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Abstract

Two hundred forty thousand (240,000) tons of coffee waste and about 4000 tons of
flower residue wastes are generated annually from the age-old coffee processing
industries and the booming cut flower industries in Ethiopia, respectively. Most of these
wastes are released to the environment without treatment, and their direct release pollutes
the environment, mainly inhibiting plant growth. This necessitates the transformation of
these wastes into beneficial products with a dual purpose of production of bio fertilizer
and protection of the environment. To this end, a study was made to evaluate the process
of composting of coffee husks and flower residues separately in order to determine their
compost quality. Each material was arranged in to three different piles in a trapezoidal
Windrow composting for 90 days and more, and monitored for their physico-chemical,

microbiological and phyto-toxicological properties during the whole process.

Coffee husk (CH) amended with cow dung plus house hold compost (CHCD: Pile 1) and
with fruit/vegetable wastes plus house hold compost (CHFVW: Pile 2) were arranged and
compared against the control (CH: Pile 3) without any amendment. As a result, the two
amended treatments showed similar pattern of temperature profile with the first
mesophilic stage (18-42°C) in the first 2 days followed by the thermophilic stage (45-
70°C) up to 45 days, and declined to the second mesophilic stage afterwards and
remained so until the end of the experiment. In all cases, there was a steady decline of
moisture content (MC %), reduction in total organic carbon (TOC%) and a rise in total
Nitrogen (TN%) because of the loss of carbon in the form of CO, thereby decreasing the
C:N ratio of Pile 1, Pile 2, and Pile 3 to 11, 13, and 18, respectively. The highest bacterial

count of 9.78log™™ g™dw (Pile1) and 9.45logM™ g dw (Pile 2) was seen at the start of



the process; while the highest actinobacterial counts of 9.78log™Ndw (Pile 1 and Pile 2)
and fungal counts of 9.78log MPN g™ dw (Pile 1) and 9.45 MPN g™ dw (Pile 3) were
recorded at the end of the composting process, respectively. This change in number
indicated a clear microbial succession along the process. The effect of the different
microbial activities was reflected in the better maturation of Pile 1 with a Germination
Index value >80% and C/N ratio of 11 at the end of composting compared to the control
that required much more days for the material to become free from phytotoxicity. This
transformation could be associated with higher volatile solid reduction (75% in Pile 1 and
65% in Pile 2), substantiating the importance of chemical parameters in coffee husk

compost.

The same feed stock was also composted with cow dung (Pile 1), with fruit/vegetable
wastes (Pile 2) and coffee husk alone (Pile 3) again to study their microbial diversity and
enzyme activities; and samples were collected on days 0, 32 and 90. Similar changes in
TOC (%) and in TN(%) were found resulting in lower C/N ratios of 11 and 13 for Pile 1
and Pile 2, respectively due to changes in temperature profile, pH and water content of
the mixture. This change which directed the succession of different microbial groups was
accompanied by the release of compost relevant enzymes: hydrolases, phosphatases,
peptidases and proteases in Pile 1 and Pile 2 at the start; and esterase at the end of the

process.

Furthermore, denaturing gradient gel electrophoresis (DGGE) analysis of coffee husk
composting indicated distinctive community shifts during the composting process. The
DGGE revealed that bacterial and fungal communities of samples from day 0 were

clustered separately from communities of samples from day 32 and 90, indicating a



change in the bacterial and fungal community composition. This result attributed that
microbial communities at the start were responsible in the degradation of labile organic
substrates while those communities at the end involved in the stabilization of the process.
Young compost of Pile 1 and 2 were clustered separately from Pile 3 as the two co-
substrates introduced different and diverse microbial communities into the composting
process. On the contrary, microbial community in the matured compost was grouped
together showing the end compost were homogenous with well-defined microbial

communities.

Principal Component Analysis (PCA) of compost communities from day 0 and day 90
composts analyzed by COMPOCHIP microarray explained 62.5% of the variations. As a
result, probes KO443 and 444 (Stenotrophomonas maltophilia), KO609, KO610 and
KO614 (Brevundimonas/Caulobacter), KO500 (Derxia gummosa) KO612, 615, 616 and
617  (Flavobacterium/Flexibacter), KO541 (Pseudomonas putida), KO252
(Acinetobacter) and KO342 (Actinomyces sp.) were found to be more influential in
discriminating the samples into different composting phases. Besides, Brevundimonas,
Caulobacter, Chryseobacterium Sphingobacterium were dominant during the first
mesophilic phase in Piles 1 and 2. These species have broader degradation activity of
complex biopolymers. On the other hand, Flavobacteria/Flexibacter was detected
significantly in all samples, suggesting their importance in the composting process. In
general, microbial diversity and numbers were lower in the mature composts as indicated
by DELTA 4953, Alpha proteobacteria and Low G+C,

Xylella/Xanthomonas/Stenotrophomonas (K0O241), Azotobacter beijerinckii (KO277) and



the Actinomyces (KO342). Especially, the presence of Actinomycetes was an indicator of

mature compost.

In flower residue, the major feed stock (flower residue) was blended with cow dung (Pile
1), with activated EM (Effective Microorganisms) and molasses (Pile 2) and compared
against the control (Pile 3) without any amendment for the same period of composting
and the same composting system. Changes in NH4-N, NO3-N, NH4:NOs ratio, available P
and K and concentration of micronutrients (Cu, Zn, Fe, Mn) were included in the
chemical analysis in addition to TOC%, TN% and C/N ratio to better understand the

efficiency of chemical parameters in maturity indices.

Consequently, the reduction in TOC (%) and the steady increase in TN(%) resulted in
10%, 16% and 24% of C/N ratios at the end of the process for Pile 1, Pile 2 and Pile 3,
respectively. The use of inorganic N forms (NH4-N, NO3-N and NH4-N to NO3-N ratios)
as indicators of maturity showed significant differences among the three piles. While
NH.-N reduced below 400 mg/kg in all piles which was the maximum threshold level for
matured compost, NO3-N showed an increasing trend, resulting in lower NH4-N to NO3-
N ratio (0.12) of Pile 1, compared to Pile 2 and Pile 3 which could not reduce below 0.38
and 0.58, respectively. The analysis of available P and K also showed an increasing trend
in all piles, but the concentration of available P (0.7-1%) at the end of the process was
sufficient for soil nutrient supplementation. On the contrary, available K and all

micronutrients were below the sufficiency level for plant production.

In general, the effect of the different microbial activities was reflected in the better

maturation of Pile 1, showing a low C/N ratio (10-11) and high G1% (80-85%) at the end



of the composting; and significantly correlated with temperature, water content, pH over
the 90 days of composting of both coffee husk and flower residue composts.
Comparatively, Pile 2 and control of both the composting processes required more days

for maturity in this respect.

In conclusion, a polyphasic approach using physico-chemical and biological parameters
including temperature, C/N ratio, G1%, NH4:NO;s ratio, enzyme assay together with
molecular tools are very essential to evaluate maturity and stability of coffee husk and
flower residue composts. Bulking agents that have much amendment potential like cow
dung must be encouraged in large scale composting industries to tackle the current
environmental challenges; and further studies on composting of various sources of solid
organic wastes with a different composting system can offer greater insight on the
quality, safety and age of composting. The nutritional and economic feasibility of these
compost products must be addressed in order to fully realize their benefits and to

understand the implication of the end products on plant production.

Key words/phrases: Coffee husk compost; COMPOCHIP microarray; Enzyme activity;

Organic matter degradation; PCR-DGGE; Germination index
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CHAPTER 1 Theoretical Background and Literature

1.1.  General introduction

The rapid increase of urbanization and industrialization has generated large quantities of
solid and liquid wastes. The total amount of municipal solid waste (MSW) generated
globally reached 2.02 billion tons, and increases annually by 8 percent of which the 25
member states of EU contribute 700 million tons per year of agricultural wastes (UNEP,
2009). Likewise, the American industries generate and dispose-off approximately 7.6

billion tons of non-hazardous industrial solid wastes every year (US-EPA, 2006).

According to UNEP (2009), less than half of the solid waste is produced in developing
countries of which 95 percent is indiscriminately dumped throughout the city (UNEP,
2009). In Ethiopia, the total amount of solid wastes generated in the country ranged from
2.2 to 8.8 million tons, of which 38-40% of the wastes are produced by the rural
inhabitants (EPA, 2010). Most of the solid wastes (60%) produced are organic wastes

originated from agriculture, agro-industry and municipal sources.

Currently, there are attempts to reduce the volume of these wastes through Integrated
Waste Management System (IWMS). This is based on a 3R principles (reduce, reuse and
recycle) of all wastes originated from urban, rural and industrial areas of the world

(UNEP, 2009).

Composting is one of the integrated waste management strategies used for the recycling
of organic materials into a useful product because of its eco-compatibility and easy
operational procedures (Giglotti et al., 2005; Raut et al., 2008). It is a bio-oxidative

process involving the mineralization and partial humification of any organic matter



originated from plants, animals and microbes, leading to a stabilized final product called
compost (Zucconi and de Bertoldi, 1987). It is heat generating microbial driven process,
and a highly active dynamic microbial system that changes its own environmental

conditions (Ryckeboer et al., 2003a; Steger et al., 2007).

The process is undertaken under controlled conditions to achieve three major objectives:
1) to overcome the phyto-toxicity of fresh non-stabilized organic matter; 2) to eliminate
or reduce the presence of agents (virus, bacteria, fungi, parasites) that are pathogenic to
man, animals and plants; 3) to produce an organic fertilizer or a soil conditioner from
recycling of organic wastes and biomass (Insam and de Bertoldi, 2003). Consequently,
application of compost to the soil-plant system increases soil nitrogen and phosphorus
(Jakobssen, 1995), improves soil structure and water holding capacity (Joshua et al.,
1998), increases microbial biomass (Insam and de Bertoldi, 2003), reduces weeds control

and suppresses plant diseases (Hoitink and Boehm, 1999).

Composts differ in their quality that can be described in terms of compost stability and
maturity that define the degree of decomposition and transformation of organic matter
(Zmora-Nahum et al., 2005). Compost stability reflects the degree of decomposition of
organic matter over the course of the composting process, and is more associated to
biological activity (Ceustermans et al., 2010) and microbiological activity in particular

(Tiquia, 2005; Zmora-Nahum et al., 2005).

Compost maturity, on the other hand, refers to the degree of decomposition of phytotoxic
organic substances produced during the active phase of composting process with a

concomitant removal of pathogens and weed seeds (Wu et al., 2000; Cunha-Queda et al.,



2007). Compost maturity is also linked to the level of nitrification (Bernal et al, 1998)
and the degree of humification (Jouraiaphy et al., 2005). They, in turn, are related to
agricultural values in terms of quality and marketability of the final product in relation to

plant productivity (Cabafas-Vargas et al., 2005; Gomez-Bandon et al., 2008).

All taken together, compost maturity assessment is more of an art than compost stability
assessment, since acceptable maturity varied depending on compost end use (Brewer and
Sullivan, 2003). Apart from this, shortening of composting period with considerable
reduction in the C/N ratio of the starting mixture is very important for making the
composting process successful (Raut et al., 2008). The application of non-stabilized and
immature compost to soil may cause several toxicity effects and adversely affect the

environment (Butler et al., 2001).

A large variety of techniques have been developed for the determination of compost
stability in the last few decades (Wang et al., 2004). Physico-chemical parameters such as
temperature, pH, electric conductivity (EC), Dissolved Organic Carbon (DOC), the ratio
of C to N and NH," to NO3™ have been applied as indicators of stability (Said-Pullicino et

al., 2007; Castaldi et al., 2008; Albrecht et al., 2008; Aslam et al., 2008).

Mondini et al. (2004) reported that microbial biomass and activity can be used as stability
parameter in ligno-cellulosic waste composts for it clearly reflects the transformation of
organic matter during the composting process. Variation in the composition of microbial
community and total number of microorganisms at each composting phase provides

valuable information about the process, for efficient and satisfactory composting process



is dependent on the presence of a high microbial diversity (Beffa et al., 1995; Herrmann

and Shann, 1997).

Respiration (CO, evolution rate and/or O, uptake rate) has been widely used to evaluate
the stability of compost (Gémez et al., 2006). ATP content and enzyme activity are also
useful indicators of compost stability (Tiquia et al., 2002; Boutler-Bitzer et al., 2006).
Knowledge on the diversity and dynamics of the microbial communities of compost is
gained through the use of molecular biology tools such as community fingerprinting by
amplified rDNA restriction analysis, denaturing gradient gel electrophoresis (DGGE) and
hybridization techniques (Hoitink and Boehm, 1999; Alfreider et al., 2002; Scholass et

al., 2005).

Nucleic acid microarrays or oligonucleotide microchips represent one of the most recent
advances in molecular technologies, allowing a high-throughput format for the parallel
detection of 16S rRNA genes from an environmental sample (Bodrossy and Sessitsch,
2004). The parallel detection of numerous 16SrRNA genes makes the microarray useful
for environmental studies of phylogenetically diverse microbial groups. In the case of the
compost environment, microarray offers a tremendous potential for process monitoring,
the detection of pathogens and beneficial microbial populations (Franke-Whitle et al.,

2005, 2009).

However, there is a strong argument on the benefits of a single parameter to measure the
degree of degradation of all organic materials. Only few reports justified the advantages
of application of multi-parameter that describe the stability and/or maturity of compost

made from most lingo-cellulosic materials (Bernal et al., 2009). Besides, the addition of



high N sources at the starting material was established as a troubleshooting to balance the
C/N ratio so that the requirement of the essential microbes (degraders) could be met

(Ryckeboer et al., 2003a).

A study was, therefore, made to understand the changes that coffee husk and flower
residues underwent with the composting process when they were amended with high N
sources (cow dung and flower vegetable wastes) and inoculants (activated effective
microorganisms and household composts). In addition, a number of parameters including
physico-chemical, enzymatic, phytotoxicity, N-transformation and microbial enumeration
and microbial community analysis were used to realize the significance of the
amendment. As a result, significant differences have been found due to the amendments
(particularly cow dung), resulting in the faster degradation of the lingo-cellulosic
substrates of coffee husk and flower residue. Hence, a combination of physical, chemical
and microbiological techniques formed a novel approach not only in monitoring the
quantitative and qualitative fluctuations of the available substrates, but also in revealing

the significant difference in composts and compost maturity.

1.2. Literature Review

1.2.1. Feedstock and events of the composting process

Composting is a complex process that is affected by several important factors that defines
the direction of the process. The crucial aspect of the process lies on the nature of the

starting organic materials that attract various groups of microorganisms.

These organic materials are carbohydrates, proteins, fats, hemicellulose, cellulose, lignin

and mineral matter (Table 1.1). They can be either susceptible or resistant to microbial



attack. The first susceptible organic materials to microbial attack are simple sugars,
starches, pectin, fatty acids, amino acids and nucleic acids, whereas the resistant ones are:

hemicellulose, cellulose and lignin (Insam and de Bertoldi, 2003).

The carbohydrates serve as substrate for the microorganisms to generate energy for
biosynthesis of cellular constituents. Apart from carbon source, microorganisms require
other nutrients like nitrogen (N), phosphorus (P), potassium (K), and trace elements for
their growth. In particular, nitrogen is the most vital element for microbial growth. If low
level N occurs during the composting, the degradation process will be slow. On the
contrary, excess N may be lost from the system as ammonia gas or through leaching as

nitrate (Bernal et al., 1998).

Since composting is an aerobic process oxygen supply is essential through active
mechanical aeration, convective air flow (=passive aeration) or physical turning of the
compost mass. Proper aeration controls the temperature, removes excess moisture and
CO; and provides O, for the biological process. Thus, the optimum O, concentration is
between 15% and 20% irrespective of the composting system (Bernal et al., 2009). As a
result, controlled aeration can maintain temperatures below 60-65°C, which ensures

enough O is supplied.

The diffusion of oxygen through the compost mass can be limited by moisture content
(Haug, 1993). Excessively wet compost (>60%) limits oxygen transport, which prevents
the growth of aerobic microorganisms and reduces the rate of decomposition because the
free pore space may be blocked by water (Richard et al., 2002). Low moisture content, on

the other hand, can also restrict the movement of microorganisms and inhibit microbial



growth and activity affecting the degradation of organic compounds (Richard et al.,

2002).

The intense microbial activity at the beginning of composting generates heat that causes
the rise in temperature. Moreover, carbon dioxide and water are released as
decomposition products (Ryckeboer et al.,, 2003a). One of the major objectives of
composting is the effective decomposition of organic matter in the shortest time, and
knowledge of the basic aspect of composting is essential to be able to control and mange

the process efficiently (Steger et al., 2007).

1.2.2. Carbohydrates
Quantitatively, the main components of organic matter are plant origins and constituents
(as presented in Table 1.1). Cellulose, hemicellulose and lignin are among the most

important polymers occurring on earth.

1.2.2.1. Cellulose

All plant cell walls contain cellulose, which is mostly crystalline in native stage and is
surrounded by a mixture of amorphous cellulose, hemicellulose, and lignin. Cellulose is
a linear homopolymer consisting of repeating sterochemical units of glucose, or in other
words repeating units of pS-D-glucopyranose, which are linked together by p-1-4-

glycosidic bonds (Tuomela, 2002).

The molecular mass is high, and the degree of polymerization (DP) is up to 15,000
(Insam and de Bertoldi, 2003). Crystalline cellulose is highly resistant to microbial
degradation and amorphous cellulose is degraded much faster than crystalline cellulose.

The cellulose degrading ability of microorganisms is dependent upon the existence of the



cellulase enzyme systems and/or the synergistic activity of microorganisms (Beguin and

Aubert, 1994).

The most efficient cellulose degraders are filamentous fungi (Tuomela, 2002).Typically,
the components of cellulase enzyme system, endoglucanases and cellobiohydrolases, first
hydrolyse crystalline cellulose to cellobiose, and f—endoglucanase degrades cellobiose to
glucose. Chaetomium thermophilum, for instance, releases glucose from native cellulose,

and Thermomyces langinosus utilizes this sugar (Tuomela, 2002).



Table 1.1 Major natural compounds which are the substrates for decompositon

Compound Composition Function p* A* M*  Degradability
Lignin Polymeristates of phenylpropane Structural compound 3 0 0 Very resistant mainly
derivatives, e.g. coniferyl alcohol by fungi

Glucose (CgH1,06) Polymers

Cellulose B-1,4 bonds Structural compounds 3 0 0 Easily, mainly by fungi
(Plant leaves, stems) but also Bacteria and
Actinomycetes
Starch Amylose: linear a-1,4-bonds; Storage compounds in 2 0 1 Good aerobically &
Amylopectin branched seeds and roots anaerobically
a- 1,4 bonds (Clostridium)
Glycogen a-1,4-, a-1,6-bonds In animal muscles 0 1 0 Good
Laminarin  B-1,3-bonds Marine algae (Phaeophyta) 2 0 0 Fair
Paramylon B-1,3-bonds Algae (Euglenophyta and 1 0 0 Fair
Xanthophyta)
Dextran 1,6 bonds Capsules or slime layers of 0 0 1 Fair
Bacteria




Agar Polymer of Galactose Marine algae (Rhodophyta) 2 Resistant
and galactouronic acid
Suberin, High polymeric esters of Structural compound 1 Poor
cutine saturated and unsaturated
fatty acids

Hemicellulose

Xylan Low degree of polymerization Cell wall compound, seeds 3 Variable degradability
Araban of sugar monomers (pentoses straw, wood, algae often together with
Mannan and hexoses) and uronic acids; lignin

Galaktan Usually 20-100 monomers

Pectin Polymer of galactouronic acids Dissolved, and in cell wall 2 Easy by most

(3x10*-5x10°> monomers)

in seeds, fruits, and in

young wood parts

microorganisms,

often plant pathogens

Sucrose Glucose-fructose disaccharide Vacuoles 2 Very easy by most
Microorganisms
Lactose Glucose-galactose disaccharide Milk 0 Easy by LAB

10



Hyaluronic acid Polysaccharide of glucuronic Connective tissue 0 1 0 Easy

acid and N-acetylglucosamine

Chlorophyll and other Plastids 1 0 0 Easy
pigments

Alkaloids, tannins  Sugars, mainly a-D-glucose Vacuoles 1 0 Variable
Fats and waxes Glycerine and fatty acids Storage compounds 1 3 1 Variable
DNS, RNS Nucleic acids nuclei, mitochondria 1 1 2 Easy
Poly-g-hydroxy Vacuoles, storage 0 0 2 Easy
butyric acid compound

Murein Peptidoglycan Cell wall bacteria 0 0 3 Easy

*P: plant; A: animals, M: microorganisms. Numbers indicate the relative importance (0...not found, 3...found in very high
quantity). Adapted from Insam and de Bertoldi (2003)
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1.2.2.2. Hemicellulose

Hemicellulose are mixed group of both linear and branched hetero polymers mainly
comprising five monomer sugars, namely D-glucose, D-mannose, D-galactose, D-xylose,
and L-arabinose (Tuomela, 2002). They are linked together mostly by f-1,4-glycosidic
bonds, and occasionally f-1,3-, p-1,6-, a-1,2-, a-1,3-, and a-1,6-glycosidic bonds
(Eriksson et al., 1990). The degree of polymerization (DP) of hemicelluloses is 100-200,
which is much less than that of cellulose. The major hemicellulose of gramineous plants
is xylans, which interact with lignin and cellulose probably more than any other
hemicellulose. Galactoglucomannans, arabinoglucuronxylan, and arabinogalactan are the

main component of softwood hemicellulose (Tuomela, 2002).

Due to a lower degree of polymerization and their amorphous nature, hemicelluloses are
degraded more easily than cellulose. Nevertheless, a complex enzymatic system, such as
different xylanolytic and mannan degrading enzymes, is still required because the

structure of hemicellulose is variable and branched (Tuomela, 2002).

1.2.2.3. Lignin

Lignin is a natural composite material in all vascular plans, providing the plant with
strength and rigidity. Lignin is an amorphous, aromatic, water-insoluble, heterogeneous,
three-dimensional, and cross-linked polymer with low viscosity. The molecular mass of
lignin is high and variable (600-1000kDa) (Brown, 1985). Lignin is highly reduced and
its carbon content is 50% higher than that of polysaccharides, which makes it energy rich
(Brown, 1985). However, lignin is the most recalcitrant polymer to microbial

degradation. The degradation of lignin rather enables efficient utilization of
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carbohydrates, which lignin usually makes complex with polysaccharides. Thus,
microorganisms, which utilize polysaccharides, often possess lignolytic capability.
Generally, lignin is finally degraded to carbon dioxide, water and humus (Tuomela,
2000). Trichoderma sp. Trichurus spirilis and Paceilomyces fusisporous are important
fungal groups which can degrade lingo cellulosic complex in the composting process (Saha et

al., 2012).

1.2.3. Microbial activity and temperature in composting

Composting induces high metabolic activities of microorganisms at high density (up to
10% cells g™) (Ryckeboer et al., 2003a). The microbial consortium present at any point of
time is replaced by others in a very short interval time. This makes composting to
resemble a batch culture with steady changes in substrate composition and biochemical
conditions (Insam and de Bertoldi, 2007). On the contrary, continuous composting
process may be regarded as a sequence of continuous cultures, each of them with their
own physical (e.g. temperature), chemical (the available substrates), and biological (e.g.
the microbial community composition) properties and feedback effects. Therefore, at any
given time the identification of microorganisms is an important prerequisite to determine
microbial diversity and metabolic activity pathways within the composting ecosystems

(Steger et al., 2007).

