5545 % with the aid of sawdust as bulking agent. Maturity of compost was determined
when temperature of the compost declines to ambient temperature and carbon-to-nitrogen
(C/N) ratio became constant. The experimental sets named Setl (Y, K, YKM) and Set2
(YK, YM, KM) were carried out and temperature, pH, moisture content and total volatile
solids were detected throughout the process to control the composting efficiency.
Analytical methods were conducted for end products to compare the results with regulatory

limitations to use compost as a soil amendment.

According to ‘‘Regulations Regarding the Production, Import, Marketing and
Inspection of Organic, Organomineral Fertilizers and Soil Amendment Products and Other
Products, Microbial and Enzyme Based Products’ and ‘‘Compost Regulation’’, C/N
portion should be in the range of 10 to 30, volatile solids content should be at least 35% of
total solids, moisture content should be lower than 30%, and electrical conductivity should
not exceed 10 dS/cm. Additionally, according to ‘‘Compost Regulation’ pH should be
varying between 5.5 to 8.5. In this study, the results indicated that final C/N ratio, volatile
solids content, electrical conductivity of all composting systems met with regulatory
requirements. The pH in Y (7.47) and YKM (8.12) compost were found to be in the range
stated in regulations. Other compost products had pH that was slightly higher than the
limitations (K:8.76, YK: 8.67, YM: 8.82, KM: 8.56). Final moisture content was found
higher than regulatory limits (<30%). In consideration this result, air ventilation can be

apply to maintain the appropriate moisture conten
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Moreover, the thermophilic phases (55-60 °C) occurred in Y compost for 4-5 days, in
K compost for 3-4 days and in YK compost for 8-9 days. The thermophilic phases lasted
longer than three days ensured that Y, K and YK composts met with sanitation requirement

relevant to the absence of weed seeds and pathogens in compost.

Firmicutes and Proteobacteria — the humic-reducing microorganisms were the most
abundant phyla in which Bacilli (Y:81%, K:39%, YKM:24%, YK:43%, YM:40%,
KM:72%) and Gammaproteobacteria (Y:9%, K:47%, YKM:56%, YK:41%, YM:28%,
KM:17%) dominated at class level in all composting processes at thermophilic stage
varying from 58 to 70°C. Species such as Enterobacter hormaechei and Bacillus sp.
detected in all compost systems at thermophilic stage. The high abundance of Firmicutes

pointed active thermophilic conditions during the process.

The results demonstrated that the best performance of composting process was
demonstrated by Y, K and YK compost as they met with sanitation requirements. After
application of air ventilation, these composts can be used as soil amendment according to
regulations. However, the efficiency of the composting process decreased with the aid of
manure in the system. The results indicated that thermophilic stage lasted less than three
days in the system that contained manure as a compost product. Bulking agent that has
lower C/N ratio rather than sawdust can be used in composting process to achieve optimal
initial C/N ratio for manure. Additionally, manure samples can be dried using a freeze
dryer to decrease water content while minimizing loss of volatile solids before composting

system proceeds.

Composting process ensures the conversion of organic wastes to a valuable resource
that can be used as a soil amendment. The current study is applicable for local waste
management strategies. Composting innovations can significantly decrease the load of

organic wastes sent to landfills and maintain the creation of sustainable living conditions.
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6. FURTHER RECOMMENDATIONS

In this study, NGS method were conducted to detect bacterial diversity in the samples
which highest temperature observed during sampling days of composting. NGS results
indicated that pathogenic bacteria were presented in this stage. For further investigations,
NGS studies can be extended to target abundant bacterial populations in maturation phase
of composting. Moreover, a future study can be carried out to investigate pathogens in

rRNA level for understanding their activity in the last stage.

The compost systems composed of yard and kitchen waste that were obtained from
Bogazi¢i University demonstrated the best performance. In Bogazigi University,
approximately 1200 - 1400 kg yard waste and 500 - 600 kg kitchen waste depending on
winter and spring term are generated in a month. Therefore, in the scope of green campus,
composting of yard and kitchen waste applications can be used.

In this study, comparison of yard waste, kitchen waste and cow manure in terms of
waste degradation and bacterial diversity was conducted to contribute the knowledge of
composting process using different raw materials. Investigation of such innovative
methods to reduce load of organic waste contributing to the landfills would improve local

municipal waste management and support to the sustainable development.
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APPENDIX A. EVOLUTION OF COMPOST PRODUCTS
ACCORDING TO SAMPLING DAYS

@ (b) ©

(d) (e) ()
Figure A.1. Yard waste evolution during composting process (a) day 0 (b) day 3 (c) day
5(d) day 11 (e) day 18 (f) day 30.

Figure A.2. Kitchen waste evolution during composting process (a) day 0 (b) day 3 (c) day
5 (d) day 11 (e) day 18 (f) day 30.



85

(d) (e) ()
Figure A.3. Yard waste, kitchen waste and cow manure combined compost evolution
during composting process (a) day 0 (b) day 3 (c) day 5 (d) day 11 (e) day 18 (f) day 30.

(f)
Figure A.4. Yard waste plus kitchen waste compost evolution during composting process
(@) day O (b) day 3 (c) day 5 (d) day 11 (e) day 18 (f) day 30.
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(d) (e) (f)
Figure A.5. Yard waste plus cow manure compost evolution during composting process (a)
day 0 (b) day 3 (c) day 5 (d) day 11 (e) day 18 (f) day 30.

(d) (e) (f)
Figure A.6. Kitchen waste plus cow manure compost evolution during composting process
(a) day 0 (b) day 3 (c) day 5 (d) day 11 (e) day 18 (f) day 30.