Previous level of understanding of microbiota involved in composting depends largely on
studies made with culture methods such as isolation and identification of bacteria,
actinobacteria and fungi. Some of the first microbiological studies investigated the effect
of temperature on the presence of microorganisms and on the efficiency of the compost

process for composting is a self-heating biological process (Steger et al., 2007). Another
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early study was that inoculation with thermophilic populations led to a higher
decomposition rate at higher temperature than inoculation with mesophilic populations

(Waksman and Cordon, 1939).

Furthermore, it was found out that bacteria, actinobacteria and thermophilic fungi were
all active in compost at 50°C; however, at 65°C, fungi were rare, and at 75°C, spore-
forming bacteria were the predominant organisms (Waksman et al., 1939). Temperature
above 55°C is required to Kill pathogenic microorganisms (de Bertoldi et al., 1983).
These and other studies (Webley, 1947; Strom, 1985) showed the importance of

temperature on microbial developments in the compost environment.

Overall, degradation of wastes in compost proceeds in four phases based on the
development of temperature (Figure 1.1): i) first mesophilic (temperature below 45°C) ;
ii) thermophilic (temperature above 45°C) ; iii) second mesophilic (cooling) ; and iv)
maturing (curing) phases, which is characterized by a decrease in temperature (Insam and

de Bertoldi, 2003).

)] The first mesophilic phase

At the beginning of composting, mesophilic bacteria and fungi degrade soluble and easily
degradable compounds of organic matter, such as monosaccharides, starch, and lipids.
Bacteria produce organic acids, and pH decreases to 5-5.5. Temperature starts to rise
spontaneously as heat is released from exothermic degradation reactions. The degradation
of proteins leads to release of ammonia that raises pH rapidly to 8-9. This phase lasts

from a few hours to a few days.
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i) Thermophilic phase

The compost enters the thermophilic phase when the temperature reaches 45°C.
Thereafter, thermophilic bacteria and fungi take over, and the degradation rate of the
waste increases. If the temperature exceeds 55°-60°C, microbial activity and diversity
decreases dramatically. After peak heating, the pH stabilizes to a neutral level. The

thermophilic phase can last from a few days to several months (Strom, 1985).
iii) Second mesophilic (cooling phase)

After the easily degradable carbon sources have been consumed, the compost starts to
cool. Second mesophilic phase during which, often dissimilar to those of the first
mesophilic phase, recolonize the substrates. After cooling, the compost is stable.

However, most of the species are different from the species of the first mesophilic phase.
iv) Maturing (curing phase)

Actinobacteria often grow extensively during this phase, and some protists and a wide
range of macroorganisms are usually present. The biological processes are now slow, but
the compost is further humified and becomes mature. The cooling and maturation phase

lasts for several months or even years.
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These phases may have considerable overlap based on temperature gradients and

differntial temperature effects on microorganisms (Figure 1.2) (Fogarty and Touvineb,

1991).
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Under optimal conditions, however, temperature distribution is not evenly reaching
throughout the zones of compost piles. Thus, it is necessary to move every part of the
substrate, through regular turning or tumbling, to the central hottest part of the pile
(Insam and de Bertoldi, 2007). In general, four major zones could be identified within the
pile from microbiological-temperature relationship point of view (Figure 1.3). These are:
Zone 1 is an outer zone, which is the coolest zone, and well supplied with oxygen; Zone
2, the inner zone is poorly supplied with oxygen; Zone 3, the lower zone is hot, and well
supplied with oxygen; while Zone 4 is the upper zone which is the hottest zone and fairly

supplied with oxygen.

uppef zone

lhner zone lower zone

Figure 1.3. Cross section of a compost windrow, major zones and convection stream (adapted from

Insam and de Bertoldi, 2007)

The general relationships of temperature as a function of composting time have been
depicted in many ways and the shape of the curves varies with the organic material to be
composted and the applied conditions (Steger et al., 2007). However, various microbial
communities predominate during the various composting phases, each of which being

adapted to a particular physico-chemical environment (Ryckeboer et al., 2003a). The
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initial stage is characterized by the growth and activity of primary decomposers mainly

gram negative bacteria, lactic acid bacteria, fungi and yeasts (de Bertoldi, 1998).

These organisms create a suitable physico-chemical environment for secondary
organisms by producing necessary metabolites for their growth and activity. Such a
condition is referred as cross feeding (Ryckeboer et al., 2003a). Generally, the activity of
mesophilic community leads to an increase in temperature. This condition was explained
by the fact that while the initial mesophilic microorganisms are inhibited due to increased
temperature, the thermophilic populations have not yet developed and is below their

temperature optimum (Ryckeboer et al., 2003a).

The second stage starts when a sufficient number of thermophiles are generated, then
temperature rises again. At this time, organisms adapted to these conditions (e.g. Bacillus
spp. Thermus thermophiles and Thermoactinomyces spp.) take over the degradation
process (Strom, 1985; Blanc et al., 1998). At temperature exceeding 60°C, the system
starts to limit itself due to the inhibitory of high temperatures (Ryckeboer et al., 2003a).
If a good management is provided (i.e. regular aeration or frequent turning), this stage
keeps on until the heat generated becomes lower than the heat dissipated. In general,
high temperature helps the degradation of refractory organics such as lignocellulose
(Tuomela et al., 2000), and elimination of pathogenic and allergenic microorganisms as

well as parasites (Beffa et al., 1995; Herrmann and Shann., 1997).

The third stage is the cooling phase where nutrients become a limiting factor, causing a
declining trend in microbial activity and heat output. The fourth stage is the maturation

phases, in which the substrate quality further declines and compounds such as lignin-
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humus complexes are formed that are not further degradable (Insam and de Bertildi,
2003). This stage is, therefore, characterized by a reappearance of new mesophilic
communities which are often different from the intial mesophilic microflora,

predominantly fungi and actinobacteria (Eiland et al., 2001).

The recolonization of a mesophilic community might be more a matter of nutritional
factors than a result of temperature. Since easily utilizable compounds are exhausted in
the earlier stages of composting, microorganisms present at this stage have to degrade
compounds less susceptible to mineralization (Steger et al., 2007). It was noted that the
length of the different composting phases depends on the nature of the substrate being
composted and the efficiency of the process, which is determined by several factors such
as starting material, O, supply, moisture content, active turning and outside temperature

(Ryckeboer et al., 2003a).

1.2.4.Microbial community and Enzyme activity

As biological process, composting involves a myriad of microorganisms that are
important component of the composting process (Tiquia et al., 2002). The number and
diversity of microorganisms are indicators of specific phases of composting. However,
there are cases where numbers did not show that much differences during the process.
Atkinson et al (1996) reported that the total number of microorganisms did not differ
significantly during composting while others report higher numberof microbes with
regards to the mesophilic stage (Tiquia et al., 2002). However, there is a general
consensus that the compositon of the community can vary during the different phases of

the composting process (Atkinson et al., 1996; Hassen et al., 2001).
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Hultman et al. (2009) reported that the genera Candida,Pichia and Dipodascaceae
dominated the initial mesophilic phase, and Thermomyces, Candida and Rhizomucor
were found at thermophilic stages during the study of municipal solid waste. But a few
species were found throughout of the process. Previously, Strom(1985) and Beffa et
al.(1995) determined the diversity of bacteria during the composting of (source
separated) municipal solid wastes. During the terminal and maturation phase of compost
high microbial properties of diverse functional groups of mesophilic microorganisms

were identified.

Beffa et al.(1995) reported that nitrogen fixers, sulfur oxidizers, hydrogen oxidizers,
nirifiers, and producers of extracellular polysaccharides (bacterial humin) are those of
mesophilic during the maturity phase. Furthermore, Thermus aquaticus, Bacillus
Schlegelii, Hydrogenbacter and Bacilli were identified during the thermophilc stages of
composting. Ryckeboer et al. (2003b) examined diversity and population densities of
prokaryotes and fungi throughout the whole composting process of soure separated

household wastes, i.e. from starting material to matured compost (Table 1.2).
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Table 1.2 Numbers of microorganisms during different phases of composting

Microorganisms Stage Number
Bacteria Mesophilic 10” to 10" g* substrate
Thermophilic 10° to 10" g* substrate
Actinombacteria Mesophilic 10° to 10*? g* substrate
Thermophilic 10" t010° g substrate
Fungi mesophilic 10° to 10% g* substrate

(adapted after Ryckeboer et al., 2003a)

The capacity of microorganisms to assimilate organic matter depends on their ability to
produce enzymes needed for the degraration of the substrate. In composting, the soluble
organic matter in the starting organic material is initially assimilated by the
microorganisms. Once the soluble organic matter is used up, microorganisms produce
hydrolytic enzymes to depolymerize the larger compounds (i.e. lignin, cellulose and
hemicellulose) to smaller fragments that are water soluble (Tiquia et al., 2002). The
transformation process involves the succession of microbial communities that are
endowed with a wide array of enzymes responsible for the changes in the physico-

chemical properties of the substrate (Mondini et al., 2004).

Several researches were undertaken to study the relationships of different microbial
groups (total aerobic heterotrophs, actinomycetes, fungi, fecal coliforms, ammonia and
nitrate reducing bacteria, and denitrifying bacteria) with different extracellular enzymes
(Tiquia, 2002, Cunha-Queda et al., 2007, Vargas-Garcia et al., 2010). Studies on
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microbial population dynamics and enzyme activities of poultry litter/yard trimmings
showed that the population of fungi and actinomycetes (active in the degradation of
lignin, cellulose and hemicellulose) were positively correlated with esterase, valine
amino-peptidase, a-galactosidase, B-glucosidase, and lipase. Similarly, p-galactosidase
(enzyme involved in the hydrolysis of lactose) showed the most significant correlation
with total heterotrophs, ammonium- and nitrate-oxidizing bacteria, denitrifying bacteria

and fecal coliforms (Tiquia, 2002).

Given the difficulties to quantify the activities of such a large number of enzymes in
nature, few key enzymes were singled out as important indicators of high microbial
activity in the composting process (Sanchez-Mondero et al., 2001; Mondini et al., 2004;
Cunha-Queda et al., 2007; Liu et al., 2011). Mostly, the measure of dehydrogenase
activity was considered as a general index of microbial activity on account of its role on
the oxidative phosphorylation process, in the respiratory metabolism of microorganisms
(Vargas-Garcia et al., 2010), whereas the other enzymes such as B-glucosidase,
phosphatase, protease and urease are a measure of specific activity (Vargas-Garcia et al.,

2010).

Enzymes in composts can be fundamentaly classified into two distinct groups: enzymes
inside viable cells (intracellular enzymes) and enzymes outside viable cells (exo or
extracellular enzymes). It is not possible to distinguish between the intracellular and
extracellular activities of enzymes in whole compost suspensions (Vuorenin, 2000).
However, after a brief incubation period, a large proportion of the enzymes in compost

belong to extracellular groups of enzymes are detected (Vuorenin, 2000).
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Some of the enzymes are related to the mineralization of C, N and P. For example, the
mineralization of N during composting involves the release of N from non peptide C—N
bonds in amino acids and urea mediated by amidohydrolase and dehydrogenase enzymes
(Tabatabai, 1994). Alkaline and acid phosphatases are important enzymes in organic P
mineralization (Nannipieri et al., 2012). The mineralization of C from glucose is

mediated by the activity of B-glucosidase enzyme (Nannipieri et al., 2012).

The enzyme activities varied during the different ages of composting. For example, the
evolution and activities of alkaline phosphomonoesterase was higher during the early
mesophilic periods in cattle manure compoting (Godden et al ., 1996). Castaldi et
al.(2008) also reported that protease, urease, cellulase, f-glucosidase and dehydrogenase
enzymes were characterized by significant changes during the first two weeks of MSW
composting but they gently decreased after the fourth weeks (maturity phase) of the
process. This implies that the evolution of enzymatic activities could be a suitable
indicator of the state and age of the organic matter. This is the common trend of well

managed composting system (Vuorenin,2000).

It is also important to note that the kinetic properties of enzymes, particularly
phosphomonoesterase (PME), differ significantly in different kinds of manure (Dick and
Tabatabi, 1984) and composted manure (Vuorenin, 2000). Garcia et al. (1992) detected
more PME and B-glucosidase activities from cattle manure than sheep manure before

and after vermicomposting.
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1.2.5. Factors affecting compost stability and maturity

Determination of compost stability and/or maturity is an important procedure to evaluate
compost quality. Maturity parameters are based on different physical, chemical and
biological, including microbial activities (Cooperband et al., 2003; Brewer and Sullivan,

2003 and Bernal et al., 2009).

The factors affecting the composting process can be divided into two groups: those
depending on the formulation of the composting mix, such as nutrient balance, pH,
particle size, porosity and moisture; and those dependent on the process management,
such as O, concentration, temperature, and water content (Bernal et al., 2009). Based on
these factors, a number of criteria and parameter have been proposed for testing compost
maturity. These parameters with various technical complications and degree of reliability
are employed for the evaluation of compost stabilization management and the

composting system (Lasardi and Stentiford, 1998).

1.2.5.1. Temperature

The temperature pattern shows the microbial activity and the occurrence of the
composting process. The optimum temperature range for composting is 40-65°C. de
Bertoldi et al., (1983) proposed that the range of 52-60°C is the most favorable for
decomposition. Temperatures above 55°C are required to kill pathogenic
microorganisms. But if the temperature exceeds the tolerance range of the thermophilic
decomposers, the effect is damaging for composting, for microbial activity declines

rapidly.
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Temperature regulation is required for controlled composting and excess heat can be
removed through several methods. Some of these are control the size and shape of the
composting mass; frequent turning and redistribution that could remove heat through

temperature feedback-controlled ventilation (i.e. Rutegers strategy).

1.2.5.2. C/N ratio

The two most vital elements required by microorganisms are carbon (degradable C) for
energy source and N compound for biosynthesis. The nutritional balance (C/N ratio) is
essential at the start of composting. The C/N ratio in the range 25-35 is adequate for the
starting mixture because it is considered that the microorganisms require 30 parts of C
per unit of N (Ryckeboer et al., 2003a). High C/N ratios make the process very slow as
there is an excess of degradable carbohydrate for the microorganisms. On the other hand,
with low C/N there is an excess of N per degradable-C and inorganic N is produced in
excess that can be lost by ammonia volatilization or by leaching from the composting

mass (Eiland et al., 2001).

According to Bernal et al. (1998), C/N ratio defines the nutritional balance of compost
and is correlated with many chemical characteristics of the material. In general, the C/N
ratio of matured compost lay in the range 10 to 15 so that the age of compost should be

suitable for soil amelioration (Insam and de Bertoldi, 2003).

1.2.5.3. pH
Different organic matter with a wide range of pH (from 3 to 11) can be composted (de

Bertoldi et al., 1985). A pH of 6.7-9.0 supports good microbial activity during
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composting. Optimum values are between 5.5 and 8.0 as depicted in Figure 1.4. (de

Bertoldi et al., 1985).

pH declines at the start of composting due to organic acid formation under temporary
anaerobic conditions caused by acid forming bacteria. The low pH is caused by a short
chain acids, mainly lactic and acetic acids (EKlind et al., 1997). This pH value, however,
lasts for a few days and the intermediate metabolites are completely mineralized because
of short chain acids are consumed by mesophilic microbes and nitrogen is mineralized

(Beck—Friis et al., 2003).

In the process, ammonia could be released just offsetting the acidic phase, from the
catabolic reaction of proteinaceous matter, reaching to high alkaline pH (i.e. 9.0-to 9.5).
When the ammonification phases are over, pH drops to around 8.0 to 8.5 at the end of the
process (Diaz and Savage, 2007). However, compost pH is also influenced by other
environmental factors such as aeration and temperature where higher oxygen

concentration reduces organic acids with a faster rise in pH (Beck-Friis et al., 2003).

The pH factor is very relevant for controlling N-losses by ammonia volatilization when it
is greater than 7.5. Elemental sulphur (S°) has been used as an amendment for
modulation of high pH values during composting. Addition of lime (calcium phosphate)
to regulate high pH needs to be avoided for addition of lime to compost mass results in

ammonium nitrogen loss at the later stages of composting (Diaz and Savage, 2007).
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Figure 1.4 Changes in pH during composting of solid organic wastes (de Bertoldi et

al., 1985)

1.2.5.4. Moisture
Another important environmental factor is moisture content of the mixture and water
should be present in appropriate amount throughout the composting process. Water stress

is the most common limiting factor for microbial activity on solid substrates.

According to Richard et al. (2002), moisture management requires a balance between the
process of stimulating microbial activity and permitting sufficient oxygen supply within
the compost matrix. 60% moisture content in the starting material is satisfactory whereas

lower limit of moisture content was set to be 40% (Diaz and Savage, 2007). However,
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the maximum permissible moisture content also depends on the degree of the resistance

of individual particles to compression.

During composting process, matrix structure of the material and water content are not
static for they drastically change over time reducing particle size, leading to a reduction
in total porosity (Richard et al., 2002). Despite the fact that 0.5 to 0.6g H,O of metabolic
water can be produced per gram of volatile solid decomposed, the heat and air flow
generated during composting evaporate more water than is produced and tend to dry the
material out (Choi et al., 2001). Consequently, materials such as wood chips, straw, hay,
coffee husk, rice hulls and corn stover have greater structural strength which requires

higher permissible moisture content as high as 75-80%.

On the other hand, for those materials structurally weak (e.g. paper) and become
deformed upon compression, the upper permissible moisture content is 55-60% (Diaz and
Savage, 2007). Other materials such as fruit waste, cannery wastes, sludge and animal
manure are devoid of definite shapes. The maximum permissible moisture content in
composting of those materials together with a bulking agent should not exceed above

60%.

Too little moisture means early dehydration of the mass which stops the biological
process; Wwhereas excess moisture limit oxygen transport, leading to slower
decomposition and increased emission of anaerobic odors (Richard et al., 2002). In
general, a 40-60% of moisture content is satisfactory for proper composting (Diaz and

Savage, 2007).
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1.2.5.5. Electric conductivity (EC)

The EC can affect the quality of composts because it reflects the salinity and suitability
for crop growth. According to Gémez-Branddn et al. (2008), the EC increased after the
active phase (day15) of composting of cattle manure and ended at EC value of 3mS cm™,
probably due to the release of soluble salts such as ammonium, phosphate resulting from
the decomposition of easily biodegradable organic substrates. The EC values of finished
compost greater than 3mS cm™ indicates that the material cannot be safely applied to soil

(Soumare¢ et al., 2002).

1.2.5.6. Inorganic Nitrogen (NH4-N and NO3-N)

The N mineralization was also an important parameter for evaluating compost maturity.
Finstein and Morris (1975) reported that when the NH," concentration decreases and
NOj3 appears in the composting material it is ready to be used as compost. A high level
of NH," points to unstabilized material, leading Zucconi and de Bertoldi (1987) to
establish a limit of 0.04% for mature city refuse compost. Bernal et al. (1998) established
a NH4/NOg3 ratio of less than 0.16 as critical index for compost maturity and stability of

compost and recommended for soil application.

1.2.5.7. Microbial activity

The existence of different groups of microorganisms in the different phases of
composting is another factor to evaluate the process and the final product. The
microorganisms involved in composting develop according to the type of utilizable
organic matter and temperature of the mass, which defines the different stages of the
process. Bacteria predominate early in composting; fungi are persistent during all the

process but predominate at water below 35% and are not active at temperature greater
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than 60°C. Actinobacteria predominate during stabilization and curing and together with

fungi are able to degrade resistant polymers (Bernal et al., 2009).

Microbial succession during the various composting time is, therefore, considered as
indicators of the composting process (Liu et al., 2011) because the appearance of specific
microorganisms reflects the degree of maturity of compost (Ishii et al., 2000). Various
methods were developed to evaluate microbial succession. Among these, microbial
biomass count (Tiquia et al., 2002; Liu et al., 2011) and analysis of phospholipid fatty
acid (PLFA) profile are used to describe the microbial succession in different compost

system (Eiland et al., 2001; Steger et al., 2007).

Shifts in the microbial community have also been investigated by methods like the
measurement of enzyme activity (Tiquia et al., 2002; Mondin et al., 2004; Castaldi et al.,
2008; Vargas-Garcia et al., 2010; Liu et al. 2011). Several studies also showed the
appearance of different enzymes along the course of the composting process (Cunha-
Queda et al., 2007; Mondini et al., 2004) was an indication of the stage of the
degradation and in turn, define the level of maturity. Enzyme testing using APl ZYM™
kit showed potential usefulness as indices of the course of the co-composting of poultry
manure and yard trimmings (Tiquia, 2002). APl ZYM™ test can be used to monitor
quantitative and qualitative fluctuation of substrate, and to reveal differences in composts

and compost maturity.

The monitoring of hydrolytic extracellular enzyme in compost extract throughout the
process provide useful information to understand the transformation occurring during

composting in general, and that of the dynamics of important elements such as C and N
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in particular (Vargas-Garcia et al., 2010). These authors reported that the nature of the
raw material determined the evolution of enzyme activity during the comparison of
horticulture waste (HW), sewage sludge (SS) and municipal solid waste (MSW).
Mondini et al. (2004) found out that alkaline phosphatase and arylsulphate seemed to be
the most reliable index of compost stability for yard waste and cotton waste composts.
The stage of composting also determined the maximum value of the enzyme activity.
According to Cuna-Queda et al. (2007) maximum values of enzyme activities were

observed during both the thermophilic and the mesophilic (<40°C) phases.

Apart from enzyme assay, PCR-based methods such as denaturing gradient gel
electrophoresis (DGGE) (Muyzer et al., 1993; Pedro et al., 2001) can be used to monitor
and identify microbial groups associated with shifts in microbial community structure,

including non culturable microorganisms (Steger et al., 2007).

The use of nucleic acid microarray, or oligonucleotide microchips, represents one of the
most recent advances in molecular technology, allowing a high throughput format for the
parallel detection of 16S rRNA genes from compost and other environmental samples
(Franke-Whittle et al., 2005). The DNA micorarray technology offers the possibility to
analyze the entire array of microorganisms from compost samples to ensure whether
target microorganisms are present or absent at a particular time of the process. Thus, the
technology provides a tremendous potential for process monitoring, detection of

pathogens, and beneficial microbial population (Franke-Whittle et al., 2005).
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1.2.5.8. Phytotoxicity

The other important factor in determining the agricultural value of compost is the
estimation of maturity based on phytotoxicity tests. Plant tests used in research and in
quality standards can be divided into three based broad categories: germination tests
(including root assessments), growth tests (assessment of top growth and sometimes root

mass), combinations of germination and root growth.

According to Zucconi et al. (1985) a germination index below 50% characterizes
immature compost. Zucconi and de Bertoldi (1987) discussed the difference between
germination and growth tests. Germination tests provide an instant picture of
phytotoxicity, whereas growing tests can show changes in the stability or maturity of the
compost tested: there may be damaging effects on growth in the earlier stages, but
beneficial effects later on, with different conclusions depending on the time of

assessment.

Garcia-Gomez et al. (2003) also studied germination index and pot experiment together
on ryegrass showing phytotoxic effects from immature compost even when the
germination index was above 87%. The relationship between the CO, respiration and
phytotoxicity of immature compost was studied by Garcia-Gomez et al. (2003), using the
CO,-C production by OM mineralization and plant growth. The CO,-C evolved
correlated with plant growth and immature compost caused N-mineralization in the soil,

leading plant N-deficiency.
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1.2.6. Bio-augmentation of selected (active) microorganisms in compost

There are two methods of increasing the rate of biodegradation: bio-stimulation and bio-
augmentation. Bio-stimulation refers to the stimulation of indigenous population by
supplying the required factors (e.g. nutrients). Bio-augmentation is the process of
introducing microorganisms selected to perform a desired task such as degrading big
polymers (Walter, 1997). It involves the introduction of large numbers of non-indigenous
microorganisms into the environment. One of these technologies is the introduction of
effective microorganisms to composting. Effective Microorganisms (EM) are developed
and applied (Bioaugmentation) to compost industry with the intention of enhancing the
process and producing quality end products (Higa, 1994). EM is a solution containing
over 80 species of co-existing microorganisms selected from thousands of microbial
species found in the environments, including the food and fermentation industries. EM
was developed from three principal microorganisms; namely photosynthetic bacteria,

lactic acid bacteria and yeasts (Higa, 1994).

The introduction of EM technology into composting system was based on the belief that
the inoculation of the organic material with EM could shift the microbiological
equilibrium. It is believed that they played significant role in decomposing larger organic
compounds into low molecular organic compounds: amino acids, sugars, vitamins and

other bioactive ingredients that stimulate the natural flora.

The addition of lignocellulolytic microbial consortium, Aspergilus niger and
Trichoderma viride, enhanced the rate of composting under natural pH during
composting of rice straw based on the study of the physicochemical properties of pH

amended and natural conditions. The bioconversion was maximum in
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Trichoderma/Aspergillus inoculated treatments within 14-21 days as indicated by the
profiles of electric conductivity, bulk density, total carbon and nitrogen ratio, and
germination index, showing 74.5 % Gl after 21 days of composting for the treatment

without pH amendment.

1.2.7. Classification of composting system

In general, the composting system is currently classified into two broad categories. i.e.
“windrow” and “in vessel” systems. According to Diaz et al (2007), windrow system can
be explicitly defined as the piling up of substrates into piles. Typically, the height of the
pile can range between 1.5 and 2.5 m, usually with elongated windrows depending on
land availability and volume of the source material. With in-vessel systems, however, all
or part of the composting can take place in a reactor (Dziejowski and Kazanoska, 2002).
In fact, the in-vessel systems currently used worldwide involve the use of windrows for

curing and maturation.

Windrow system may be further subdivided into the “turned windrow” and the “forced
air windrow” (static pile or stationary windrow) system, based on the method of aeration

(Diaz et al., 2007).

1.2.7.1. Forced air windrow

In the forced air windrow system, air is either forced upwards through the composting
mass or is pulled downwards and that is why the alternative designation of “forced
aeration” is applied. In both instances, the composting mass is not disturbed. This is
because the forced aeration system involves an initial period of drawing air into the pile,
followed by a period of forcing it upward through the pile. In the pulling or “suction”
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stage, the air that leaves the system either is discharged directly into the environment, or
is forced through a pile of finished compost or other “stable” organic matter ( a biofilter).
The rationale behind this procedure is to deodorize the effluent air stream. It has been
mostly verified that finished compost and other organic materials can serve as an odor
filter (Schlegelmilch et al., 2005). In general, the basic arrangement of an aerated static

pile follows six steps:

1. mixing of bulking agents with the waste to be composted

2. construction of windrow,

3. composting process,

4. screening of the composted mixture to remove reusable bulking agent,

5. curing, and

Sk

storage

The construction of the windrow requires a series of perforated pipes that is placed on the
compost pad. The diameter of the pipes must be in the range 10.2-15.5cm. The pipes are
oriented longitudinally and parallel to what would be the ridge of the windrow. Short-
circulating of air is avoided by ending the pipes 1.5-2.7m from the edges of the windrow.
The perforated pipes are connected to a blower through a length of non-perforated pipe.
After the network of piping is in place, it is covered with a layer of bulking agent or
finished compost that extends over the area to be covered by the windrow of material to
be composted. This foundation layer is provided to facilitate the movement and uniform
distribution of air during composting. It also absorbs excess moisture and thereby

minimizes seepage from the pile (Diaz et al., 2007).
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The material to be composted is then stacked on the piping and bed of bulking material to
form a windrow. Then the finished pile should be about 20-30 m long, about 3-6 m wide
and about 1.5-2.5 m high. Finally, the entire composting material may be covered with a
layer of matured compost that is about 15cm thick if the covering compost is screened,
and about 20cm thick if unscreened. The covering serves to absorb objectionable odors
from the composting mass and ensures the occurrence of high temperature levels
throughout the composting material. There are also synthetic materials that can be placed

on the windrow to essentially achieve the same results (Diaz et al., 2007).

Despite this, the static pile method is not suitable for all types of raw materials and under
all conditions. The method, for instance, works best and perhaps only with a material
having a particle size that does not exceed 3.5-5cm in any dimension. A mixture of
particles that are too large and that exhibit a wide spectrum of particle sizes can easily
result in uneven distribution and movement of air through the pile. Uneven distribution of
air through the pile promotes short circulating and the development of anaerobic pockets

of decomposing materials.

1.2.7.2. Turned windrow system

The term “turning” is associated with the method of aeration. In essence, turning consists
of operations in tearing down and reconstructing the mixture. Turning has advantages of
not only aeration, but also encourages uniformity of decomposition by exposing all the
materials at one time or another to the particular active interior zone of a pile. It also
serves to assist the reduction of particles in size and advances in the loss of water from

the composting matrix if the moisture level is too high. In contrast, if water level is too
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low, turning may be a disadvantage since it dries out. Hence, the appropriate time to

moisture adjustment is during the turning process (Diaz et al., 2007).

In windrow, piles should be constructed in the form of a windrow and roughly conical in
cross section. However, depending on the weather condition the shape of the pile has to
be adjusted. In dry, windy periods, a pile in the shape of a loaf tending toward a flattened
top would be appropriate because the ratio of exposed surface to volume is lower with
such a configuration. Furthermore, the volume of the overall hot zone is greater than with
a triangular or conical cross section. Contrariwise, during wet weather the flattened top is
a disadvantage because water is absorbed into the composting mass rather than shed. In
mechanically operating method of turning, the pile configuration that results will be the

one imparted by the machine.

Normally, the height of the windrow should be roughly that of the average laborer which
can be easily reached with the normal pitch of the equipment used in turning. In practice,
the windrow should never exceed above the range of 1.5 to 2m high. The height of
mechanical turning, however, depends on the design of the turning equipment, which is
generally between 1.5 to 3.0 m high. The breadth of the pile, on the other hand, is a
function of convenience and expediency. In general, the width of a windrow should be
about 2.5m with manual turning whereas in mechanical turning, the width depends upon
the design of the machine. But it is usually from 3.0 to 4.0m. As regards to length, it is
merely indeterminate. For example, according to Diaz et al (2007), the length of a
180tone windrow (conical shape) of a material at a height of 1.8m and width of 2.5m

would be about 46.0m.
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Arrangement of windrow basically depends on two key factors: availability of land an
accessibility of equipment. In general, the total area requirment in manual turning is at
least two times and more likely 2.5 times that of the original windrow. This is due to the
process used for turning. When the secod turning takes place, the material is returned to
its origional place. The area required in mechanical turning with type of machine. Some
machines accomplish turning in such a manner that as the original windrow is torn down,
the new windrow is reconstruced directly behind the machine. This is done either by
designing the machine such that it straddles the windrow, or that it has a mechanism for
tearing down a windrow and passing the material over the cab to the rear of the machine
as it moves forward. The area required by such a machnie is little more than that of the
original windrow, including only enough added space to permit the maeuvering of the
machine. Other types of machines rebuild the windrow adjacent to its original position.

The area requirment, therefore, is comparable to that described for manual turning.

Turning is conveniently carried out by the use of pithchfork, which normally have four or
five tines. Ideally, in the process of rebuilding the pile, material from the outside layers of
the original windrow should be placed in the interior of the rebuilt windrow. If this ideal
situation is not practically attained, the deficiency can be compensated by increasing the

frequency of turnng.

Essentially, the frequency of turning depends on the ratio of available oxygen-to- oxygen
requirments. Structural strength, moisture content of the material, pathogen destruction
and uniformity of decomposition are some of the most important characteristics in

determining the frequency of turning.
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1.2.8. Management of agricultural solid wastes in Ethiopia

In Ethiopia, though municipality wastes are dumped into landfills or are scattered as
litters without proper management, most of agricultural residues from low-input small
holder farming are used for energy for households, burned or left in the farm as organic
input for crop production. However, the recent industrial level of coffee production and
horticultural products near urban centers are beginning to produce huge amount of plant
residues. One of the environmental problems in coffee processing is the direct release of
coffee wastes (coffee husk and coffee pulp) to the environment (Pandey et al., 2000).
According to CTA (1999) more than 240,000 tons of coffee husk is released into the

environment annually.

Horticultural products of rose in Ethiopia also generate daily up to ten tones of ‘Fresh
Organic Wastes’ (EHPEA, annual report, 2014). These wastes arise from pruning and
crop hygiene, processing in the pack house, (rejects, trimmings and leaves) and
occasionally processed flowers damped as waste when prices are low or flights very
delayed. Additional waste is also generated in large volumes when the rose bushes are
removed at the end of their useful crop life (EHPEA Annual report, 2014). These wastes

are usually dumped freely (heaps) around the farm.

Few studies showed that burning and dumping of huge amounts of organic wastes of
coffee husks and flower residues are the methods of removal of wastes by this

agribusiness (CTA, 1999; Tenaw et al., 2006; EHPEA annual report, 2014).
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1.2.9. Research in Ethiopia

So far, there are few reports in Ethiopia on the use of different agricultural wastes as soil
amendments. Lulu and Insam (2000) investigated the effects of application of fresh and
composted mustard meal on wheat yield at different rates (equivalent to 120, 240 and 360
kg N ha™) on humid tropical vertisol for 7 years at Ginchi research station. They showed
that application of composted mustard meal induced shifts in microbial community
structure (bacteria to fungi) from r to K strategists, and had positive medium-term effects

on biological qualities of the vertisol.

Tenaw and Kelsa (1998) showed the potential of coffee residue in increasing crop vyield
by replenishing soil organic matter, enhancing nutrient cycling, and maintaining soil
physical quality. Tenaw et al. (2006) also evaluated mineralization of N from
decomposing coffee residue applied as surface mulch on soil over time, and showed that
the coffee residue is low in quality to improve soil fertility. The low quality of the residue
was attributed to high lignin and C/N ratio, and low N concentration as well as high
immobilization of N. Sharma et al. (1997) also investigated effects of organic residue
supplement on the microbial communities of four tropical soils (Jima Awassa, Holeta and

Ginchi).

Despite this, there is always a direct and continuous release of these two important
agricultural wastes (coffee husks and flower residues) to the environment. This practice,
however, resulted in environmental pollution besides the loss of valuable plant nutrients
(Tenaw et al., 2006). According to Murthy and Naidu (2012), coffee wastes such as

coffee husk (CH), coffee pulp (CP) and other by-products constitute a source of severe
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contamination and pose serious environmental problem. As a result, coffee processing
units that are located in almost each coffee estate pose threat to the environment because
of unsafe disposal of Coffee Husk, Pulp and effluents leading to pollution of water and
land around the processing areas (Murthy and Naidu, 2012). Moreover, large-scale
utilization and management of CH around the world still remains a challenge due to its
content of caffeine (1%), free phenols (=1%), tannins (5%), chlorogenic acids (2.5%),
which are known to be very toxic to many life processes (Fan et al., 2003). Traditionally,
Coffee Husk has found only limited application as fertilizer and livestock feed (Murthy
and Naidu, 2012). Nonetheless, it was found suitable for composting since it contains
high contents of cellulose and hemicellulose besides potash and lignin. Though little
effort have been made on the utilization of CH as source of compost feedstock in
Ethiopia, reports elsewhere (Sathyanarayana and Kahan, 2008; Adi and Noor, 2009)
indicated that composting, which is cost effective technology and can be used at
industrial level for recycling of this waste are widely known to enhance soil nutrients,
provide better plant growth and possess commercial appreciation (Murthy and Naidu,

2012).

Indeed, the application of unstable materials originated from any agricultural wastes
including flower residues did also produce a competition for oxygen between microbial
biomass and plant roots/seeds (Gomez-Brandon et al., 2008). This fact can deprive plant
roots/seeds of oxygen, and lead to the production of hydrogen sulfide (H,S) and Nitrite
ion (NO;) (Mathur et al., 1993). Another problem associated with the direct release of
these two wastes into the soil ecosystem is nitrogen starvation of plants as soil microbes

are scavenging for soil nitrogen to make up for their deficit resulting from the application
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of these unstable wastes with a high C to N ratio. The phytotoxicity of unstable composts
represents another major problem; this is due to the emission of ammonia and the
presence of phytotoxic substances like phenolic compounds, ethylene oxide, chlorogenic
acids, tannins that may be released during the decomposition of unstable compost in soil.
Low molecular acids (i.e. acetic, propionic and butric acids) produced by the anaerobic
digestion of the organic matrix are also responsible for compost phytotoxicity (Fuchs,

2002).

Composting has been demonstrated to be a valuable strategy for recycling of these two
wastes, allowing the recovery of denuded land and sustainable management of
agricultural/horticultural lands (Sanchez-Monedero et al., 2001). Although the use of
these two compostable organic matrices is significant, their high C/N ratio can make the
process very slow. They can be, however, significantly enhanced by the addition of N-
rich residues such as cow dung that have experimentally been proved to decrease the
initial C/N ratio of the mixtures and improve the composting process (Li et al., 2008). In
addition, application of activated effective microorganisms (EM) and House Hold
Compost (HHC) to the lingo-cellulosic material were reported to enhance degradation
(Higa, 1994). To this effect, no information is available regarding the use of N-rich
animal waste (cow dung), EM and HHC for composting with lingo-cellulosic residues
which might become a valuable strategy for their disposal. Besides, there is dearth of
information and knowledge on process monitoring of composting and quality compost

production from coffee husk and flower residues.
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1.3. Objective of the Study

General objective

The general objective of this study is to monitor the composting process of two agro-
industrial wastes, coffee husks and flower solid residues, and evaluate the compost
quality (compost maturity and stability) using different physico-chemical and biological

(microbial load, enzyme, molecular, germination) parameters.
Specific objectives
The specific objectives of this thesis were to:

1) Evaluate the physico-chemical factors of agro-industrial composting

2) Establish the microbial communities during coffee husk composting

3) Establish the extracellular enzyme profiles during composting of coffee husk

4) Evaluate compost stability and maturity of flower residue and coffee husks and

their potential as soil stabilization.
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Abstract
Coffee waste is one of the voluminous agro-industry wastes generated in Ethiopia. The

direct release of this waste pollutes the environment and cause ecological damage that
inhibits plant growth. This necessitates the transformation of this waste into a useful
product with a dual purpose of fertilizer production and protection of the environment.
This preliminary study was, therefore, made to understand the process of coffee husk
composting in a Windrow composting system for 90 days by measuring various
parameters of compost stability and maturity. The process included three treatments:
coffee husk amended with cow dung and house hold compost (Pile 1), the same feedstock
with fruit/vegetable wastes and house hold compost (Pile 2), and coffee husk alone (Pile
3) as control. Samples were collected on days 1, 10, 24, 32, 48, 56, 66, and 90 to measure
chemical and microbial parameters. As a result, C/N ratios of Piles 1 and 2 decreased

significantly to 10-12% over the 90 days. The bacterial counts was highest (9.58log™™ g

Ydw, Pile 1) at the start of the process, likewise the highest actinobacterial (9.54log™™ g™
dw, Pile 1) and fungal counts (9.58log " g dw, Pile 1) was recorded at the end of the
process. The effect of the different microbial activities was reflected in the better
maturation of Pilel with GI (>80%) at the end of composting compared to the control

that required much more days for the material to become free from phyto-toxicity. This

transformation could be associated with higher volatile solid reduction in Pile 1 (75%)
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and Pile 2 (65%) substantiating the importance of both chemical parameters and
germination index together with microbial count to determine the quality of coffee husk

compost.

Keywords/phrases: C/N ratio, Germination index, mesophilic, phytotoxicity,

thermophilic

45



Introduction

Coffee production is an important sector of the agro-industry in Ethiopia, accounting for
up to 65% of the total exports from the country (Tenaw et al., 2006). Industrial coffee
production involves either a dry or a wet processing method for the removal of the shell
and mucilaginous parts from the cherries (Pandey et al., 2000), resulting in the
production of coffee husk and pulp, respectively. According to Murthy and Naidu (2012),
around two tons of such ligno-cellulosic residues are obtained after the de-hulling of 2-6
tons coffee cherries. In Ethiopia, coffee cherries are mostly processed using the dry
method, thereby leading to an annual release of more than 240,000 tons of coffee husk

into the environment (CTA, 1999).

This represents a serious environmental problem for the waste contains high content of
tannins, phenolic compounds and chlorogenic acids (Fan et al., 2003) that could inhibit
plant root growth and lead in greenhouse gas emissions through anaerobic decomposition

that necessitates the proper use and disposal of coffee waste (Murthy and Naidu, 2012).

Composting is one of the biological methods of solid waste treatment and is widely
known and accepted as a technology for recycling of agricultural waste materials under
aerobic conditions (Murthy and Naidu, 2012). It transforms waste materials into a high
quality amendment/fertilizer, rich in organic matter and nutrients (Insam and de Bertoldi,

2003).

Application of un-decomposed or immature composts to soil can lead to immobilization
of plant nutrients and inhibit plant growth (phytotoxicity) due to emission of ammonia,

production of phenolic compounds and byproducts such as ethylene oxide, low molecular
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weight organic acids such as acetic, propionic and butyric acids that are synthesized
during the decomposition of unstable compost (Butler et al., 2001; Fuchs, 2002; Gomez-
Brandon et al., 2008). This shows that management of the composting process must
include the potential agronomic value of the end product and its suitability for plant
growth by evaluating its degree of maturity using seed germination test (Cooperband et

al., 2003).

A large variety of physicochemical techniques have also been reported for the
determination of compost stability (Wang et al., 2004).Chemical parameters such as pH,
electrical conductivity (EC), changes in total organic carbon (TOC), total nitrogen (TN)

and the ratio of C to N have been applied as indicators of stability (Eiland et al., 2001).

Temperature profile of composts is also used to monitor the process of composting. The
changes in temperature and mineralization of organic matter are also related to a large
variety of mesophilic, thermotolerant and thermophilic aerobic microorganisms,
including bacteria, actinobacteria and fungi (Beffa et al., 1995; Hassen et al., 2001., Liu
et al., 2011). The use of different parameters provides valuable information to evaluate
the maturity and/or stability of composts (age of composts) in order to determine the

quality of compost to apply for agricultural/horticultural and landscaping activities.

The main objective of this study was, therefore, to monitor the physico-chemical changes
during the composting of coffee husks, and to determine compost maturity by measuring
the physic-chemical and microbial succession of the process, and to develop efficient

strategies for the management and valorisation of coffee waste.
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Material and methods

Arrangement of compost piles and sampling techniques

Coffee husks (CH) were collected from Bebeka and Mizan Teferi (Southeastern,
Ethiopia). Fruit/vegetable wastes (FVW) and cow dung (CD) were collected from the
market center and dairy enterprises of Addis Ababa City center, respectively. They were
used as bulking agents during composting of coffee husk. Matured household compost
(HHC) obtained from Gerji compost demonstration site was used as inoculum to hasten

the degradation process.

In this experiment, three different piles were prepared in Windrow method for coffee
husk composting following the procedure of Diaz et al. (2002). The first pile was
composed of coffee husk, cow dung and household compost at a ratio of 4:1:0.36,
whereas the second pile constituted of coffee husk, fruit/vegetable waste and household
compost at a rate of 3:1:0.04. The third pile was left as control without amendments of
any organic matter. The composting trial was carried out at Gerji (Bole sub-city, Addis
Ababa) composting research site of the Addis Ababa Environmental Protection Authority
(EPA). Physical and chemical analyses of the feed stocks are tabulated on Table 2.1. The
C/N ratio of each feedstock was adjusted according to formula of Cornell Composting

Science and Engineering (Richard et al., 2002).

R=Q1(C1X(100-M1)+Q2(C»X(100-M>)+Q3(C3X(100-M3)+...
Q1(N1X(100-M1)+Q2(N2X(100-M5)+Q3(N3X(100-M3)+...

In which,
R=C/N ratio of compost mixture N,= Nitrogen (%) of material n
Qn=mass of material n M= Moisture content (%) of material n
C,= Carbon (%) of material n
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Table 2.1 Phyisco-chemical characteristics of the feedstocks of CH composting

Parameter CH FVW CD HHC
T (°C) 17.2(002)  153(0.3)  185(0.1)  16(0.1)
MC (%) 13(0.1) 74(0.6) 64(0.3) 35.3(0.4)
pH (1:10),DH,0 5.3(0.1) 6.6(0.1) 7.7(0.1) 7.9(0.1)
Organic C (%) 545(0.6)  40.1(0.4)  23(0.6) 20(0.3)
Total N (%) 1.9(0.1) 1.32(0.02)  1.8(0.02)  1.85(0.03)
C:N ratio 28.4(06)  30.3(1.6)  12.8(0.1)  10.5(0.01)

Values are expressed as means and standard error of triplicate samples.

Each pile was arranged in a trapezoidal shape with a volume of 1.5m® (Imx1mx1.5m).
All piles were covered with grass materials after adjusting their moisture contents to 60%
by sprinkling of water to the piles (Diaz and Savage, 2003). A total of seventy-two
samples, representing each pile (around 500 g each), were collected separately on days 1,
10, 24, 32, 48, 56, 66 and 90 of sampling and transported to the microbiology laboratory,
Addis Ababa University (AAU) for both microbiological and physic-chemical analysis.

All analyses were carried out in triplicates.

Physical and chemical analysis
Temperature of each pile was measured on the spot at different points (30cm, 50cm and

80cm depth from top to bottom) before turning the composts using a digital thermometer
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(model H-9283). The moisture content of composts was determined after having taken
10g of the samples and oven-drying at105 ‘C for 24 h. Total C and Volatile solids were

determined by dry combustion at 550 C (as the loss on ignition) (Haug, 1993)

Total N content (TN) was measured by the Kjeldahl digestion analysis. pH and electrical
conductivity (EC) were measured from the aqueous extracts (1:10, w/v) of composts
using a pH meter (HD8602, Italy) and a conductivity meter (CC401 ELMEIRON,
Poland), respectively. Volatile solids (VS, % dw) content was calculated according to the
following equation (Chroni et al., 2009).
VSred:100*[1_v3f*(1oo-v5i)]
VSi*(100-VSf)
Where VS;: the initial volatile solid contents, (%dw) and VSt the final volatile solid

contents of sample f, (% dw)

Enumeration of total aerobic heterotrophs, actinobacteria and fungi

For sample processing, compost samples were ground to 0.25 mm, serially diluted to
appropriate proportion in sterile water and inoculated onto their respective media using
the plate frequency technique. Counts of aerobic heterotrophs, actinobacteria and fungi
were determined by direct plating on appropriate media (Tiquia et al., 2002). Total
aerobic mesophilic bacteria was made on plate count agar (PCA, Oxoid, England), and
the number of actinobacteria and fungi was counted on Starch Casein Agar (SCA) and

Potato Dextrose Agar (PDA), respectively.

Plates were incubated for three days at 30 + 2 'C for the growth of bacteria and fungi, and

between five and seven days for actinobacteria. After incubation, the population of the
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different microbial groups was estimated using the Most Probable Number (MPN)

method (Tiquia et al, 2002).

Enumeration of endospore forming bacteria and thermophilic microbes

Enumeration of spore forming bacteria was made using the protocol of Hassen et al.
(2001). It was similar with the enumeration of mesophilic bacteria as before, except that
diluted extracts were subjected to treatment for 10 min at temperature of 80°C. For the
enumeration of thermophilic or thermotolerant microbial groups (bacteria, actinobacteria

and fungi), plates were incubated at 55°C for 3days (Beffa et al., 1995).

Phytotoxicity test

The phytotoxicity study of the compost samples was determined following the method of
Zucconi and de Bertoldi (1987). Aqueous extracts were prepared (10:50, w/v),
centrifuged at 10,000 rpm (Wagtech International, 3000 system) and filtered through a
0.45 um membrane filter. Ten seeds of garden cress (Lepidium sativum L.) were evenly
distributed on a filter paper in a Petri dish and watered with 1 ml of the supernatant. A
control treatment consisting of ten seeds watered with 1 mL of distilled water was also
included. All Petri dishes were incubated at 22° C for 24 h in the dark and then 1 ml of
ethanol was added to stop germination. The number of germinated seeds with at least 1
mm was counted and the length of the germination root was also measured. Then
germination index was calculated following the formula given by Zucconi and de

Bertoldi (1987).
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Gl (%) = Ns*Rs* 100
Nb * Rb

Where, GI  germination index

Ns  number of germinated seeds with sample extracts
Nb  number of germinated seeds in the control
Rs  root length of germinated seeds watered with sample extracts

Rb  root length of germinated seeds watered with control extracts

Data Analysis

Biochemical and microbiological data were analyzed by repeated measures analysis of
variance (ANOVAR) in which piles represented the subjects, and the composition of
parent material (CHCDHH, CHFVWHH and CH) was fixed as the between-subject
factor, and the composting time (1,,10,24,32,48,56,66,90) was fixed as the within subject

factor. All the variables met the sphercity condition (Mauchly’s test).

When the sphercity assumption violated, correction was made by the Geisser-Greenhouse
(G-G) procedure (Potvin et al., 1990). Significant differences were further analyzed by
paired comparison with the Bonferroni test. To demonstrate the relationship between
certain chemical parameters and two maturity indices (C/N ratio and GI) of all coffee

husk composts, Pearson product moment correlation (r’) was performed.
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Data of all experiments were taken in triplicate and analyzed by statistical computing
packages (SPSS version 21). Values were presented as the average of three replicates and

means were separated by the least significant difference according to the Bonferroni test.

Result and Discussion

Effect of temperature on microbial population

The temperature profile of the three coffee husk compost piles showed four successive
phases: initial mesophilic phase (18-42°C) which lasted for two days in Pile 1 and Pile 2
but for one week in Pile 3 (Figure 2.1). The thermpophilic phase (45-70°C) lasted for 45
days in Pile 1 and Pile 2, but for 15 days in Pile 3.The second mesophilic phase (18-
42°C) for Pile 1 and Pile 2 was 22 and 30 days, respectively. On the contrary, the second
mesophilic phase for pile 3 took 60 days. After 66 days, all piles went through maturation
(curing) phase (data not shown). However, significant variations were observed among
the three piles with regard to temperature changes as a function of time (ANOVAR

F16.43:5.64, P:OO5)

In all piles, there was a decrease in temperature after 40 days which could be attributed to
the depletion of easily degradable organic materials (Caceres et al., 2006). This result
may indicate that the longer thermophilic temperature in cow dung amended compost
ensures sanitization of the end product (Lasardi and Stentiford, 1998); and co-composting
with cow dung, fruit/vegetable waste and household compost accelerated the process
(Diaz et al., 2002). The instant temperature increase and longer maintenance at

thermophilic temperature in co-composted piles (Pile and Pile 2) reflected the better
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performance of biological activities than slower initial temperature and immediate fall of

the temperature during the thermophilic stage of the control (Pile 3).
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Figure 2.1 Temperature changes during composting of three different piles. Values
are expressed as means and standard errors of triplicates samples

Effect of moisture on composting process

The Moisture adjustment made on all piles during the experiment was within the
recommended range of 40-70% (Table 2.2). The adjustment was made to compensate the
moisture loss that could be occurred as a result of increased heat and enhanced
desiccation. However, there was a significant difference in moisture content at the start,
the active and the end stage of the process (ANOVAR F714=25.52, p=0.0001). At the
beginning of composting, the moisture content of all piles was above 50%., and remained

so for about 24 days. As the process continued, the moisture percentage was increased by
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nearly 10% until day 56, and declined gradually to 45-47% which was still above the

recommended range for matured compost (i.e. 30%) (Diaz and Savage, 2007).

pH and electric conductivity

In this study, the pH for the first 3-10 days was slightly acidic for Pile 1 (6.37) and Pile 2
(5.89) but more acidic for Pile 3 (5.23). However, the pH increased and reached to basic
pH levels (8.75-8.89) afterwards in Pile 1 and Pile 2, whereas in pile 3 the pH reached 7.3
after 24 days (table 2.2). The pH in all piles continued to increases until it was stabilized
to pH (7.5-7.8) at the end of the composting process. In general, the difference in pH
values were significant as a function of time (Compost time ANOVAR Fi44,=138.974,
p=0.0001). The increase in pH values over time can be attributed to a release of ammonia

associated with protein mineralization (Gomez-Brandon et al., 2008).

The electrical conductivity of the three compost piles showed similar pattern in that they
showed a sharp and higher increase in EC (9-25%) between the 32"day and 90" day of
composting, with the highest increase in Pile 1(25%), followed by Pile 2 (23%) without
showing significant difference among the piles over compost time (Table 2.2 pile x time
ANOVAR, F144,=0.974, P>0.05). The low EC content of the three coffee husk composts
obtained at the 90 days did not exceed the limit value 3dSm™ indicating a material to be
safely applied for soil amelioration (Soumaré et al., 2002). This result was different from
previous findings where high EC values (>3dSm™ ) were obtained before 90 days
compost in the study of manure compost (Gémez Brandon et al, 2008) and three dairy

manure amended rice chaff compost piles (Liu et al., 2011).
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Table 2.2 Changes in moisture, pH and EC during composting of three coffee husk

composts

Parameter Piles Time

Moisture(%) 1 533 49.0 57.0 647 650 640 57.0 480
(L7)° (36)™ (18)° (14 (300 (16)° (26)° (L.7)

2 533 540 583 653 647 647 660 480

(1.7)° (36)° (1.8)° (1.4 (2.9° (1.6)* (2.6)* (L.7)

3 533 487 563 61.0 663 657 523 447

(1.7)° (36)° (1.8)° (1.4)* (2.9 (1.6)* (2.6)" (L.7)°

pH(1:10) 1 6.37 812 835 816 835 819 836 7.75
(0.11)° (0.31)% (0.03)* (0.04)? (0.03)* (0.03)* (0.04)* (0.06)*

2 589 807 839 816 836 823 7.38 7.65

(0.11) (0.31)% (0.03)* (0.04)* (0.03)* (0.03)? (0.04)° (0.06)"

3 523 715 831 822 832 825 727 7.46

(0.11)7 (0.31)*°(0.03)% (0.04)% (0.03)* (0.03)* (0.04)° (0.06)"

EC(S m™)

[EEN

123 125 139 154 162 177 189 192
(0.04)° (0.1)° (0.1)° (0.17)° (0.13)" (0.18)*°(0.04)? (0.06)?
2 142 145 140 153 165 176 1.83 1.88
(0.04)° (0.1)° (0.1)° (0.17)*°(0.13)" (0.18)* (0.04)? (0.06)?
3 125 121 132 143 146 152 152 156
(0.04)° (0.1)° (0.1)*® (0.17) (0.13)" (0.18)*(0.04)? (0.06)*

Values are means (n=3) with standard error in brackets. For each parameter values
followed by the same letters are not significantly different at Bonferroni («=0.0001).

56



Volatile solid reduction

With regard to the Volatile solids (Vs), the different compost piles decreased
significantly over the composting time (Table 2.3. ANOVAR F;14-192.459, P=0.0001).
Accordingly, in Pile 1, the volatile solids (VS) content was 91.1% at the start of the
process, which decreased to 72.2% over time corresponding to a volatile solid reduction
of nearly 75%; whereas, in Pile 2, the decrease in volatile solids content was from 89% to
73.4%. This corresponded to an increase of 65% in volatile solid reduction. In contrast,
the control (Pile 3) slightly decreased its volatile solids content from 91.1% to 83.3%

with concomitant increase of only 55% of the volatile solid reduction.

In general, over 60% of the volatile solid reduction occurred by the end of the 32" day in
Pile 1 as compared to 56™ day of reduction, at the end of the thermophilic stage in Pile 2,
This study was different from Chroni et al. (2011) who reported that over 50% volatile
solids reduction had occurred by the end of the 58" day for source separated food waste
and grass clipping composts, probably due to the lower thermophilic temperature
(maximum 48°C). In the present study, temperature was positively correlated with
volatile solids (VS) content, suggesting that higher temperature could drive the largest

degradation of the organic materials in compost mixture.
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Table 2.3 Changes in volatile solids during composting of three coffee husk piles

Parameter Piles Time (in days)

1 10 24 32 48 56 66 90

VS(%) 1 911 851 815 792 774 763 757 722
(0.9 (0.8)" (1.1)° (15" (1.5° (1.3° (1.1 (0.9

VSed(%) 1 0 418 572 625 665 686 69.7 747

(1.5 (2.4 (1.2° (1.3 (1.6) (1.7)* (2.0

VS(%) 2 890 860 824 795 771 753 748 738
(0.9 (0.8)° (1.1)° (157 (1.5° (1.3° (1.1 (0.9)

VSrea(%) 2 0 187 421 520 585 625 635 654
(1.4 (24" (1.2° @3 (1.6 @7 (2.0)0°

VS(%) 3 919 909 878 855 837 835 837 833

(0.9 (0.8" (1.1)° (1.5 (1.5° (1.3° (1.1 (0.9

VS1ea(%) 3 0 111 364 472 545 550 570 545

(1.5 (2.4)° (1.2° (@3 (1.6)" @.7)* (2.0)°

Values are means (n=3) with standard error in brackets. For each parameter values
followed by the same letters are not significantly different at Bonferroni (¢=0.0001).
Vs=Volatile solid; Vsr.q=Volatile solid reduction
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Changes in TOC, TN, C/N ratio and Gl

Table 2.4 shows the changes in some of the chemical properties of the compost during
the process. The fruit/vegetable amended compost (Pile 2) and control (Pile 3) had higher
initial organic carbon than Pile 1 (Table 2.4). The highest total organic carbon reductions
were found in Pile 2 (about 38%) as a function of time, followed by Pile 1 (about 30%),
and Pile 3 (23%) reflecting a good mineralization of organic matter from the start up to
the end of composting in the amended composts. At the end of the process, the lowest
TOC was obtained in Pile 1, and the highest in Pile 3. The high TOC in the end of the
process mainly came from the higher concentration of more recalcitrant compounds
present in Pile 3 compared to the other two co-composted piles that could fuel better
kinetic process. In general, total organic carbon had significant variations among the
three piles (Table 2.4 ANOVAR, F; 14=195.076, p=0.0001). This implies that better

organic matter degradation has occurred in the two co-composted piles than the control.

There was a significant difference in total nitrogen (TN%) among the three piles (Table
2.4 ANOVAR, F714=33.11 p=0.0001). But the variation between the two co-composted
organic materials and the control pile was highly significant at all time of composting. As
a result, the C to N ratio of these piles (Pile 1 and Pile 2) decreased steadily and reached
within the maximum permissible maturity range of C:N ratio (15) before day 48 for Pile
1 and on day 48 for Pile 2 (Diaz and Savage, 2007). However, the control (Pile 3) never

attained this level even after day 90.
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Table 2.4 Changes in chemical components and Gl of three piles of coffee husk

Parameters Piles Time

1 10 24 32 48 56 66 90

0C% 1 481 456 443 414 415 376 354 339
(0.3 (0.8)" (0.7)° (0.9 (2.1)% (0.8)° (0.7)° (0.6)°

2 575 51.3 453 430 440 393 371 363
(2.3 (0.5" (1.0° (0.6)" (0.5 (0.2)° (0.4 (0.8)°

3 544 533 489 432 461 400 39.8 417
(0.1* (0.2" (0.6)° (1.2) (1.4 (0.4)° (1.0 (0.3)°

TN% 1 28 30 32 29 33 31 32 31
(0.1)* (0.0)%0.1*  (0.03)* (0.03)* (0.1)* (0.03)* (0.1)*

2 24 31 29 28 33 28 26 28
(0.03) (0.1)* (0.1)° (0.1)* (0.03)* (0.03)° (0.03)" (0.03)"

3 18 20 19 20 21 19 19 23
(0.03)° (0.03)° (0.03)° (0.03)° (0.03)" (0.03)° (0.03)° (0.1)°

C:N 1 17.5 15.1 14.0 14.2 12.7 12.1 11.7 111
(047 (0.2 (0.1¢ (0.3F (0.7° (0.1° (0.1)° (0.3)

2 244 164 154 154 135 141 140 127
(0.1)° (0.2 (0.3 (0.5" (0.8)* (0.3)* (0.2)° (0.03)"

3 29.7 271 258 217 216 207 206 182
(0.3)° (0.5)° (0.4)° (0.3° (0.5° (1.0)° (0.4 (0.8)°

GI% 1 0 3358 42.16 48.90 53.94 65.65.580.61 85.25
(2.05)° (1.63)° (1.57)" (5.33) (2.16)° (2.41)" (1.97)%

2 0 13.41 26.18 2461 36.44 5529 6570 74.69
(2.05)° (1.63)° (1.57)" (5.33) (2.16)° (2.41)" (1.97)%

3 0 239 475 19.46 30.49 3852 54.33 46.69
(2.05)° (1.63)° (1.57)? (5.33) (2.16)° (2.41)° (1.97)

Values are means (n=3) with standard error in brackets. Values followed by different letters
showed that there is significant differences within piles (Tukey HSD test ¢=0.05)
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The decline in C to N ratio of Pile 1 was more pronounced reaching at a C to N ratio of
11 at day 90. Gémez Brandon et al. (2008) also reported similar changes in cattle manure
composting in Spain suggesting that depletion of easily degradable carbon compounds
was the main driving force to bring early maturity as N could be slightly changed. The C
to N ratio generally decreases throughout the composting process due to the release of
CO; and then stabilized within the range of 10-15 when organic waste is composted
(Insam and de Bertoldi, 2003). Overall, the total carbon and C:N ratio had an inverse
relationship with compost maturity and stability (Cooperband et al., 2003), resulting in
earlier maturity time for the two amended composts because the C:N ratio had come
down to 11% and 12% for Pile 1 and Pile 2, respectively. In contrast, the control pile

remained high even after day 90.

The germination indices (GI) of all piles reached a value of 34% in pilel and 13% in Pile
2 during the initial active phase at day10 (Table 2.4) whereas germination index was very
low (2.3%) in Pile 3 at the same day. At maturation stage, a Gl of 86% and 75% was
recorded for Pile 1 and Pile 2, respectively. In contrast, the control (Pile 3) exhibited a Gl
value of 46% at the same day suggesting that this pile required longer time to overcome
the threshold limit of 80% stated by Zucconi and de Bertoldi (1987). Besides, a Gl value
of greater than 80% in cow dung amended compost was an indication of the
disappearance of phytotoxicity and the maturity of compost (Tiquia et al., 1996).
Therefore, composting time had significant effect on germination index in those piles as

indicated by G1% (Table 2.4. composting time ANOVAR F; 14,=253.6, p=0.0001).

Overall, pilel matured earlier than the other piles implying that addition of high value

organic matter such as cow dung as well as inoculation with mature household compost
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facilitated the faster degradation of phytotoxins released in the process; whereas, the two

piles remains unsafe for the application of the material to plant and soil system.

Microbial profile of coffee-husk composting

The total mesophilic counts of bacteria, actinobacteria and fungi in the three piles showed
significant variations and fluctuations across the composting time (Figure 2.2). The
variation showed similar pattern in Pilel and Pile2, which was significantly different
from pile3. In Pilel, total count of aerobic mesophilic bacteria was highest at the start of

MPN g1 dw), and lowest at the peak thermophilic phase (day32,

composting (9.58log
6.30log "N g* dw) and gradually increased thereafter reaching 8.99 log™™ g* dw at the

end of composting (day90).

MPN g dw), then increased

Actinobacteria was lower in number on dayl (6.29log
gradually by one unit. After 56 days of composting, the number increased by two units
reaching maximum counts (i.e. 9.54log™™ g dw) on day 90. In contrast, most of the
fungi were eliminated at temperatures above 50°C (day32) but were recovered later when
temperature was moderate (<45°C) due to the inability of most fungi to function at higher
temperature (Ryckeboer et al., 2003a). Population of actinobacteria and fungi increased
in number at the latter phase of composting, indicating that temperature changes typically

affected the distribution (population density) of total aerobic mesophilic, actinobacteria

and fungi.
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Figure 2.2 Number of total aerobic bacteria, actinobacteria and fungi at the different composting
time in Pile-1 (CH+CD+HHC), Pile-2 (CH+FVW+HHC), and Pile-3 (CH). Data are expressed as log
MPN g dry weight (dw). Values are means (n=3) with standard error.
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MPN

In pile2, bacterial number was the highest (9.36log™™ g™ dw) at the start of composting.

MPN

But this number was gradually dropped by two units after day24 (7.46log™™ g™ dw) until

MPN

it showed a slight increase (8.41log g* dw) by day90. The highest population of

actinobacteria and fungi were obtained by the end of composting (i.e. 9.52log™™ g™ dw

MPN g dw for fungi). Although the increase and decrease

for actinobacteria and 9.36 log
of the different microbial groups in pile3 followed the temperature pattern of composting,
they showed relatively lowest numbers of counts in Pile 3 compared to Pilel and Pile2.

MPN

The number varied from 5.41 to 7.54 log™™ g™ dw for mesophilic bacteria, from 4.70 to

8.25 log "N g dw for actinobacteria and from 3.34 to 7.04log ™™™ g* dw fungi.

In general, the population of bacteria, actinobacteria and fungi in this study was much
lower than the report of Ryckeboer et al. (2003b), probably due to the use of selective
media and different colony counting technique (CFU). According to these authors,
approximate numbers of bacteria at mesophilic stage ranged from 10° to10"® g*
substrates, numbers of actinomycetes ranged from 108 to 10 g substrates, and that of

fungi from 10° to 10° g substrates. On the other hand, thermophilic bacteria and

actinobacteria ranged from 10° to 10'? g™* substrates and 10"to 10° g™* substrates.

Tiquia et al. (2002) reported that actinobacteria exploit the compost environment
immediately after the piles cool from heat phase, and reached highest degree of activity
after one month of composting in lignin rich organic matters. Pandey et al. (2000) also
showed the dominance of actinobacteria in the degradation of lignin in coffee husk. In
general, the microbial profile of the composts showed a pattern where the higher number
of total aerobic bacteria occurred at the start of composting, whereas the actinobacteria

and fungi dominated at the end of composting depending upon the available
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biodegradable fractions available through several stages of composting (Beffa et al.,

1995; Ryckeboer et al., 2003b).

Table 2.5 shows the population of thermophilic/thermotolerant bacteria and
actinobacteria in the three piles. In all piles, the change in temperature to thermophilic
stages elucidated the presence or absence of the three groups of microorganisms.
Thermophilic fungi that usually develop within 40-53°C (Finstein and Morris, 1975)

were totally absent in the present study.

On the other hand, thermophilic bacteria were very active and larger in number at
temperature between 45-60°C in pilel; but their numbers were significantly reduced to 1
and 2 units when temperature was above 60°C. Similarly, in Pile 2 and Pile 3 the number
of thermophilic bacteria was higher at temperature range 40-60°C. Bacterial numbers
ranged from 7.94 to 8.85 logM™ g™'dw in pile2 and from 7.42 to 8.20 log "™ g™*dw) in
Pile 3; but lower in Pile 2 (7.24log "N g™ dw) and absent in Pile 3 when temperature

went above 60°C.
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MPN

Table 2.5 Number of thermophilic microbes (Log™ "g-1 dw) in coffee husk compost

Temperature Pile-1 Pile-2 Pile-3
TAB Act TAB Act TAB Act
50-60°C 8.15 8.16 7.94 744 7.95 6.18
(0.49)® (0.50) (0.34)% (0.86)° (0.52)° (0.12)°
45-48°C 8.82 8.62 8.85 6.91 8.20 8.66
(0.33)° (0.49)? (0.47)% (0.86)* (0.40)? (0.44)°
45°C 7.23 7.63 8.14 7.8 7.42 7.92
(0.42)* (0.97)? (0.63)% (0.31)* (0.03)? (0.70)®
63-65°C 6.64 7.18 7.24 na na na
(0.28) (0.31)° (0.47)

Values are expressed as means (n=3) with standard error. Different letters along each column
indicate that there was significant difference between sampling time (Tukey HSD test ¢=0.005). TAB:
total aerobic bacteria, Act: Actinobacteria; na=not available

In general thermophilic bacteria were extensively active at 45-60°C, and at temperatures
above 60°C the degradation process was performed essentially by these microorganisms

as seen by previous reports (Nakasaki et al., 1985; Strom, 1985; Beffa et al., 1995).

In the present study, thermophilic actinobacteria were present in higher numbers at
temperature 45-60°C. Their number varied from 7.63 to 8.62 log ™ g* dw (Pile 1) from
6.91 to 7.58 log ™™ g* dw (Pile 2); and from 6.18 to 8.66 log™™ g* dw (Pile 3); whereas
no actinobacteria could be detected in all piles when the temperature rose to 65°C except

in pile1 (7.18 log M g* dw).

66



In the present study, changes in organic carbon was higher in Pile 2 (25%) and pile3
(21%) at day 32" compared to 16% and 4% removal of carbon by 90" day (Table 2.3),
reflecting that thermophilc microbes played much more enhanced degradation process

than mesophilic microbes.

Spore forming bacterial number involved only during thermophilic temperature phase
(Table 2.6). During the first peak temperature (50-60°C) by day3, large numbers of
spores (2.05X10 to 5.4X10") were found in Pile 1 and Pile 2. These numbers, however,
slightly decreased when the temperature increased to 63-65°C. In Pile 3, highest number
of spores was found when the temperature rose to 65°C and dropped by day40 when

temperature declined below 45°C.

The absence of spores at the end of composting could be explained by an increase of total
microorganisms during the phase of cooling as a result of germination and multiplication
of the spore forming bacteria such as the genus Bacillus (Hassen et al., 2001). Beffa et
al., (1995) reported that thermophilic bacterial count of 10* t010° cells/g compost dry
weight (cdw) at temperature 60-80°C; and 10° to 10" cells/g cdw at temperature 55—

75°C; 10° to 10% cells/g cdw at T 40-80°C occurred.

Statistically, however, no difference could be observed across the composting time with
respect to spore density in Pile 1 and Pile 2, whereas, significant difference was seen in
Pile 3. This difference was an indicator of the relationship between temperature and spore
forming bacteria. This was evident that certain microbes produce resistant forms against

stresses, notably by the development of spores.
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Table 2.6 Number of endospore bacteria (spores g* DW) during composting

Temperature Pilel Pile2 Pile3

50-60°C 2.05X107(0.24) 5.4X107(2.25)° 1.23X10%(0.68)*
63-65°C 1.91X107(0.52)* 4.52X107(1.37)? 1.36X10%(4.28)"
40-45°C 1.23X107(0.68)* 4.62X107(0.46) 7.71X10%(6.07)®

Values are expressed as means plus standard error of three triplicate samples. Different letters along
the column of each pile indicated that there was significant difference between samples (Tukey HSD
0=0.05).

Relationship between C:N ratios/germination index and other chemicals

In the present investigation, correlation analysis was performed using C/N ration and
germination index (G1%) as maturity index and other chemical parameters for the eight
composting times (1, 10, 24, 32, 48, 56, 66, 90). Results indicated that C/N ratio and G1%
of the three piles were positively correlated with a number chemical parameters of the

compost (Table 2.7).

In Pile 1, Gl was correlated significantly with volatile solid reduction (r=0.90), pH
(r=0.57) and TN (r=0.32). Similarly, GI was significantly correlated with volatile solid
reduction (r=0.85), total organic nitrogen (r=0.13) and pH (r=0.27) in Pile 2. The same
trend was also found in Pile 3 where GI showed significant correlation with pH (r=0.27),

volatile solid reduction (r=0.79) and TN (r=0.29).

In all piles, C/N ratio was positively correlated with total organic carbon (i.e. Pile 1:

r=0.88; Pile 2: r=0.85; Pile 3: r=0.927). Therefore, this study revealed that Gl and C/N
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ratio of the coffee husk compost were influenced by pH and total nitrogen, probably due
to the release of simple organic acids at the start and ammonium in the active phase of the
process. The positive correlation between organic carbon and C/N ratio reflected the
entire degradation of the organic matter converting into CO, as a result of microbial

degradation.
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Table 2.7 Pearson correlations (r?) between different chemical properties in cow dung plus, fruit/ vegetable plus house
hold compost amended coffee husk piles (Pilel: CHCD; Pile2: CHFVW,; Pile3:CH)

Pile-1 Pile-2 Pile-3
pH Gl VS, OC TN C/N pH Gl VS, oC TN CIN  pH Gl VS, OC TN CIN
pH 1 1 1
Gl 0571** 1 0.275 1 0.274 1
VS, 0.808**0.898** 1 0.588** 0.851** 1 0.733** 0.794** 1
OC -0.313 -0.880**-0.708** 1 -0.351 -0.875**-0.937** 1 -0.534** -0.854** 0.898** 1
TN 0.728**0.318 0.534**0.009 1 0.679**0.132 0.261- 0.114 1 0.554** 0.293 -0.499* -0.296 1

C/N -0.652**-0.932**-0.894** 0.868**-0.483**1 -0.803**-0.718**-0.867**0.846**-0.619** 1

-0.665**-0.812* -0.94** 0.93**-0.63** 1

**Correlation is significant at the 0.01 level (1-tailed); *Correlation is significant at the 0.05 level (1-tailed). Correlation was performed for
three piles (72 data). pH; Gl=germination index; VS,= volatile solid reduction; OC=total organic carbon; TN=total nitrogen; C/N=carbon to

nitrogen
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In general, this study revealed that the highest number of bacteria at the start and the
highest count of actinobacteria and fungi indicated typical microbial succession along the
composting process. The pattern of microbial succession resulted in higher germination
index (GI1=80%) and C/N ratio (about 11) which is an indication of better maturation in
Pile 1 compared to Pile 2 and 3. These maturity indices (G1% and C/N ratio) have been
influenced by different physicochemical properties of compost. i.e. pH, organic carbon

(OC), total nitrogen (TN) and volatile solid reduction (VS,).
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Abstract
Composting is an intense microbial activity on organic rich substrates that are

mineralized into inorganic matter. The process is complex and involves different types of
microorganisms in succession; and produce a stable final product that are valuable and
inexpensive soil conditioner. Control of composting process can be achieved by either
adjusting process parameters such as moisture, temperature or oxygen level or by altering
the starting conditions (C/N ratio). To this end, various parameters were measured during
a 90 day composting process of coffee husk with cow dung (Pile 1), with fruit/vegetable
wastes (Pile 2) and coffee husk (Pile 3). Samples were collected on days 0, 32 and 90 for
chemical and microbiological analyses. C/N ratios of Piles 1 and 2 decreased
significantly over the 90 days. The highest bacterial counts at the start and highest
actinobacterial counts at the end of the process (Piles 1 and 2) indicated microbial
succession with concomitant production of compost relevant enzymes. Denaturing
gradient gel electrophoresis of rDNA and COMPOCHIP microarray analysis indicated
distinctive community shifts during the composting process, with day 0 samples
clustering separately from the 32 and 90 day samples. This study, using a multi parameter

approach, has revealed differences in quality and species diversity of the three composts.

Key words/phrases: COMPOCHIP microarray; Enzyme activity; Organic matter
degradation; PCR-DGGE
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Introduction

Coffee production is the mainstay for more than 15 million people (20% of the
population) and constitutes an important sector of the agro-industry in Ethiopia,
(Wiersum et al., 2008). It is estimated that industrial coffee processing produces and
releases more than 240,000 tons of coffee waste (coffee husk and pulp) into the
environment (CTA, 1999). The direct application of these organic matters as organic
supplement may cause serious root damage by the production of simple organic acids and
competition for nitrogen starving the soil microorganisms for this important element

(Gomez-Brandon et al., 2008).

The hitherto works on coffee waste management in Ethiopia showed that its application
as mulch can improve soil fertility and increase yield (Tenaw and Kelsa, 1998). This
indicates that if proper management of coffee waste through oxygen-driven biological
methods, such as composting, is used, it can serve a dual purpose of environmental

protection and fertiliser production (Murthy and Naidu, 2012).

Composting is one of the most widely-known and accepted technologies for recycling of
agricultural waste materials under aerobic conditions (Insam and de Bertoldi, 2003). The
transformation process involves the succession of specialized microbial communities that
express a wide array of enzymes responsible for the changes in the physico-chemical
properties of the substrate. The presence and activities of specific intracellular and/or
extracellular enzymes during composting, therefore, is a very good indicator for the
proper monitoring of the process of biodegradation and the quality of compost (fertilizer)

produced (Vargas-Garcia et al., 2010).
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Apart from enzymes, molecular methods are used for profiling of complex microbial
communities associated with compost processes. To this effect, Denaturing gradient gel
electrophoresis (DGGE) of PCR-amplified 16S and 18S rRNA gene fragments are used
as a reliable and fast fingerprinting technique for determining the bacterial and fungal

communities from environmental samples (Muyzer and Smalla, 1998).

In addition, specific compost-targeted microarrays have also been used to investigate
bacterial and fungal communities present in composts (Franke-Whittle et al., 2005, 2009;
Hultman et al., 2010). The COMPOCHIP contained several oligonucleotide probes that
are used for the detection of compost degrading bacteria (Franke-Whittle et al., 2005,
2009). The combined use of both DGGE and the COMPOCHIP microarray offers a
deeper insight into the microbial communities during organic waste composting (Danon

et al., 2008; Ferndndez-Gomez et al.,2012).

The objectives of this study was to monitor the physico-chemical changes during the
composting of coffee husks, with a special emphasis on extracellular enzymatic activities,
and investigate the microbial community dynamics throughout the process, using both

culture-dependent and culture-independent approaches.

Materials and Methods

Composting process and sample collection

Two different composts were prepared by mixing coffee husks with cow dung and coffee
husk with fruit/vegetable wastes in proportions of 4:1 and 2:1 (on fresh weight basis),
respectively, taking into account their C to N ratios (Table 3.1).Coffee husks were

collected from coffee processing areas: Bebeka and MizanTeferi towns (Southwestern,

74



Ethiopia). The fruit/vegetable wastes and the cow dung were collected from the market
center and dairy enterprise in Addis Ababa, respectively. The physico-chemical

properties of the materials are shown in Table 3.1.

Composting was conducted at the Gerji compost demonstration site owned by Addis
Ababa Environmental Protection Authority (EPA). About 2000 kg of each mixture was
composted in roughly trapezoidal piles with a volume of 1.5m?: coffee husk + cow dung
(CHCD, Pile 1); coffee husk + fruit/vegetable wastes (CHFVW, Pile 2). A pile
containing only coffee husk (Pile 3, CH) was also included in the experimental set-up.
All three piles were composted following the aerobic windrow method (Diaz et al., 2002)
and subjected to manual turning every day during the first week and once per week until

the end of the process.

Moisture content in the piles was adjusted by adding water to keep the level at
approximately 60%, and piles were covered with perforated plastic materials in order to
prevent excessive moisture loss. The temperature was measured in triplicate on days 0,
32 and 90 of composting using a digital thermometer. A total of twenty-seven samples,
representing each pile (around 500 g each), were collected separately on days 0, 32 and
90 of sampling. Samples were immediately stored at -20 °C upon arrival at the laboratory
for molecular analyses and at 4 °C for the remaining analyses. All analyses were carried

out in triplicates.

Physico-chemical analysis
All physico-chemical analyses were undertaken in triplicates. The moisture content of

composts was determined after oven-drying of 10 g fresh weight samples at 105 'C for
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24 h. Total C was determined by dry combustion at 550 'C and total N content (TN) by
the Kjeldahl digestion analysis (Keenly and Nelson, 1982). pH and electrical conductivity
(EC) were measured in aqueous extracts (1:10, w/v) using a pH meter (HD8602, Italy)

and a conductivity meter (CC401 ELMEIRON, Poland), respectively.

Enumeration of total aerobic heterotrophs, actinobacteria and fungi

Total aerobic heterotrophs, actinobacteria and fungi were detected from samples using
direct plating on appropriate media (Tiquia et al., 2002). For the enumeration of total
aerobic heterotrophs, plate count agar (PCA, Oxoid, England) was used, whereas
actinobacteria and fungi were counted on starch casein agar (SCA) and potato dextrose
agar (PDA), respectively. Compost samples were ground to 0.25 mm and prepared in
appropriate dilution, and inoculated onto their respective media using the plate frequency
technique. Plates were incubated at 30 + 2 'C for three days for bacteria and fungi, and
between five and seven days for actinobacteria. After incubation, any observed visible
growth was scored positive and the populations of the different groups in the compost
samples were estimated using the Most Probable Number (MPN) method (Tiquia et al.,

2002).

Enzyme activity using API ZYM™ kit

The relative enzymatic activity in the compost samples was determined by using the API
ZYM™ kit according to the manufacturer’s protocol. Each strip contained 20
microcupules containing dehydrated chromogenic substrates for different enzymes and a
control. For this study, compost samples (5 g, fresh weight) were mixed with 50 ml of
sterile water, homogenized in a horizontal shaker for 10 min, allowed to settle for another

10 min and the supernatants were analyzed for enzymatic activities. An aliquot (65ul) of
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the supernatant was dispensed into each of the twenty microcupules. The APl ZYM™
strips were covered and incubated at 37 °C for 4.5 h. Then, 30 ul of each reagent (ZYM
A and ZYM B) was added to each microcupule. After 5 min, color development was
evaluated and a numerical value ranging from 1 to 5 (1=5 nM; 2=10 nM; 3=20 nM; 4=30
nM; 5=40 nM) was assigned according to the color chart provided by the manufacturer.
The results were recorded as low intensity [1], moderate intensity [2-3], and high

intensity [4-5], as described by Tiquia et al. (2002).

DNA extraction and PCR-DGGE analysis of microbial community

Total DNA was extracted in triplicate from 0.25 g of each sample using the PowerSoil ™
DNA Isolation Kit (MO Bio Laboratories Inc., Carlsbad, USA) according to the
manufacturer’s protocol in order to improve the DNA yield. After an abbreviated bead
beating step (10 min), samples were frozen at -80°C for 30 min and then heated for 10 min
at 60°C. This freeze-thaw step was repeated once, before continuing with the standard

protocol.

The PCR amplification of bacterial and fungal communities was performed as described
by Fernandez-Gomez et al. (2010). Proper sizes of amplification products were verified
by electrophoresis in 1% agarose gels, and PCR product concentration was determined
with PicoGreen dsDNA quantification reagent (Invitrogen, Carlsbad, USA). Fluorescence
was measured using an Anthos Zenyth 3100 multimode reader (Anthos Labtec, Austria)

and the Software for Anthos Multimode Detectors (Version 2.0.0.13).

The denaturing gradient gel electrophoresis (DGGE) of bacterial and fungal communities

was performed by loading 60 ng of PCR products in a 7% (w/v) polyacrylamide gel in 1
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X TAE (20 mMTris—HCI, 10 mM acetate, 0.5 mM Na,EDTA) containing a denaturing
gradient of 40 to 70% and 30 to 60%, respectively (100% denaturants consisting of 7
mol/L urea and 40% formamide). A 100 bp DNA ladder (Genecraft®, Germany) served
as marker. Gels were run in an INGENYphorU System (Ingeny International BV, The
Netherlands) at 60°C for 16 h at 100 V. Gels were stained with silver nitrate using the
Hoefer Automated Gel Stainer (Amersham Pharmacia Biotech, Germany), air dried and

scanned for subsequent image analysis.

Microarray analysis

The COMPOCHIP microarray, spotted with 414 probes targeting compost-relevant
microorganisms, including plant, animal and human pathogens, and bacteria related to
plant disease suppression was used. All the probes included on the COMPOCHIP
microarray were designed so to have similar melting temperatures, and probe sequences
ranged in length from 17 to 25 nucleotides. Fluorescence labelling of target DNA by PCR
using the 8F and 1492R primers, hybridization, scanning of arrays and image analysis

were conducted as described by Franke-Whittle et al. (2009).

Data analysis

Chemical and microbiological data were analysed by repeated analysis of variance
(ANOVAR) in which piles represented the subjects. In addition, the composition of
parent material (CHCD, CHFVW and CH) was fixed as the between- subject factor, and
the composting time (0, 32 and 90 d) was fixed as the within-subject factor. All the
variables met the sphericity condition (Mauchly’s test), except for pH, EC and organic C.
In these cases the sphericity violation was corrected with the Geisser-Greenhouse (G-G)

procedure (Potvin et al., 1990). Significant differences in the main effects were further
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analyzed by paired comparisons with the Tukey HSD test. Pearson product moment
correlation (r%) was used to calculate general correlation between enzyme activities and
microbial MPN counts. The statistical analyses were performed using SPSS v16.0. A
principal component analysis (PCA) from the enzyme activities was also performed using

Statisticav9 software.

A comparison of bacterial and fungal DGGE patterns was made with the GelCompar 11
software package (Applied Math, Belgium). DGGE bands were normalized using the
reference position defined by the molecular-weight marker in order to align the bands for
proper comparison. A cluster analysis was performed using Dice correlation coefficients
and the unweighted-pair-group method with arithmetic averages (UPGMA) clustering
algorithm. The program settings were at 1.0% optimization and 1.0% position tolerance.
Principal component analysis (PCA) of the total signal-to-noise ratio (SNR) from
microarray data of the study was conducted, using CANOCO for windows 4.5 (Ter Braak

and Smilauer, 2002).

Results and Discussion

Changes in physico-chemical parameters during composting

In this study, four temperature phases were seen for the different compost piles, as shown
in Fig. 1. An initial mesophilic phase (18-42 °C) was followed by a thermophilic phase
(45-70°C), a second mesophilic (42-25 °C) and finally a cooling phase (<25 °C).
However, significant differences were evident in the temperature changes among the
three piles as a function of composting time (compost pile x time ANOVAR Fy77,=27.78,
P=0.00001). Piles 1 and 2 exhibited a short initial mesophilic phase and self-heated to 60
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°C within three days (Figure 3.1). In contrast, Pile 3 (composed of coffee husk alone)
showed a much longer initial mesophilic phase which lasted for almost three weeks, prior
to the start of the thermophilic stage which peaked on day 32, and lasted for only one

week.

The second mesophilic phase followed and continued until day 78 when the cooling
phase started. These results suggest that co-composting of coffee husk with either cow
dung or fruit/vegetable wastes accelerated the composting process (Diaz et al., 2002).
These findings are in agreement with those of Boulter-Bitzer et al. (2006), who produced
four composts from mixtures of different feedstocks (horse, chicken and paunch manure,
bone meal ash, bark mix, soybean meal, and milogranite), and reported increases in
temperature within the first 10 days from ambient to 55 to 70 °C, and a second increase
in temperature after 31 days, prior to a cooling phase. The decrease in temperature is a

result of the exhaustion of easily degradable organic materials.

| —— Ambient —s—Pile1 —a—Pile2 —o—Pile3 |

Temperabure (oC)
b
)

0 3 10 24 32 40 43 55 65 78 50
Times (in days)

Figure 3.1 Temperature changes during composting of three different piles. Values are expressed as
means and standard errors of triplicates of ambient T in Piles (coffee husk+cow dung), Pile2 (coffee
husk+fruit/vegetable wastes), and Pile3 (coffee husk).
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The key physico-chemical properties of the composts at the start, after 32 and after 90
days of composting are shown in Table 3.1. Overall, the moisture content was in the
range 54% to 65% (mass/mass) for the three piles, although significant differences were
found over time (ANOVAR F;1,=4.27, P=0.04). In the two co-composted piles, highest
moisture levels were seen in the active phase, with approximately 10% moisture losses
occurring afterwards. In contrast, moisture levels increased during the process in Pile 3.
The reduction in moisture in Piles 1 and 2 can be explained by microbial heat generation
causing enhanced desiccation (Rebollido et al., 2008). Moisture loss during the
composting process can be considered as an indicator of the decomposition rate because

the heat generation that accompanies decomposition drives evaporation.

The pH values of the different compost piles increased from acidic values at the start of
the experiment to alkaline values on day 32. This pH rise over time was more
pronounced for Pile 3 than for the two co-composted piles (compost pile x time
ANOVAR Fy41,=27.32, P=0.00001). Between days 32 and 90, pH values were found to
decrease minimally (Table 3.1). The increase in pH during the composting process can be
attributed to a release of ammonia associated with protein degradation, and its subsequent
decrease to a volatilisation of ammoniacal nitrogen and H release resulting from a
microbial nitrification process (Gomez-Brandon et al., 2008). The pH values of the
composts at maturation indicate the suitability of the composts for agricultural

application (Bernal et al., 2009).

Electrical conductivity increased significantly in all piles from the start of the experiment

(Table 3.1; ANOVAR F;1,=60.36, P=0.00001), probably due to the release of ions, such
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as phosphate, ammonium and potassium throughout the composting process (Bernal et
al., 2009). EC decreased after 32 d (Table 3.1), and after 90 d, composts had EC values
suitable for soil application (< threshold value of 3 mS cm™; Gémez-Brandén et al.,

2008).

The total organic carbon (TOC) content in all composts dramatically decreased during the
composting process (Table 3.1), reflecting a notable mineralization of organic matter.
The highest TOC reductions were found in Pile 2 (about 37 %), followed by Pile 1 (26
%), and Pile 3 (23 %), resulting in a significant interaction between compost pile and
time (ANOVAR F41,=7.01, P=0.002). In our study, the control pile (coffee husk
compost) had the lowest CO, loss, probably because of the higher concentration of
recalcitrant compounds. This pile contained no additional organic matter that could fuel

the kinetic process; hence, its decomposition occurred more slowly.

Total nitrogen (TN) percentage showed an increasing trend with composting duration
(Table 3.1; ANOVAR F; 1,=46.60, P=0.00001) which is due to the concentration effect
caused by carbon loss associated with mineralization of the organic matter. The C/N ratio
decreased significantly over time (Table 3.1), especially in the co-composted piles
(compost pile x time ANOVAR F41,=27.16, P=0.00001),as C was lost in the form of
CO; through microbial respiration and N was recycled (Ryckeboer et al., 2003b). A
higher C/N ratio at the end of the composting process for the coffee husk compost (Pile
3) was found, indicating a slow kinetic process in this compost. The addition of cow dung
and fruit/vegetable wastes to coffee husk, however, significantly contributed to the
decomposition of the ligno-cellulosic compounds of the husk, resulting in higher N losses

in these mixed composts corroborating the data of Sanchez-Monedero et al. (2001).
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Table 3.1 Physico-chemical properties of the raw materials and compost during the composting on days 0, 32 and 90

Parameters  Raw Materials

Pilel

Pile2

Pile3

CH FVW CD

Moisture (%) 13.03 74.3 64.33
(0.6) (0.99) (0.12)
pH (1:10) 532 621 7.8
(0.05) (0.18) (0.01)
EC(dSm™) 224 225 085
(0.15) (0.15) (0.01)
Organic C(%) 545 40.1 23.0
(0.35) (0.08) (0.12)
Total N(%) 1.83 1.32 1.82
(0.03) (0.01) (0.03)
CtoNratio 29.77 30.46 12.64
(0.69) (0.15) (0.12)

54.33 64.33 57.67
(4.84)* (0.67)° (1.20)
6.37 816 7.89

(0.09)° (0.03)? (0.05)"
123 184 177

(0.01) (0.09)* (0.01)*
48.09 41.46 35.38
(0.32)% (0.89)° (0.73)°
276 292 3.19

(0.07)° (0.03) (0.03)?
1751 14.21 11.07
(0.34)% (0.32) (0.22)°

56.33 65.33 58.33
(6.69)% (0.67)" (0.88)°
6.07 8.16 7.79

(0.09)° (0.03)? (0.06)"
140 1.99 175

(0.05)" (0.09)* (0.02)
57.48 43.00 36.24
(0.86)% (1.01)" (0.36)°
237 280 2.84

(0.02)° (0.13)? (0.03)°
24.38 15.44 12.73
(0.18)% (0.77)" (0.05)°

58.67 61.00 65.33
(0.88)° (2.08)*(0.88)?
523 821 7.46

(0.09)° (0.06) (0.02)"
125 193 157

(0.03)° (0.16)? 0.04)*®
54.46 43.16 41.72
(0.06)% (1.15) (0.33)"
184 199 231

(0.01)° (0.01)" (0.06)°
29.54 22.74 18.11
(0.16)% (0.54)" (0.34)°

Values are means (n=3) with standard error in brackets. CH=coffee husk. FVW=fruit/vegetable wastes. CD=cow dung. Pile 1: coffee husk +
cow dung; Pile 2: coffee husk + vegetable/fruit waste; Pile 3: coffee husks. EC: electrical conductivity. For each pile different letters indicate
significant differences between samples (Tukey HSD test; a = 0.05).
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Changes in microbial numbers during composting

Total mesophilic counts of bacteria, actinobacteria and fungi in the three different
compost piles indicated significant variations in relation to temperature changes during
the composting process (Table 3.2). At the start of the process, high numbers of bacteria
were obtained in Pilel (9.58 log "N g dw) and Pile 2 (9.36log Mg dw). Yet, both
piles were found to contain significantly lower numbers of bacteria (6.37 log™ g dw,
Pile 1; 6.79 log M™g'dw, Pile 2) during the active phase of composting as the
temperatures peaked. Bacterial numbers increased again in the maturation phase (Table
3.2). These findings were expected, based on the findings of others (Hassen et al., 2001).
In contrast, bacterial numbers in Pile 3 did not differ significantly for the three sampling
times (Table 3.2), thereby resulting in a significant interaction between compost pile and

time (ANOVAR F4,1,=29.03, P<0.001).

As occurred with mesophilic bacteria, actinobacterial numbers varied significantly during
composting only for Piles 1 and 2 (Table 3.2; ANOVAR F,1,=9.39, P=0.001).
Specifically, the highest number of actinobacteria was found after 90 d of composting in
both co-composted piles. Indeed, this group of organisms is able to utilize big polymers
and accounts for a majority of the microorganisms present in mature composts (Steger et

al., 2007). Actinobacteria are also considered important for compost hygienization.

In all piles, fungal numbers were significantly reduced at temperatures above 50 °C and
increased later when temperatures declined (Table 3.2; ANOVAR F,,= 499,31,
P=0.000001). This is because most fungi are unable to thrive at temperatures above 50 °C
(Tiquia et al., 2002; Ryckeboer et al., 2003b). Although the exact role of fungi may not

be clear (Tiquia et al., 2002), the return of fungal communities at the end of composting
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probably can be explained as a result not only of the reduced temperatures, but also of the
less aggressive environmental factors prevailing and the availability of cellulose and

lignin in the remaining piles (Hassen et al., 2001).

Evolution of extracellular enzymes during composting

Analysis of APl ZYM ™ testing of the three different compost piles showed varying
diversity and relative abundance of enzymes as the composting process proceeded (Table
3. 3). In most cases, the activity of enzymes was highest at d 32, during the active phase
of composting, and decreased significantly to a negligible level at the end of the process,
indicating the stabilization of the pile (Mondini et al., 2004). In Pilel, phosphatases
(alkaline, acid and naphthol-phosphohydrolase), esterases (esterase and esterase-lipase),
B-galactosidase and B-glucosidase were the highest in the active phase of composting. In
Pile2, phosphatase and esterase groups showed increasing activity from low to high and
moderate level of concentration as composting process advanced, respectively. On the
other hand, the protease enzymes decreased in activity level with time of composting.
Synthesis of phosphatases which are induced by phosphohydrolate compounds, are
considered to be indicators of microbial presence; and protease which converts
polypeptides into amino groups can be considered as good indicator of organic matter
decomposition. Increased activities of amino peptidase and protease enzymes in Pile 1
and 2 are a sign of high concentration of protein macromolecules at the beginning and

thermophilic phases (Vargas-Garcia et al., 2010).
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Table 3.2 Enumeration of total aerobic heterotrophic bacteria, actinobacteria and fungi in compost samples collected
from the three different piles on days 0, 32 and 90. Data are expressed as log (MPN g-1dw).

Microbial groups Pile 1 Pile 2 Pile 3
0 32 90 0 32 90 0 32 90
Total aerobic bacteria 958 6.37 8.61 9.36 6.79 8.21 789 7.85 7.59
(0.10)? (0.08)° (0.29)" (0.08)? (0.13)° (0.08)" (0.03)* (0.20)* (0.26)*
Actinobacteria 828 7.93 971 857 7.57 948 841 820 7.94
(0.05)° (0.34)" (0.09) (0.15)° (0.19)° (0.14)? (0.02)% (0.13)? (0.45)°
Fungi 746 520 9.22 851 534 821 789 535 6.25
(0.05)° (0.08)° (0.03)? (0.20)% (0.14)" (0.08) (0.18)% (0.14)° (0.09)"

Values are means (n=3) with standard error in brackets. Pile 1: coffee husk + cow dung; Pile 2: coffee husk + fruit/vegetable waste; Pile 3:
coffee husk.For each pile different letters indicate significant differences between samples (Tukey HSD test; a = 0.05)
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Pile 1 and Pile 2 expressed a maximum and moderate activity of the enzymes f-
galactosidase, p-glucuronidase, o-glucosidase, [-glucosidase and N-acetyl p-
glucosaminidase at day 32, respectively. Maximum activity of B-glucosidase can be
associated with higher presence of readily metabolisable substrates, important in the
hydrolysis of B-glucosides, such as cellobiose (Vargas-Garcia et al., 2010). Accordingly,

maximum activity of this enzyme was observed in Pilel at the bio-oxidative stage.

In Pile 3, the relative abundance of many of these enzymes showed significantly varying
levels of activities at day 32, but negligible at the beginning and end of the process
probably because of the occurrence of non-aggressive environmental factors such as
medium temperature and moisture and slight alkalinization (pH 8.16-8.21)(Hassen et al.,

2001).

In general, key enzymes of agronomic value that gave valuable information related to the
dynamics of important nutritional elements such as C, N and P; and relevant for the
characterization of the composting processes showed similar trends regarding presence
and compost age, especially for the two co-composted piles. Similar findings were also
reported by Vargas-Garcia et al. (2010). The difference in the activities of various
extracellular hydrolytic enzymes can be attributed to the substrates used for composting.
Indeed, the degradation of larger polymers such as cellulose, hemicelluloses and lignin in
compost is the result of the combined and successive actions of many microorganisms
(Tiquia et al., 2002), and as such, the differing activity levels of the various enzymes

during the composting process is not unexpected.
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Table 3.3 Relative activity of extracellular enzymes extracted from different compost piles on days 0, 32 and 90

Enzymes Pilel Pile2 Pile3
0 32 90 0 32 90 0 32
Alkaline phosphatase 1 5 3 1 4 3 0 3
Acid phosphatase 1 5 3 2 4 3 0 4
Naphtholphosphohydrolase 1 5 3 1 4 3 0 5
Esterase 1 5 3 1 2 2 0 4
Esterase lipase 2 5 1 1 3 2 0 1
Lipase 2 1 1 1 2 3 0 1
Leucine-arylamidase 4 5 1 3 4 1 0 3
Valine-arylamidase 4 3 1 3 3 1 1 2
Cysteine-arylamidase 4 2 1 4 3 1 1 2
Trypsin 4 2 1 4 1 2 1 1
a-Chymotrypsin 4 2 1 4 1 2 1 1
a-galactosidase 1 1 0 0 0 1 0 1
B-galactosidase 1 5 0 0 3 1 0 3
B-glucouronidase 1 2 0 0 2 0 0 2
a-glucosidase 1 4 0 0 2 0 0 0
B-glucosidase 1 5 0 0 2 0 0 4
N-acetyl- B-glucosaminidase 3 4 0 0 2 0 0 4
a-mannosidase 1 1 0 0 0 0 0 0
a-fucosidase 0 0 0 0 0 0 0 0

Averages of triplicate values are expressed as intensity of enzymes (1-poor, 2-4-moderate, 5-excellent)
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In the present investigation, correlation analysis was performed using microbial count
and enzyme activity for the three sampling times (0, 32 and 90). Results indicated that
total aerobic heterotrophs, actinobacteria and fungi in the coffee husk plus cow dung and
coffee husk with fruit/vegetable waste composts were positively correlated with a number
of enzymes (Table 3. 4). In Pilel, a positive correlation was seen for actinobacteria with
three phosphatase enzymes that are involved in the release of phosphate from organic
compound. Fungal and actinobacterial numbers in Pilel were also significantly positively
correlated with B-galactosidase (r =0.92 and r=0.93, respectively), B-glucuronidase(r
=0.99 and r =0.88), a-glucosidase and B-glucosidase (r =0.92 and r =0.93). These
enzymes are very important in the hydrolysis of lactose and cellobiose. In this study,
fungal and actinobacterial abundance were positively correlated with esterase-lipase (r
=0.93). However, total aerobic heterotrophs were significantly correlated with lipase (r
=0.94), valine arylamidase (r =0.88), cysteine arylamidase (r =0.87), trypsine (r =0.87),

chymotrypsine(r =0.86) and a galactosidase (r =0.94).

In Pile2, total aerobic heterotrophs showed significantly positive correlation with trypsin
and chymotrypsine (r =0.82) whereas actinobacteria had significant correlations with a
number of glycosyl-hydrolase enzymes such as a-galactosidase(r =0.82), B-galactosidase
(r =0.79), B-glucuronidase (r =0.82), a-glucosidase and B-glucosidase (r =0.77). In Pile3,
however, only fungi were highly significantly correlated with phosphohydrolase (r =0.88)

and B-glucosidase (r =0.91).
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Table 3.4 Pearson correlation (r?) between enzymatic activities and microbial populations in the different compost piles

Pilel Pile 2 Pile 3
TAB A F TAB A F TAB A F

Acid phosphatase -0.29 0.71* 043 -0.39 0.35 0.11 -0.03 0.11 0.74*
Alkaline phosphatase -0,28 0.70* 043 -0.49 0.21 -0.48 -0.54 -0.48 0.74*
Phosphohydrolase -0.29 0.71* 0.43 -0.59 0.15 -0.14 -0.45 -0.37 0.88*
Esrerase -0.37 0.61 0.32 -0.82** -0.25 -0.52 -0.23 -0.04 0.79*
Esterase-Lipase 0.44 0.93**  0.93** -0.24 0.51 0.31 -0.43 -0.66 0.79*
Lipase 0.94** (.61 0.90** -0.51 0.36 0.00 0.52 -0.44 0.38
Leucine-Arylamidase 0.77* 0.80* 0.98** -0.25 -0.82** -0.60 -0.36 -0.52 0.66
Valine-Arylamidase 0.88** 0.23 0.60 -0.09 -0.78** -0.42 0.38 0.51 0.39
Cysteine-Arylamydase 0.87** 0.04 0.43 0.13 -0.71 -0.42 0.34 0.60 0.39
Trypsin 0.87** 0.04 0.43 0.82** 0.14 0.46 0.31 0.49 -0.24
Chymotrypsin 0.86** 0.04 0.43 0.82** 0.14 0.46 0.22 0.52 0.14
a-galactosidase 0.94**  0.61 0.90** 0.06 0.82** 0.59 0.46 0.39 0.39
B-galactosidase 0.40 0.93**  0.92** 0.06 0.79*  0.59 -0.59 -0.70*  0.80*
B-glucuronidase 0.67* 0.88**  0.99** 0.06 0.82** 0.58 -0.30 -0.63 0.46
a-glucosidase 0.44 0.93**  0.92** 0.06 0.77* 0.58 -0.31 -0.34 0.91**
N-acetyl B-glucosamindase 0.77* 0.80* 0.98** 0.04 0.83** 0.59 -0.40 -0.22 0.79*
a-Mannosidase -0.22 -0.92 0.83** 0.00 0.00 0.00 0.00 0.00 0.00
a-Fucosidase -0.72 -0.31 0.07 0.00 0.00 0.00 0,00 0.00 0.00

*Correlation is significant at 0.05 level. ** Correlation is significant at 0.01 level. Pile 1: Coffee husk + cow dung; Pile 2: Coffee husk + fruit/vegetable
waste; Pile 3: coffee husk alone.
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Figure 3.2 shows the loading plot of PCA for the three composts collected on days 0, 32
and 90. Overall, PCA grouped all samples collected on day O differently from samples
collected on days 32 and 90. Also, the younger composts (Piles 1 and 2) grouped distant
from those of Pile 3 (higher PC2 scores). Therefore, we can conclude that a certain
degree of decomposition had occurred in the dung and fruit/vegetable wastes before they
were used in co-composting, as a considerable number of the enzymes investigated were
active on day 0. The day 90 composts from Piles 1 and 2 clustered close together
indicating that the enzyme profiles in the mature composts were similar. Furthermore, the
composts collected in the active phase were grouped loosely along the PC1. This is
consistent with the correlation analysis (Table 3. 4) that indicated that the important
enzymes in composting included phosphatases, esterase-lipases, proteases (trypsin and

chymotrypsin), B-glucosidases and [3-galactosidases.
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Figure 3.2 Principal Component Analysis (PCA) of compost enzymes on day0 (D0), 32(D32) and
90(D90) from three compost piles. P1:Pilel-coffee husk+cow dung; P2:coffeehusk+fruit/vegetable

waste; Pile3:coffee husk.

PCR-DGGE

The bacterial and fungal DGGE profiles were generated from a total of 27 samples
including three replicate compost samples taken on d 0, 32 and 90 from Piles 1, 2 and

3(Figure 3.3 and Figure 3. 4). Overall, DGGE profiles of triplicate samples had a degree

of similarity higher than 95%.

DGGE patterns showed that the bacterial community profiles clustered into two main

groups with 46% similarity (Figure 3.3). Samples from day O grouped together and in
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distance from the 32 and 90 day samples, which were very similar (clustered with 84%
similarity). This indicates a change in the bacterial community composition concurrent
with the dynamics of the composting process. The beginning of the process was probably
characterised by a bacterial community involved in the degradation of labile organic
substrates, while the bacterial DGGE profiles of DNA after 90 day of composting
presumably reflects a community involved in the stabilization of organic matter.
However, towards the end of the process, the microbial community structure tended to
stabilise, as suggested by the high similarity of DGGE profiles. Similar results were

found by Takaku et al. (2006) and Novinscak et al. (2009).

In contrast, the three composts collected on day 0 were found to group separately (Figure
3.3), as the two different co-substrates used introduced different and diverse microbial
communities into the composting process. Interestingly, Pile 2 (coffee husks and
vegetable and fruit wastes) and Pile 3 (coffee husks only) were found to group together
within this cluster (68% similarity). Also, compost samples from Piles 2 and 3 clustered
together and distinctly from Pile 1 after 32 d of composting. Nevertheless, all 90day
compost samples were found to group together (Figure 3.3). This suggests that the

resulting composts were homogenous materials with a well-defined bacterial community.

UPGMA analysis also clustered fungal profiles into two groups, with 63 % similarity
(Figure 3.4): one group comprised samples from day O, while the other comprised
composts from days 32 and 90. Within this cluster, these two composts were found to
group separately with a degree of similarity of 72% (Figure 3.4). Composting time had a
significant effect on fungal communities, as was shown by fungal counts (Table 3.2).

Cumulatively, these findings suggest there was a succession of fungal communities
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during the composting process related to the different phases involved in the process.
Moreover, for bacteria, fungal DGGE profiles of the three composts collected on days 0
and 32 clustered separately (Figure 3.4). These groupings were not observed in 90 d
samples (Figure 3.4), indicating that a lower diversity was achieved at the end of the

composting period.
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Figure 3.3 Cluster analysis of bacterial DGGE fingerprints based on 16S rDNA of compost samples
collected on days0(D0), 32(D32) and 90(D90). Values indicate the percentage of similarity based on
the Dice correlation coefficient. P1:Pilel-coffee husk+cow dung; P2:Pile2-coffee husk+fruit/vegetable
waste; P3:Pile3-coffee husk
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Figure 3.4 Cluster analysis of fungal DGGE fingerprints based on 18SrDNA of compost samples
collected on days 0(D0), 32(D32) and 90(D90). Values indicate the percentage similarity based on the
Dice correlation coefficient. P1:Pilel-coffee husk+cow dung; P2:Pile2-coffee husk+fruit/vegetable
waste;P3:Pile3-coffee husk.

Microarray

The SNRs obtained after hybridization of samples on the COMPOCHIP microarray were
determined and are shown in Table 3.5. The changes in bacterial communities in the three
different piles, and over the course of composting are clearly shown in this table. Figure
3.5 shows a principal component analysis (PCA) loading plot, whereby the two first axes
explain 65.2% of the variance, the first axis representing 44.3% of the variance, the
second axis representing 20.9%. The lengths of the arrows indicate the significance for
compost sample differentiation, and arrows point in the direction of samples with above

average signal. Probes with similar arrow directions have high covariance, meaning they
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tend to occur jointly on the microarrays. Certain probes (indicated by the arrows) can be
seen to be more influential in discriminating the samples, namely, the probes KO 443 and
444 (Stenotrophomonas maltophilia), KO609, KO 610 and KO 614
(Brevundimonas/Caulobacter), KO 500 (Derxia gummosa) KO 612, 615,616 and 617
(Flavobacterium/Flexibacter), KO 541 (Pseudomonas putida), KO 252 (Acinetobacter)
and KO 342 (Actinomyces sp.). Canonical analysis clearly shows the different grouping
of the compost samples according to the age of the compost. The composts collected on
day O were found to cluster separately on the positive side of the first principal
component axis, while the 90 d composts all clustered quite closely together on the
negative side of the first principal component axis. These groupings occurred because of
the greater diversity of microorganisms in the composts at the start of the experiment,
while at the end of the composting period, the diversity and bacterial numbers had
decreased, and the various composts were more similar. The result supports the findings

of the DGGE study.
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Table 3.5 Microarray results showing SNR values of the different composts.

PIDO P2D0

P3D0 P1D90 P2D90 P3D0

b

a

a

C

KO 253
KO 254
KO 23
KO 343

Acinetobacter
Acinetobacter calcoaceticus
Acinetobacter Iwofii
Actinomyces sp.

Agrobacterium tumefaciens KO 23
Alcaligenes faecalis KO 35(
Alpha proteobacteria KO 24(
Azotobacter beijerinckii KO 27

KO 614
KO 613
KO 614
KO 604
KO 61

Brevundimonas
Brevundimonas
Brevundimonas/Caulobacter
Brevundimonas/Caulobacter
Brevundimonas/Caulobacter

Chryseobacterium KO 499
Chryseobacterium KO 49
Chryseobacterium KO 49(
Clostridium A KO 254
Comomonas-Acidovorax KO 274
DELTA495a KO 639
Derxia gummosa KO 50(
Derxia gummosa KO 50
EnterobacteriaceaeD KO 244

KO 614
KO 61
KO 614
KO 61§
KO 50

Flavobacteria
Flavobacterium/Flexibacter
Flavobacterium/Flexibacter
Flavobacterium/Flexibacter
Lactobacillus panis

LowG+C KO 314
Methylobacterium KO 51
Methylobacterium KO 514
Methylobacterium KO 513

KO 513
KO 514
K029
K0 30
KO 41
KO 293
KO 528

Microbacterium

Microbacterium

Nitrobacter

Nitrosomonas communis
Nitrosomonas oligotropha
Nitrospira/Nitrosovibrio/Nitrosomonas
Pantoea

Pantoea KO524 1.00 107 101
Propionibacterium KO 43 .1.19
Pseudomonas KO 534

Pseudomonas KO 53

KO 244
KO 12
KO 434

159
151 138 158
1.93

Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas aeruginosa

Pseudomonas putida KO 54
Rhodococcus KO 544
Salmonella KO 249

KO 54
KO 549
KO 55(
KO 44
KO 444
KO 24

Sphingobacterium
Sphingobacterium
Sphingobacterium
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia
Stenotrophomonas maltophilia

154 110

1.74 153

Streptomyces KO63] 143 102 138 1.34
Streptomyces KO624 166 102 102 1.14 1.00
Thermoactinomyces KO 554

Thermus thermophilus KO1 | 180 160

Vibrio cholerae KO 453 1.05 0.99
Xanthomonas KO 56 1.32
Xanthomonas KO 459

KO 24
KO 24
KO 45§
KO 643

Xylella-Xantho-Stenotrophomonas
Xylella-Xantho-Stenotrophomonas
Yersinia

Zymomonas mobilis

1.08
1.10] 1.04

1.26

0.96

1.28
1.38
1

44 095 152] 107 108 1.03

1.73
147 116 1.32| 159 1.67
195 123 151} 116 131 113

123 106 1.38

a b b b b

C a

C a

C a

1.86
1.98 137] 175 1.70
109 1.04 099 1.04 1.09 1.07) 1.08 1.07 102

C
1.40
1.62

1.85

113 149] 171 171 167] 143 1.56] 1.89 175
117 1.98] 181 159 113 127 129 146 119 125 150 1.19 1.10

147) 113 116 116
1.95 146
160 129 151 127
1.08) 1.05 1.09 1.08

149 182 138

1.46
122 117 196
0.97| 1.03 1.05 1.18
1.13] 1.08 1.08 1.05

104 108 112

172 146

158 111 154
123 148

110 1.15) 159 152 137
117 129] 133 126 114
147 136

0.96 1.00
1.04 101

106 107 113 1.35

1.13

1.34 17
120 123 113
101 098 1.01

1.02
1.28

1.02
1.10

1.04
1.23

1.54
1.00
1.04

158

0.94
1.34
114
0.97
0.97

1.28
1.14
0.97
1.52
1.54

151 141 118
1.02 103 1.00
1.04 107 1.02

0.96

1.91
1.00
141
113
0.97
1.00

1.20
110 107 113
119 146 125
1.30 122
0.99 146 1.02
1.06 098 1.06

167 186 143
107 099 101
128 110 132
122 117 1.00
1.03 099 0.99
106 1.00 1.01

1.30
0.99
0.94
0.95

172 146
155 173
1.5 |
104 104
179 156
101 103

1.56
1.62
161
1.06
1.50
0.99
173
1.00
167
147
1.09
1.09

117
157
143
112103 099
Loo BB 158| 131 175 111
106 107 102| 1.05 0.99 103

1.68 165 1.83
113 107 106f 1.18 144 124
116 163 1.80

163 131 138 144 131 153
121 130 197 157 152 138
114 106 101 1.03 1.01 1.05

153
184 154

137 151 121
143 123 123
169 146 196
106 098 109

1.00 1.04 103

1.03 1.02
1.76
141

1.08

117
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1.08] 143 143 140
104 101 117 102
147
1.90
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1.07
112
1.04
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The green represents hybridisaton signals with SNR values above the threshold of 2
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The separate grouping of the 3 different composts collected on day 0 is to be expected,
with the different co-substrates used to make the piles. Both cow dung and vegetable and
fruit wastes offer a different and diverse input of microbial communities into the
composting process, which allowed the three compost piles to group distinctly after a
canonical analysis of the microbial communities detected by the microarray. Of interest
was the finding of Brevundimonas and Caulobacter in the starting composts, especially
in Piles 1 and 2. Members of the genus Brevundimonas were also found to be dominant at
the start of a compost process treating sewage sludge and yard waste (Danon et al.,
2008). In their study, Caulobacter was found in composts after a curing time of 41 d.
Pedro et al. (2001) also found Brevundimonas present in the mesophilic phase of
industrial and agricultural waste composting. These bacteria may play an important role

in the composting process.

Chryseobacterium was also found in higher numbers in the starting composts, in
particular, in Piles 2 and 3. Lower levels of Chryseobacterium were found at the end of
the composting process in these same composts. In a study by Franke-Whittle et al.
(2009), Chryseobacterium levels were found to be higher in fresher composts than in
more mature composts. Chryseobacteriums species are known for their importance in the

degradation of complex biopolymers in composting situations (Al Khadi et al., 2004).

Sphingobacterium was detected in the compost Piles 2 and 3 at the start of the
experiment, but not at the end of the experiment. Sphingobacterium is an aerobic
bacterium, known to have broad degradation activity, and frequently occur in compost. It
has been reported in non-cured composts by Cayuela et al. (2009) and Franke-Whittle et

al. (2009).
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SNR values above the detection limit were also found in most compost piles at the start
and end of the experiment for the Flavobacteria/Flexibacter probes KO 615,616, 617 and
618. Flavobacteria are common in environmental samples and include opportunistic

pathogens. Its presence in composts has been reported by others (Danon et al., 2008).

The genus Stenotrophomonas includes species which are plant and human pathogens, and
the presence of these bacteria could be of concern in a mature compost product. The S.
maltophilia probes KO 243, 443 and 444 vyielded positive signals in the day 0 compost
piles, while only the probe KO 243 yielded a positive signal in the 90 d composts. This
indicates that the KO 243 probe works more efficiently than the other S. maltophilia

probes, and that this organism has survived the composting process.
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Figure 3.5 Principal Component Analysis (PCA) of compost communities from day 0(D0) and
day(D90) composts analyzed by COMPOCHIP microarray. The two axes represent 65.2% of the
explained variance. The vectors show the covariance structure of the probe signals. P1:Pilel-coffee
husk+cow dung;P2:Pile2-coffee husk+fruit/vegetable waste; P3:Pile3-coffee husk.

In the mature composts, microbial diversity and numbers were lower. The group probes
DELTA 495a, Alpha proteobacteria and Low G+C yielded hybridisation signals in all
three compost piles. Hybridisation was also seen in all day 90 composts with the KO241
Xylella/Xanthomonas/Stenotrophomonas, Azotobacter beijerinckiiKO277and the KO342
Actinomyces probes. The proportion of Actinomycetes relative to other bacteria has been

suggested as an indicator of compost maturity (Palmisano and Barlaz, 1996). Thus, it is
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not surprising that microarray analysis revealed high levels of Actinomycetes in the

composts from longer curing times.

Low SNR values were also obtained for the Streptomyces probes KO 629 and KO 630 as
well as the Microbacterium probes KO 515 and KO 516 for all 90 d composts.
Interestingly, these two organisms were not detected at all in the immature composts.
This finding supports the results of Danon et al. (2008), whereby Microbacterium was
also found in composts collected 41 and 131 days after the start of the experiment. Silva

et al. (2000) also reported the finding of Microbacterium on coffee cherries.

Overall, addition of cow dung (CD) and fruit/vegetable wastes (FVW) to coffee husk
(CD) as co-substrates contributed in better degradation of the lignocellulosic compounds
of CH, resulting in higher carbon losses. The effect of the different microbial activities was
reflected in the better maturation of Pile 1 with a germination index (Gl) value >80% and
C/N ratio of 11 at the end of composting compared to the control. The chemical changes
directed with the succession of different microbial groups were accompanied by the release
of hydrolases, phosphatases, peptidases and proteases in Pile 1 and Pile 2 at the start; and
esterases at the end of the process. As a result, diverse compost microorganisms could be
found to contribute in the complete degradation of coffee husk compost so that the use of

DGGE and COMPOCHIP microarray are useful tools to community analysis.
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Abstract

The ever-increasing flower industries in Ethiopia generates large amount of solid organic
wastes that poses environmental problems. This necessitates the treatment of those wastes
to reduce pollution and produce compost for soil amelioration. To this end, Windrow
composting was undertaken using flower residues as major feed stock with cow dung
(Pilel: C/N ratio=30), with activated effective microorganisms (EM) and molasses (Pile
2); and flower residue alone (control: Pile 3). The process took 90 days where samples
were collected on days 1, 7, 21, 35, 49, 63, 77 and 90 to analyze the chemical and
microbiological properties of the composting process. The result showed that significant
changes in temperature, moisture and pH starting from the first day to final stage of the
process (p=0.001). The effects of the physical states were reflected in significant changes
in chemical properties of all compost piles. In effect, NH4-N was significantly correlated
with temperature, water content, pH and organic carbon while NO3-N showed negative
correlation with all parameters except pH. At the end, above 80% Gl value, lower NH4-N
(140mg/kg) and NH4/NOj ratio (0.12) together with reduced C/N ratio (14%) in cow
dung amended compost gave a clear indication of maturity of this compost. The EM
treated pile and the control, however, needed longer time to reach maturity. Besides, the
highest bacterial count at the start (Pile 1: 8.99 log ™™™ g™ dw) and actinobacteria (Pile 2:
6.67 log ™™™ g* dw) and fungi (Pile 3: 6.64 log ™™ g™ dw) at the end showed microbial
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succession. In all treatments, macro (P and K) and micro (Mn, Zn, Fe, Cu) nutrients were

found in sufficient amount for horticulture amendment.

Key words/phrases: NH4/NOs ratio, Effective microorganisms, Flower residues,

Germination index (Gl), Microbial activity
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Introduction

The flower industry in Ethiopia is currently expanding at a fastest rate for it is one of the
priority sectors of the five years plan of the country; and provides cut flowers to local and
international markets (Mulugeta, 2009). According to the Ethiopian Horticulture
Producer and Export Association (EHPEA) annual report, more than 2000ha of land has
been leased to 263 foreign and domestic investors and the sector employed over 70,000
work force; and exported more than 1.7 billion flower stem and earned 160 million USD

in ten months in 2012 (EHPEA, 2014).

These flower farms, however, have great concern for they generate huge amount of solid
and liquid wastes. Every day about 10 tons of solid wastes are generated as a result of
pruning, clearing of unutilized and/or under graded or diseased stems and leaves (Viera
and Abarca, 2009). Although few farms tried to manage the solid and liquid wastes
through composting and pond systems, most of them dispose the solid waste as heaps in

the vicinity and release the wastewater freely to water bodies.

The accumulations of these wastes are believed to be sources of phyto-pathogens, toxic
chemicals, and insects (Vieira and Abarca, 2009). On the other hand, the farms have to
comply with the country’s Environmental pollution control law pursuant to article 20
(Ethiopian Floriculture Code of Practice N0.300/2002) in order to protect the society and

the environment from any hazard.

This necessitates the search for an environmentally sound waste management system for
the solid and liquid wastes for reuse and/or safely release to the environment. One of such

methods is the treatment of the solid flower wastes through composting with a dual
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purpose of production of organic fertilizer and protection of the environment from these

pollutants.

Composting is a microbial degradation of different organic materials under moist, self-
heating and aerobic conditions. To this effect, large number of different mesophilic,
thermotolerant and thermophilic aerobic microorganisms are involved in the break down
organic matter thereby producing relatively stable organic products (Zucconi and de
Bertoldi, 1987). These days, attempts are also made to select inoculant microbes into
composts through bio-augmentation in order to speed up the process of composting and
producing of quality compost. One of these is the application of effective microorganisms
(EM) in the compost mixtures. Effective microorganism is a commercial brand made up
of mixture of microbial inoculants containing 80 different species (photosynthetic,
nitrogen fixing, lactic acid bacteria and yeast) which is presumed to suppress pathogen,
enhance decomposition rate of organic matter, increase availability of mineralized

nutrients to plants (Ong et al, 2001).

However, the production of matured quality compost for agricultural and landscaping
purposes within a short period of time depends on several interacting factors. This
includes type of feedstock and composting conditions (e.g. facility scale, aeration,

temperature, pH, moisture content) (Ishii and Takkii, 2003).

In general, a multitude of physical, chemical and microbiological parameters are used as
stability indices to monitor a variety of composting feedstock both as a product quality
indicator and a process evaluation index (Cunha-Queda et al., 2007; Gomez-Brandon et

al., 2008; Liu et al., 2011). There is a consensus that germination index and N-
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mineralization together with other physico-chemical and microbiological parameters can
be used as core and surrogate indicators for evaluating compost maturity and quality,
respectively (Zucconi et al., 1981; Gémez-Bandon et al., 2008). Generally, composting
and compost quality is given so much emphasis that different countries have adopted
different national standards for the production of quality compost (Said-Pullicino et al.,

2007).

The present investigation was, therefore, aimed at evaluating the composting process of
flower residues amended with cow dung and EM in a Windrow composting system on

the basis of different physico-chemical and microbiological parameters.

Materials and Methods

Arrangement of compost piles and sampling techniques

Composting was conducted at Galica Flower Farm (GFF), located near Holetta town of
the Oromia National Regional State (ONRS). The feedstock of shredded flower residues
(2-50mm) was composted in three treatments in trapezoidal cross section Windrow
composting method (Windrows (Imx1mx2m) for about 90 days (Diaz et al., 2002).The
first treatment (T1) was a mixture of shredded Flower Residue (FR) with Cow Dung in
3:1 proportion (FRCD, Pile-1), whereas the second treatment (T2) was a mixture of the
same Flower Residue with 2 liters activated EM (contained mainly lactic acid bacteria,
photosynthetic bacteria and yeasts) and one liter molasses (FREM, Without cow dung)
(Pile-2). The third treatment (control) that contained only shredded Flower Residues (FR,

Pile3) was included in the experiment.
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Moisture content of the different piles was adjusted at approximately 40-60% by
sprinkling water regularly (Diaz and Savage, 2007). The composting piles were subjected
to manual turning every day during the first week and once in a week thereafter until the
end of the experiment. Samples were collected on day 1, 7, 21, 35, 49, 63, 77 and 90 for
chemical and microbiological analyses. From each pile around 1kg of composite samples
were separately collected from 3 grab subsamples taken along the length of the windrow,

screened through 10mm sieves.

Physical and chemical analysis

The temperature was measured as described previously in triplicate before date of turning
using a digital thermometer (model H-9283). Moisture content (MC%, w/w) was
determined by oven-drying compost samples (10£2g) at 105°C for approximately 24 h
and expressed as percentage of total weight loss. pH was measured in aqueous extracts
(2:10,w/v) using a pH meter (HD8602,ltaly). Total Organic Carbon (TOC) was
determined by dry combustion method at 550°C (Allison, 1965).Total nitrogen content

(TN) was determined by Kjeldahl digestion analysis (Keenly and Nelson, 1982).

Ammonium nitrogen (NH"4-N) was determined in 10g of freshly sampled compost,
which was shaken in 2M KCI extraction solution at 150rpm on orbital shaker for 1h; then
filtered through 42-whatman filter paper and steam distillated by 0.2g of ignited and cool
MgO and titrate with 0.02 N NaOH, then the result was calculated according the

following equation:

NH,*-N (mg Kgh)= (B-A)*N*14*mcf*100

S*Z*1000
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Where, B: Volume in ml of NaOH solution required for blank titration
A: Volume in ml of NaOH solution required for sample titration
N: Normality of NaOH
S: weight of sample in gram
Z: Aliquot volume

Mcf=correction factor

Nitrate nitrogen (NO'3-N) was determined by Devard’s distillation method through three

steps digestion, distillation and titration, and then calculated the measurement according

to the following equation:

NO3;'N= (B-A)*N*14*mcf*100

S*Z*1000

Where, B: Volume of NaOH solution required for blank solution
A: Volume of NaOH solution required for sample titration
N: Normality of NaOH
S: weight of the sample in gram
Z: Aliquot of volume

Mcf= Moisture correction factor
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Available Phosphorus was analyzed from compost extracts using the molybdovandate
phosphoric acid method of Olsen et al. (1954). Available potassium was quantified by
flame photometry after equilibrium of sample with exchanging cation made of neutral
normal NH;OAc, (Issam and Antoine, 2007). Micronutrients such as Fe, Mn, Cu and Zn
were determined by atomic absorption spectrophotometry (AAS) after extracting them
with a chelating agent (DTPA) at 248.3 nm, 279.5 nm, 324.7 nm, and 213.9 nm,

respectively.

Enumeration of total aerobic bacteria, actinobacteria and fungi

For microbial analysis, compost samples were ground to 0.25 mm, serially diluted in
sterile water and inoculated onto the agar using the plate frequency technique (Tiquia et
al., 2002). Estimation of total aerobic bacteria, actinobacteria and fungi was made by
direct plating on appropriate media. For the enumeration of total aerobic bacteria, nutrient
agar (NA, Oxoid, England) was used, whereas actinobacteria and fungi were counted on
starch casein agar (CSA) and potato dextrose agar (PDA), respectively. Plates were
incubated for three days at 30+2°C for the growth of bacteria and fungi, and between five
and seven days for actinobacteria. They were estimated using the Most Probable Number

(MPN) method (Tiquia et al., 2002).

Viability test and enumeration of Effective Microorganisms (EM)

The viability of microorganisms in the liquid EM WOLJEEJII (name of EM supplying
company) was examined after taking samples from dormant and activated packages
separately using appropriate media and incubation time as before. The number of viable
bacterial cells from the concentrated packages was 2.48X10%fu/ml; and fungal/yeast

count was 3.37X107cfu/ml; whereas, the counts of bacteria and yeasts in the diluted
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packages was 1.23X10’cfu/ml and 5.73X10%fu/ml, respectively. This number of

organisms in the diluted form was used in the composting experiment.

Phytotoxicity test

The phytotoxicity study of the compost samples was determined following the method of
Zucconi and de Bertoldi (1987). Aqueous extracts were prepared (10:50, w/v),
centrifuged at 10,000 rpm (Wagtech International, 3000 system) and filtered through a
0.45 um membrane filter. Ten seeds of garden cress (Lepidium sativumL.) were evenly
distributed on a filter paper in a petri dish and watered with 1 mL of the supernatant. A
control treatment consisting of ten seeds watered with 1 mL of distilled water was also
included. All Petri dishes were incubated at 22° C for 24 h in the dark and then
germination was stopped with 1 mL of ethanol. The number of germinated seeds with at
least 1 mm was counted and the length of the germination root was also measured. Then
germination index was then calculated following the formula given by Zucconi and de

Bertoldi (1987).

Data Analysis

Chemical and microbiological data were analyzed by repeated measures analysis of
variance (ANOVAR) in which piles represented the subjects. In addition, the
composition of parent material was fixed as the between-subject factor, and the
composting time was fixed as the within factor. All the variables met sphercity condition
(Mauchly’s test) whenever this assumption was violated; it was corrected with Geiser-
Greenhouse (G-G) procedure (Potvin et al., 1990). Significant differences in the main
effects were further analyzed by paired comparison with the Bonferroni test. To

understand the effect of different physico-chemical parameters on the evolution of
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inorganic N forms (NHz-N, NO3-N and NH;-N:NO3-N ratio), Pearson correlation
coefficient (r%) was carried out. Data of all experiments conducted in triplicate were

analyzed by statistical computing packages (SPSS, version 21).

Results and Discussion

Physico-chemical profiles of Flower Residue compost

Figurel shows the temperature profiles of compost made from the three piles (FRCD,
FREM and FR). In Pilel (Cow dung amended compost), the first phase of mesophilic
temperature (25-42°C) stayed for three days and temperature reached to thermophilic
stage (45-60°C) and remained the same for about thirty two days. This temperature
started to gradually decline to reach to the second mesophilic stage (25-42°C) within a
week and cooled down to 22-23°C from day 63 until the end of the experiment (90 days).
The second treatment (Pile 2; activated EM mix) showed the same trend as Pile 1 with
short initial mesophilic stage (3 days) but reached the lower thermophilic stage (43-54°C)
and lasted for a relatively short period (18 days); and gradually declined to mesophilic
temperature (24-39°C) forl5 days, and further cooled down to (21-22°C) after day 63 to

day 90.

The Third treatment (Pile 3), however, showed a different trend during the first phase
except that the thermophilic stage (45-53°C) was maintained for 12 days (from3 to 14),
with a gradual decrease in temperature (23-35°C) from day 35 to day 63. Unlike the other
two treatments, there was an abrupt increase in temperature from 23°C to 34°C by as
much as 11°C by day 77 and kept on increasing until the last sampling day (day90). The

rapid increase in temperature of Pile 3 indicated that the mixture still contained easily
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degradable substrates that required more days than the other two piles, suggesting that it
was not biologically stabilized even after day 90. However, significant differences were
evident in the temperature changes among the three piles as function of compost age (Fig

4.1. Compost piles x time ANOVAR Fy, 60 = 53.254, p=0.0001).

The thermophilic temperature range in Pile 1 (32 days) was the longest as compared to
the thermophilic temperature range in Pile 2 (18 days) and in Pile 3 (12 days). Besides,
temperature greater than 55°C was maintained for more than 3 days, the minimum
requirements for proper disinfection of waste materials from animal and plant pathogens

as well as for weed seed suppression (Said-Pullicino et al., 2007).
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Figure 4.1Temperature changes in the compost piles of FRCD (Pile 1), FREM (Pile 2) and FR (Pile 3)

The compost piles showed a steady decrease in moisture content (40-60%) from the start
up to the end of the experiment. Consequently, the moisture content of all compost piles
was relatively within the permissible range of 40-70% (Epstein, 1997). Lower moisture

loss (18.8%) was observed in Pile 3 compared to 28.2% and 31.8% loss in Pile 2 and Pile
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1, respectively as a result of rise in temperature and duration of thermophilic phase that

drove the slower vaporization process out of the compost matrix.

This result is similar to Liu et al. (2011) who reported 21% loss in pile3, which was a
mixture of dairy manure and rice chaff (carbon source) in 85/15 ratio, as compared to Pile
2 (22%) and Pile 1 (24%) that contained 80/20 and 75/25 ratios, respectively. The higher
reduction of moisture in Pilel and Pile 2 can be explained by a better microbial
degradation that could generate heat and enhanced desiccation (Rebollido et al., 2008). In
this study, the moisture content of the matured compost of Pile 1 and Pile 2 was within
the range between 30-40%, proportional to the minimum recommended range by Diaz

and Savage (2007).

The pH values of the different treatments showed significant differences with compost
age (Table 4.1. ANOVAR F;4,=108.846, p=0.0001). In all cases, the pH was acidic for
one week (6.35-6.38) at the start of the experiment and gradually increased to alkaline pH
with the highest pH values measured on day 63 for Pile 1(7.5) and on day 77 for Pile 3
(7.60). At the end, the pH dropped to near neutral (Pile-1:7.15; Pile-2:7.14 and Pile-3:

7.01).

Increase in pH over time can be attributed to a release of ammonia (Table 4.3) associated
with protein degradation in cow dung amended composts (Pile 1). Generally, this trend of
increasing pH from acidic values at the start of the experiment to alkaline pH during the
active stages and neutral at the end is due to microbial nitrification process (Gomez-

Brandon et al., 2008).
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Table 4.1 Physico-chemical characteristics of three compost piles during composting, Pile-1: FRCD; Pile-2:FREM;
Pile-3:FR

Parameter Composting time
1 7 21 35 49 63 77 90

Pile-1

MC(%) 71.4 66.4 67.4 68.5 57.2 46.4 433 39.6
(0.66)° (0.72)° (0.41)° (0.57)° (0.59)° (0.66)° (0.37)° (0.55)¢

pH 6.38 6.35 7.38 7.25 7.30 7.51 7.35 7.15
(0.07) (0.05)? (0.04)" (0.03)° (0.06)" (0.03)" (0.07)° (0.05)°

Pile-2

MC(%) 61.9 67.9 69.7 67.4 47.9 39.2 30.9 33.7
(0.66)° (0.72)° (0.41)° (0.57)° (0.59)¢ (0.22)° (0.37)° (0.55)¢

pH 6.82 7.12 7.15 7.09 7.07 7.26 7.25 7.14
(0.07) (0.05)° (0.04)" (0.03)° (0.06)" (0.03)° (0.07)° (0.05)"

Pile-3

MC(%) 64.5 65.5 71.9 65.7 44.7 49.0 44.0 45.7
(0.66)° (0.72)° (0.41)° (0.57)° (0.59)° (0.66)° (0.37)f (0.55)°

pH 6.72 7.03 7.13 6.96 7.30 7.38 7.60 7.01
(0.07) (0.05)° (0.04)° (0.03)° (0.06)° (0.03)° (0.07)° (0.05)°

Values are means (n=3) and standard errors of three triplicates. Numbers followed by the same letter in a raw are not significantly different
according to Bonferroni test (P=0.05)
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Changes in Total organic carbon, Total Nitrogen and C:N ratio

Composting time had a significant effect on the total organic carbon (TOC) content, but
this effect varied depending on the starting material (Table 4.2 ANOVAR F;
42=1267.345, p=0.001). The total organic C in all piles varied from 30% to 34% at the
start of composting and then decreased as the decomposition progressed, reflecting a
notable mineralization of organic matter. At the end of the process, the lowest TOC was
obtained in Pilel (13%) and the highest in Pile 3 (25%). The high TOC mainly came
from the concentrations of more recalcitrant compounds present in Pile 3 compared to the
other two piles. Pile 3 contained no amendment; hence its decomposition occurred
slowly. This study revealed that treatments without or little amendment could contain
large quantities of un-mineralized organic matter at the end of the process, similar to Liu
et al. (2011) that reported a lower proportion of rice chaff in manure compost (Pile 3;
6:1) contained higher concentration of TOC (35%) compared to higher proportion of rice

chaff (Pile 1; 3:1) that contained lower concentration of TOC (25%).

At the beginning of the composting, total nitrogen (TN) varied between 0.8% to 1.4% of
the dry weight material, with the lowest N in Pile 2 and the highest in Pile 1. Total
nitrogen (TN) percentage showed a gradually increasing trend between 12-14% with
composting duration (Table 4.2; ANOVAR F7, 4,=24.009, p=0.0001) which is due to the
concentration effect caused by carbon loss associated with mineralization of the organic

matter.

Initial C/N ratios of Pile 1, Pile 2 and Pile 3 was 30%, 39% and 36%, respectively (Table
4.2), which was later reduced to C/N ratio of 10%, 16%, and 24% suggesting significant

difference among the treatments (Table 4.2. ANOVAR F; 4,=761.654,P=0.0001). This
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difference could be explained as C was lost in the form of CO, and the mineralization of
N through microbial activity (Ryckeboer et al., 2003a). The lowest C/N ratio of 10% in
Pile 1 was an indication of the matured compost as suggested by Diaz and Savage (2007).
This pile showed a similar C/N ratio of 11.4% from 80 days composting of cattle manure
(Gomez-Brandon et al., 2008). On the contrary, a higher C/N ratio was measured at the
end of the composting for the control (Pile 3), indicating a slow kinetic process in this
compost. Low initial C/N ratio of Pile 1 caused faster mineralization compared to high
initial C/N ratio of Pile 3, similar to Eiland et al. (2001) that reported straw containing the
lowest initial C/N ratio (i.e. 11) caused a faster degradation of fibers during the first three
months of composting (hemicellulose 50-80%, cellulose: 40-60%) than higher C/N ratio

(i.e. 54).
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Table 4.2 Changes of organic carbon, total N and C:N during composting of different piles, Pile-1: FRCD;Pile-
2:FREM; Pile-3:FR

Parameter Days
1 7 21 35 49 63 77 90

Pilel

TOC(%) 34.18 31.19 31.17 26.44 22.12 20.85 16.89 12.99
(0.43)? (0.13)° (0.58)° (0.23)° (0.16)" (0.14)° (0.18)" (0.46)°

TN(%) 1.14 1.14 1.15 1.16 1.17 1.22 1.23 1.30
(0.01)° (0.01) (0.01)° (0.01)° (0.01)° (0.02) (0.01)" (0.02)"

C:N 29.99 27.30 27.10 22.85 18.93 17.09 13.73 9.99
(0.76)? (0.47)° (0.62)° (0.31)° (0.25)" (0.21)° (0.34)" (0.36)¢

Pile2

TOC(%) 31.38 26.33 25.65 25.55 22.44 18.73 18.34 17.49
(0.43)? (0.13)° (0.58)° (0.23)° (0.16)" (0.14)° (0.18)" (0.46)°

TN(%) 0.80 0.80 0.82 0.83 0.84 0.85 0.87 0.90
(0.01)™ (0.01)° (0.01)° (0.02) (0.02) (0.02)° (0.01)° (0.02)

C:N 39.23 32.91 31.28 30.79 27.31 22.04 17.08 16.43
(0.76)? (0.47)° (0.62)" (0.31)™ (0.25)¢ (0.21)° (0.34)f (0.36)¢
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Cont’d

Parameter Days
1 7 21 35 49 63 77 90
Pile3
OC(%) 32.54 30.11 30.10 29.69 28.41 25.56 25.54 24.99
(0.43) (0.13)" (0.58)" (0.23)° (0.16) (0.14)° (0.18)f (0.46)°
TN(%) 0.91 0.92 0.94 0.95 0.98 0.98 1.01 1.02
(0.01) (0.01) (0.01) (0.01)° (0.02)" (0.02)" (0.01)" (0.02)
C:N 35.76 32.73 32.02 31.25 28.99 26.08 25.24 24.11
(0.76)? (0.47)° (0.62)° (0.31)" (0.25)" (0.21)° (0.34)" (0.36)"

Values are means(n=3) and standard error. Values along the raw followed by the same letter are not significantly different according to
Bonferroni test (P=0.005)

118



Evolution of Ammonium-N, Nitrate-N and their ratio

Composting time had significant effect on the transformation of the organic N to
inorganic N (NH;*—N and NO;—N) (Table 4.2, ANOVAR, F; 4,=602.11, p=0.0001). By
day 7, the highest concentration of NH;'—N (553.7 mg/kg) was found in Pile 1. Likewise,
maximum concentration of NH;'—N was found by the same day (71.4 mg/kg) in Pile 3,
respectively. Sanchez-Monedero et al. (2001) reported that highest concentration of
ammonium could occur during the first week of the process through mineralization of
organic N caused by the intense organic matter degradation. This maximum amount of
ammonium-N concentration can arise from the rapid degradation of the organic N
provided by the cow dung due to protein degradation (Lerch et al., 1992). Generally, the
ammonium concentration of all piles decreased gradually after the peak days (days 7-21)

towards the end of the composting process.

Comparatively, significant differences have been observed among the three piles along
the composting times (Compost pile x time ANOVAR F144,=61.662, p=0.0001) and the
lowest NH,"—N concentration was observed in Pile 2 throughout the process. This low
concentration resulted from the higher C/N of the starting material (Table 4.1), which
limited the nitrogen requirements of the microorganisms (Eiland et al, 2001). Apart from
this, the concentration of NH;—N in Pile 1 fell after day 49 (end of thermophilic phase)
to reach final values of less than 0.04% (<400 mg/kg) and stabilized while the
concentration of NH,*—N in the other two piles was below this limit from the start of
composting. This limit was established as one of the best stability indicators for various

plant, animal and sludge wastes (Zucconi et al., 1987; Bernal et al., 1998).
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The concentration of nitrate also varied significantly with composting time in all
treatments (Table4.2. ANOVAR F;4,=147.398, p=0.0001). From the start to end of
composting, the decline of NH;—N corresponded with the increase in NOs—N. In
general, NO3—N concentration was increased by 284% (863 mg/kg) in Pile 1, by 168%
(103.3 mg/kg) in Pile 2, and by 54% (38 mg/kg) in Pile 3 from the start to end of
composting. In contrast, the decrease of NH;—N during composting was 66% (272.8

mg/kg) in Pilel, 12.5% (7.5 mg/kg) in Pile 2, and 12.2 % (8.7 mg/kg) in Pile 3.

The higher accumulation of nitrate, particularly in Pilel at the end of the process can be
explained with nitrification, associated with lower temperature (<40°C) (Sanchez-
Mondero et al., 2001). Furthermore, the good aeration (frequent turning; once in a week),
optimum moisture (Table 4.1) and relatively neutral pH (Pile 1: 7.05; Pile 2:7.04 and Pile
3:7.01) were favorable environmental factors for nitrifying bacteria. Most of the
nitrification occurred during maturation, leading to a low NH4-N/NOs-N ratio in mature

compost (Bernal et al., 1998).

As a result, the ratio of NH;"—N to NO3 —N was found to be 0.12, 0.32 and 0.58 for Pile
1, Pile 2 and Pile 3, respectively. This result implied that Pile 1 attained the threshold
level of 0.16 by day 63 in which this value was established as a threshold level for
stability index for various municipal and agricultural wastes (Bernal et al., 1998),

whereas Pile 2 and Pile 3 required more days to attain this limit.

The typical trend of N transformation followed that protein converts to organic-N, then to

NH," and finally to NOs/NO,, with very little denirtification (N,). This is why a decrease
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in NH;"-N concentration corresponding with an increase in (NOs™-N) is common for

composting process (Riffalidi et al., 1986).
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Table 4.3 Changes in inorganic N: NHz-N and NO3-N (mg/kg) and NH,4-N to NO3-N ratio during composting of the

three piles

Parameter Days
1 7 21 35 49 63 77 90

Pile-1

NH,"—N 412.8 553.7 4355 478.3 481.4 1743 140.0 140.0
(6.5) (13.1)" (6.6)° (5.7)° (2.2)° (3.7)" (1.0)° (2.3)°

NO; —N 303.7 416.5 425.8 760.7 981.3 1162.1 1167.8 1166.7
(11.1)% (21.5)° (22.8)° (25.6)" (39.2)° (25.4)° (39.3)° (92.3)°

NH;NO;  1.35 1.33 1.03 0.76 0.49 0.15 0.12 0.12
(0.16)° (0.24) (0.06)" (0.06)° (0.03)° (0.03)° (0.01)" (0.01)¢

Pile-2

NH,"—N 60.1 58.9 60.7 60.7 58.5 57.5 55.3 52.6
(6.5) (13.1)° (6.6)" (5.7)° (2.2)° (3.7)° (1.0)° 2.3

NO; —N 61.2 61.2 61.4 63.1 86.3 129.8 131.7 164.4
(11.1) (21.5) (22.8) (25.6)" (39.2)° (25.4)" (39.3)" (92.3)

NH;NO; 0.9 0.98 0.96 0.96 0.68 0.44 0.42 0.32
(0.16)° (0.24)° (0.58)° (0.06)° (0.03)° (0.03)° (0.01)° (0.02)"
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Cont’d

Parameter Days
1 7 21 35 49 63 77 90
Pile-3
NH,"—N 71.3 71.4 69.5 69.1 69.6 67.7 64.4 62.6
(6.5)° (13.1)¢ (6.6)° (5.7)° (2.2)° (3.7)° (1.0)° 2.3
NO; —N 69.9 70.7 70.9 735 75.6 85.7 93.3 107.9
(11.1) (21.5)° (22.8)° (25.6)% (39.2)% (25.4) (39.3)? (92.3)?
NH;NO;  1.02 1.01 0.98 0.94 0.92 0.79 0.69 0.58
(0.16)? (0.24)? (0.06)" (0.06)° (0.03)° (0.03)" (0.01)" (0.01)¢

Values are meanststandard error (n=3). Values along the raw followed by the same letter are not significantly different according to
Bonferroni test (P=0.001)
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Relationship between different N forms and other physico-chemical properties

The evolution of N forms is influenced by the different physico-chemical properties of
compost (Table 4.4). In the present study, there were significant correlation between
NH;*-N and temperature, water content, pH and organic carbon in the piles. In Pilel,
NH,"-N has significantly correlated with moisture content (r=0.84), temperature (r=0.61),
pH (r=0.48) and TOC (r=0.79). Likewise, there were significant correlation between
NH,"-N and these parameters in Pile 2 and Pile 3, except with pH in Pile 2 (r=-0.43) and
with temperature in Pile 3 (r=-0.18). On the contrary, significantly negative correlation
was found between NO3-N and these parameters except pH which was positively
correlated for Pile-1 (r=0.7) and for Pile 2 (r=0.55) (Table 4.3.). Previously, Tiquia
(2002) reported that NH4- N had correlated significantly with these four parameters for
spent pig litter sludge and poultry litter piles, indicating that the N transformation in
compost were influenced by water content, temperature, pH and carbon during the
process. An inverse correlation between nitrate and pH values confirm the idea that the
pH values of composting mixtures were directly related to nitrification as previously
reported by Sanchez-Monedero et al. (2001) for four different biosolid composts.
Furthermore, Pile 1 with higher ammonium concentration at the end of thermophilic
phase underwent higher degree of nitrification. This suggests that organic N obtained
from cow dung was the limiting step in nitrification such mineralization was scant during
the last phases of composting, when the supply of ammonium available to the nitrifying

bacteria would have been reduced.
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Table 4.4 Pearson correlation coefficient (r’) between different forms of N and
physico chemical parameters

Parameters

N forms MC Temp pH TOC C:N ratio
Pile-1

Total N -0.94** -0.49 0.45 -0.93** -0.94**
NHs-N 0.84** 0.61** 0.48 0.79* -0.88**
NO3z-N -0.91 -0.48 0.70 -0.96** -0.96**
Pile-2

Total N -0.86** -0.38 0.55 -0.90** -0.95**
NHs-N 0.89** 0.38 -0.43 0.81** 0.87**
NOs-N -0.94** -0.48 0.55 -0.90** -0.95**
Pile-3

Total N -0,86** 0.13 -0.86** -0.94** -0.97**
NH4-N 0.80* -0.18 0.80* 0.87** 0.90**
NO3z-N -0.78* 0.17 -0.78* -0.95** -0.93**

** Correlation was significant at 0.01level and * at 0.05 level (2 tailed)

Availability of macro and micronutrients in compost

The P and K contents of the different treatments from the first up to the last stages of
composting are shown on Table 4.5. In both cases the P and K contents of Pile 1 (with

manure) was higher than the other two piles, indicating that the manure amendments
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increased mineralization and availability of these minerals. Accordingly, Available P
contents of Pile 1, Pile 2 and Pile 3 were 7921.3, 6196.9 and 5524.5 mg/kg dw,

respectively after the start of composting (Table 4.5).

At the end of composting, the available P contents of Pile 1, Pile 2 and Pile 3 increased
by 27%, 13% and 5%, respectively. The treatment also showed same trend with regards
to available K showing an increase of 664% in Pile 1, followed by Pile 3 (600%) and Pile
2 (566%). Gomez-Brandon et al. (2008) reported that available P in the presence of cattle

manure could result in the release more of these compound as early age of composting.

In contrast, Selim et al. (2012) showed an increasing trend of extractable P and K as a
function of composting time; and the final product on composting of corn stalks mixed
with cattle manure. The average increase of available P and available K in the six
different heaps of compost were over 200% and 57% in 120 days of composting,

respectively.
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Table 4.5 Changes in the available P and K during the composting process of three

Piles

Days Pile-1 Pile-2 Pile-3

AvVP AvK AvVP AvVK AvVP AVK
(mg/kg) (cmol(+)/kg (mg/kg) (cmol(+)/kg (mg/kg) (cmol(+)/kg)

1 7921.13 315 6196.9 16.5 6524.5 22.3
(21.2)° (0.5)% (21.2)° (0.5)% (21.2) (0.5)
7 8020.14 47.25 6222.92 31.74 6551.9 37.61
(11.2)2 (0.2)° (11.2)3 (0.2) (11.2)? (0.2)°
21 8085.89 78.74 6274.36 61.92 6606.06 68.23
(13.5)" (0.2)° (13.5)" (0.2)° (13.5)" (0.2)°
35  8151.63 110.28 6325.8 91.92 6660.21 98.85
9.7 (0.1)° 9.7)° (0.2)° ©.7)° 0.1)
49  8218.17 141.72 6377.23 92.00 6714.36 129.46
(11.1)° (0.1)° (11.1)° (0.1)° (11.1)° (0.1)°
63  8283.92 173.22 6429.25 52.09 6769.17 130.08
(88.0)° (0.2)f (28.5) (0.2)f (88.0)° (0.2)f
77 87932 204.71 6528.43 82.18 6823.32 134.70
(22.5) (0.4)" (22.5)f (0.4)" (22.5)° (0.4)°
90  10031.8 233.45 6973.3 110.0 6873.56 154.13
(5.8)° (0.2)f (5.8)° (0.1)° (5.8)° (0.1)¢

Values are means +standard error (n=3). Values within the same column followed by the same letter
are not significantly different according to Bonferroni test (P=0.005)
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The micronutrient contents (manganese, zinc, iron and copper) of the four composts
showed variations (Table 4.6). Although Zn and Cu are not used as index for maturity of
compost, they can be related to compost quality in terms of potential contamination of the
environment (Tiquia and Tam, 1998). On the other hand, these elements are required in
small amount by plants (Wang et al., 2004). In the present study, Mn was present in
sufficient amount in the final compost for horticultural plants whereas Fe could be
sufficiently available only in Pile 1 and Pile 2. According to Wang et al. (2004) for the
application of dairy manure saw dust compost in cucumber, the recommended sufficiency
range for Cu, Fe, Mn and Zn micronutrients were 8-10, 50-300, 50-300 and 25-200

mg/kg, respectively.

Table 4.6 Micronutrients in the three piles (FRCD, FREM and FR) at the end of
composting

Micronutrients Pile-1 Pile-2 Pile-3

Mn (mg/kg) 206.5(6.0)° 230.3(3.9) 175.6(0.7)°
Zn (mg/kg) 15.3(0.2)? 6.0(0.3)° 7.1(0.3)°
Fe (mg/kg) 67.5(2.9)* 49.5(0.6)" 32.5(0.4)°
Cu (mg/kg) 3.0(0.1)* 2.6(0.02)* 1.49(0.7)

Values are means + standard error of three triplicates. Three piles of the same farm followed by the
same letter are not significantly different at p=0.05 significant level according to Tukey’s B
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Phytotoxicity test

The germination index of samples collected at different times of composting from the
three compost piles is shown on Figure 4.2. A Gl of 81%, 73% and 66% was recorded at
the end of the process for Pile 1, Pile 2 and Pile 3, respectively. Thus, more than 49 days
were needed for flower residues amended with cow dung (Pile 1) and activated EM mix
(Pile 2) to overcome the threshold limit of 50% stated by Zucconi and Bertoldi (1987) to

reduce the toxicity levels.

Comparatively, more than 77 days were needed for the control (Pile 3) to reach safe level
of 50%. In the present study, around 90 days was needed to pass the Gl value of 80% for
Pile 1, which was considered as an index of compost maturity and practically free of
phytotoxic substances (Zucconi and de Bertoldi, 1987). Pile 2 and Pile 3, in contrast,
failed to reach this value and needed more than 90 days to be as safe for soil application.

Increases in Gl values corresponded with decreases in concentrations of NH,"

In effect, judging from GI values, the level of compost maturity was in the order of
FRCD>FREM>FR after 90 days of composting. Manure amended compost could reach
to maturity faster than the other feed stock. Other study also showed that manure

amended compost could show an increasing trend in Gl % (Mathur et al., 1993).
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m Day 63
mDay 3?7
®m Day 90

Germination Index (%)

63 77 90 63 77 90 63 77 90

Pilel Pile2 Pile3

Figure 4.2 Changes in germination index of compost material collected at different times of the
process from Flower Residue-Cow Dung (Pile-1), Flower Residue-EM (Pile-2) and Flower Residue
only (Pile-3)
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Summary of the evaluation of maturity/stability of the different composts

Since the principal requirement of a compost for it to be safely used in soil is high degree
of stability and maturity which are most commonly evaluated by the chemical parameters
C:N ratio, NH4-N concentration, NH;-N:NOs-N ratio and germination index (G1%) for
composts of different sources (Zucconi et al., 1985; Zucconi and de Bertoldi, 1987;
Mathur et al., 1993; Bernal et al., 1998). Accordingly, the corresponding values of these
parameters are shown in Table 4.7 to evaluate the maturity or stability of the three
treatments. Based on this, the C:N ratio, NH4-N, NHs-N:NO3N ratio and Gl of Pile 1
was 14,140 mg/kg, 0.12 and 81%, respectively whereas, these values for Pile 2 was 17,
53 mg/kg, 0.32 and 73% and for Pile 3, it was 24, 193 mg/kg,0.38 and 65%,
respectively. In all respect, the cow dung amended compost (Pile-1) fulfilled the
threshold limit of C:N ratio (<15), NH4-N (<400 mg/kg), NH4-N:NOsN ratio (<0.16) and
germination index (<80) to recommend this pile for application to soil. On the contrary,

the two piles required more days to attain this threshold limit.
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Table 4.7 Maturity of three composts compared with recommended indices

Parameter Values Reference

Pile-1 Pile-2 Pile-3 Recommended

C:N ratio 13.7 171 241 5-15 Mathur et al.(1993)

NH4-N (mg/Kg) 140 526 193 <400 Zucconi &de Bertoldi (1987)
NH4-N:NO3-N 0.12 032 0.38 <0.16 Bernal et al. (1998)

G1(%) 81 73 65 >80 Zucconi et al. (1981)

Enumeration of total aerobic bacteria, actinobacteria and fungi

The microbial profile indicated significant variations among the three different compost
piles during the composting process (Table 4.8.). The total aerobic bacteria from pilel
increased significantly at 7days (8.99 logioMPN g™dwc) and decreased gradually by 1-2

order until day 63, and slightly increased at the end of composting.

Total aerobic bacteria in Pile 2 also peaked at 7 days (8.15 logioMPN gdwc), but
abruptly declined by approximately 2-3 orders, showing the lowest population at day49
(5.84 logioMPN gdwc) and gradually increased to 2 order at the end of composting. In
Pile 3, higher number of bacteria was counted in 7 days (7.45 logi,oMPN g*dwc) and
90days (7.40 logio MPN g™dw). In all piles, significant differences in bacterial number
were found along the composting age (p<0.05). These findings are expected based on the

findings by others (Hassen et al., 2001).
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The population of actinobacteria in all piles showed an increasing trend, and the largest
number was found at 63days in Pile 1, but in the other two piles the same number of
actinobacteria was recorded at the end of composting. This shows that easily degradable
substrates were exhausted earlier in Pile 1 than the two piles as indicated by the total
organic carbon (Table 4.2). In general, minimum actinobacterial counts were detected at
various times, i.e. at days 90 in Pile 1, at days 21 in Pile 2 and at days 63 in Pile 3. Indeed
these groups are able to utilize big polymers and accounts for a majority of the
microorganisms present after cooling temperature as in the case of Pile 1 and Pile 2

(Steger et al., 2007).

In this study, the lowest population of fungi was detected at the early stages of
composting in all treatments (i.e. Pile 1: 5.59 log,oMPN g™ 'dwc; Pile 2: 5.11 logioMPN g
dwe; Pile 3: 4.81 logioMPN g*dwc) whereas the highest population of fungi was found
at the end of composting for the two amended piles (i.e. Pilel: 6.64 log;oMPN g*dw;
Pile2: 5.66 logioMPN gdwc), but for pile3, the highest number of fungi (6.00 log;oMPN

g*dwc) was counted immediately after the end of thermophilic phase (day 49).

It is interesting to note that fungi were not eliminated at thermophilic temperatures above
55°C contrary to the findings of Tiquia et al. (2002) from cow dung amended compost
pile. However, this result was similar to Goyal et al. (2005) who reported a mesophilic

fungal population (i.e. 144X10’ cfu g*dwc) in sugar trash plus cattle dung compost.

Overall, the total population of aerobic bacteria, actinobacteria and fungi were lower than
the report of Tiquia (2002) that the number of heterotrophic bacteria, actinobacteria and

fungi varied in the range between 7.09 to 9.80 logioMPN g™, 6.76-10.51log;0MPN g,
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5.08-9.24l0g:oMPN g™ for poultry litter plus yard trimmings compost in 91 days of time.
For spent pig litter compost, these numbers also varied from 5.77 to 8.23log;oMPN g™ for
heterotrophs, from 7.33 to 10.45logioMPN g™ for actinomycetes and from 3.31 to
8.50l0g:0MPN g™ for fungi. The difference in higher number of all microbial groups
might be explained with the high N contents from fresh poultry and pig on-litter manures;

and the forced aeration composting system used.
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Table 4.8 Enumeration of microbial populations during composting, Results are the mean of the three replicates; data
are expressed as log10MPN g-1 dry weight compost

Pile-1 Pile-2 Pile-3

Days Bacteria Actinobacteria Fungi Bacteria Actinobacteria  Fungi Bacteria  Actinobacteria Fungi

1 8.40 6.71 5.59 7.71 5.59 5.11 6.52 5.71 481
(0.23)° (0.14)° (0.19) (0.12)f (0.11)® (0.07)® (0.13) (0.18)° (0.64)

7 8.99 7.15 6.00 8.15 5.93 5.20 7.45 6.65 5.15
(0.09)f (0.06)° (0.10)® (0.07)¢ (0.05)° (0.02)® (0.42)° (0.12)" (0.26)™

21 7.52 7.26 6.40 6.86 5.56 5.36 6.32 5.90 5.48
(0.16)®  (0.09)° (0.18)° (0.08)° (0.10)° (0.19)® (0.06)° (0.13)™ (0.08)*

35 7.34 7.15 6.24 6.15 5.90 5.38 6.26 5.97 5.57
(0.15)°  (0.09)° (0.11)® (0.03)° (0.01)® (0.35)® (0.12)? (0.46)" (0.06)

49 6.52 7.26 6.04 5.84 6.52 5.08 6.34 5.15 6.00
(0.10)°  (0.13)° (0.25)® (0.02)? (0.25)° (0.24)® (0.08)? (0.14)* (0.25)°

63 6.15 7.85 6.11 6.40 6.43 5.00 6.53 6.26 5.00
(0.20)*  (0.23)" (0.27)® (0.02)° (0.13)° (0.06)? (0.05)? (0.18)> (0.09)®

77 7.77 6.45 6.20 6.61 6.32 5.08 6.38 6.30 5.36
(0.07*  (0.08)° (0.18)® (0.04) (0.22)° (0.09)® (0.12) (0.22) (0.15)%°

90 6.81 5.75 6.64 7.68 6.67 5.66 7.40 6.92 5.93
(0.15)°  (0.09) (0.46)" (0.03)f (0.01) (0.35)° (0.11)° (0.01)° (0.06)"
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This study has, therefore, revealed that maturity and stability of flower residue compost
was influenced by amendment in which cow dung blended compost (Pilel) accelerated
the degradation. The C/N ration, NH4-N, NH4-N:NOs-N ration and Gl value of Pile 1
reflected better maturation status compared to EM amended compost (Pile 2) and the
control (Pile 3). The end compost in Pile 1 had more nutrients (phosphorus, potassium,
nitrogen, manganese and iron) to supplement plant requirements. Besides, the nitrogen
transformation of the three piles was influenced by different physico-chemical properties

of compost such as moisture, temperature, pH and changes in organic carbon.
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Chapter 5 Conclusion and Recommendation

From this study the following conclusion can be drawn:

Coffee husk supplemented with cow dung and fruit/vegetable wastes together
with house hold compost showed faster degradation. Presence of cow dung in the
mixture (Pile 1) contributed to earlier elimination of phytotoxic compounds over
the 90 days of composting; and germination index can be taken as good indicator
of maturity as compared to the control treatment

The combined physico-chemical parameters such as temperature, total organic
carbon, total nitrogen, carbon to nitrogen ratio and pH are important in process
monitoring of coffee husk compost. Especially, the C/N ratio of cow dung
amended and fruit/vegetable coffee husk was below 15% after 90 days of
composting. Therefore, these composts are matured based on their C/N ratio
compared to the control that required more days to reach this level.

The study also showed the importance of AP ZYM™ testing for enzyme profile
to evaluate compost stability and maturity. Furthermore, the microbes/enzymes
relationship at a given time was found to be good indicator of the composting
process.

Apart from this, the use of chemical and biological parameters in flower residue
composting were very important indicators of maturity. The inorganic N forms
such as NHz-N, NOs-N and NH4-N:NOs-N ratio are very important indicators of

compost maturity of flower residue composts. Besides, germination index greater
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than 80% in cow dung amended composts ensures the safety of the end product
for the application of soil.

Finally, the use of classical and molecular techniques was useful in monitoring
the composting process and quality control of the product. In effect, more than 65
microbial species were identified with the help of Microarray technology from the
process of composting. Certain probes (Stenotrophomonas maltiphila,
Brevundimonas/Caulobacter, Derxia gummosa, Flavobacterium/Flexibacter,
Pseudomonas putida, Acinetobacter and Actinomyces spp) were more influential
in discriminating the samples into young and mature compost. The result of
DGGE correlated with the result of microarrays in showing the maturity of

compost.

Based on the results of the present study, the following can be recommended:

Since the starting materials and the composting system are crucial factors in
standardizing compost maturity and stability, more research on other agricultural
and municipal solid matters are necessary.

Green house and field experiments needs to be conducted to evaluate compost
stability and maturity in order to realize the benefits of the product for plant
growth.

Determination of fluvic acid and humic acids need to be included as chemical
analysis. The two parameters are important in root growth and development for

plants
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o Practical use of compost made from coffee husk and flower residue amended with

cow dung is highly recommended.
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Appendix 3 Coffee husk composting arrangement

Appendex 4 APl ZYM™ Kits after testing (extracellular enzymes)
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Appendex 5 Microbial enumeration using most probable number
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