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Abstract

Organic matter represents more than one third of the waste produced
worldwide and is a major contributor to the acute shortage of acceptable land
fill sites. Composting significantly reduces the volume of organic waste and is
an environmentally sound way of recycling this waste into valuable soil
conditioner.

The traditional process of composting heaped material is cheap

and simple but slow (taking up to 140 days).

In addition, the problems

associated with odour and vermin make this process less attractive, especially
in areas of high density living.

Heap systems can be managed to a limited

extent by regular mixing and moisture addition but it is difficult to manipulate
the microbial communities successfully.

Continuous in-vessel composting

systems are increasingly being used for on-site composting of organic matter
due to their ease of use and manageability.

Hot Rot™ continuous in-vessel

composting system acquired and set up by ANU Green at the ANU campus in
Canberra is one such system. The aim of this study was to characterize the
microbial communities present in the system and the physical and chemical
makeup of the material being composted.

This was accomplished by using

16S rDNA-PCR followed by DGGE, 454 pyro- sequencing and standard
chemical analyses such as the carbon and nitrogen content, pH, electrical
conductivity and temperature. Experimental manipulations of the system, such
as varying the residence time of the material in the vessel and seeding the
input with the finished product were trialled. The results of these experiments
showed that the material exiting the composting system rarely met the
Australian standards for compost and that additional maturation of the material
was required.

High throughput sequencing using the 454 platform provided

considerable insight into the bacterial diversity present in the system and into
the changes in the bacterial communities during the composting process under
the experimental conditions.

Importantly, the results also showed that the

elimination of pathogens occurred regardless of the operating temperature and
that

elevated

temperatures

likely

slowed

the

composting

process.

Consideration should be given to revising the relevant Australian standards so
that they reflect the different composting regimes used in Australia.
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parameters are depicted as colored circles (except EC which is a red triangle) and the OTUs as
blue diamonds .

Figure 4.12: NMDS based bi-plot of the most abundant OTUs that have been assigned a
taxonomy that belongs to a family of known pathogenic bacteria . These were calculated at a
distance of 0.03 using the sequence clusters from 16S rRNA sequences. For the physical
parameters, the NMDS axes were generated using a distance matrix calculated at a 97%
similarity level , with the Yue and Clayton similarity coefficient. The distance between two
parameters is directly proportional to the actual change for the two parameters. Th is is to
enable the representation of the samples closer to each other to be more similar to each other
than samples further apart on the plot. The physical parameters are depicted as coloured
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circles and the pathogens as blue diamonds .

Figure 5.1: Sampling strategy for the High Temperature experiment. Duplicate samples were
collected from each port (represented by a yellow square) and sequenced using the 454 High
Throughput Sequencing strategy.

Figure 5.2: Sampling strategy for heaps . Heaps were made from the Hot Rot ™ output and
turned three times (AS4454 , 2003) . Each of the layers 1, 2, 3 and 4, represented by purple ,
brown , green and blue were sampled after every turn.

Figure 5.3: NMDS plot of the 16S rRNA based microbial communities from different ports of
the Hot Rot™ during different experimental conditions and the heaps . NMDS stress=0.21 ,
R2=0 .79. The NMDS axes were generated using a distance matrix calculated at a 97%
similarity level, with the Yue and Clayton similarity coefficient. The distance between two
points is directly proportional to the 8yc values for the two samples , so that the samples closer
to each other have similar proportional abundance of the shared OTUs than samples further
apart on the plot. The samples are labelled with the experiment name followed by port number.
S and W , stand for summer and winter samples. Residence time experiments are represented
by red diamonds , recycle by blue diamonds , heaps by green diamonds and high temperature
experiment by yellow diamonds .

Figure 5.4: Phylum level relative abundance of the OTUs (based on the 16S rRNA sequence
identity) across ports obtained by pooling sequences from repeat 1, 2 and 3 for each port. Up
to 25% of the taxa in some ports could not be assigned taxonomies at this level during the high
temperature experiment.

Figure 5.5: Genus level relative abundance of 15 most abundant OTUs (based on the 16S
rRNA sequence identity) in the phylum Firmicutes across Ports 1 through to 4 from different
experiments. Sequences from repeats 1,2 and 3 for each experiment were pooled to obtain
these graphs . Since the top 15 OTUs made up only about 70% to 85% of the total abundance
in the Ports , the rest of the OTUs were pooled and classified as "Others" and are represented
in light blue in the pie charts .

Figure 5.6: NMDS plot of the 16S rRNA based microbial communities that are differentially
expressed between Port 1 and Port 4 of the Hot Rot ™ when high temperatures are being
achieved in the vessel. NMDS stress=0 .14 , R2=0.86 . The NMDS axes were generated using a
distance matrix calculated at a 97% similarity level , with the Yue and Clayton similarity
coefficient. The shared informati on for the differentially expressed OTUs was used to generate
this distance matrix. The distance between two po ints is directly proportional to the 8yc values
for the two samples , so that the samples closer to each other have similar proportional
abundance of the shared OTUs than samples further apart on the plot. The OTUs are labelled
with their genus level classification . The labels with a "+" at the end increase in proportional
abundance from Port 1 to Port 4.These OTUs are also represented by yellow diamonds . The
OTUs which decrease in abundance from Port 1 to Port 4 are represented by red diamonds .
Numbers 1 to 35 represent the rank of each OTU in a decreasing order of abundance .
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Figure 5.7: Figure showing the variation in physical parameters achieved by the Hot Rot ™
outputs when high temperatures were achieved in vessel as compared to those when the
material was achieving high temperatures in heaps . "High Temp" : stands for port 4 of Hot
Rot ™ during the high temperature experiment. "After turn 1, 2 and 3" : represent the pooled
samples after each turn during the high temperature experiment. The final column shows the
values for these parameters required by the Australian standards of composting to be ach ieved
every time the compost is to be tested for maturity.

Figure 5.8: Phylum level relative abundance of OTUs (based on the 16S rRNA sequence
identity) in the heaps obtained by pooling all sequences from Layer 1,2 ,3 and 4 from each heap
after every turn .
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ABBREVIATIONS

ARDRA

Amplified ribosomal DNA restriction analysis

ARISA

Automated ribosomal intergenic spacer analysis

C:N ratio

Carbon to Nitrogen ratio

DGGE

Denaturing gradient gel electrophoresis

DNA

Deoxyribonucleic acid

EC

Electrical Conductivity

HGT

Horizontal gene transfer

LOR

Ligase detection reaction

MSW

Municipal Solid Waste

OTU

Operational taxonomic unit

PCR

Polymerase chain reaction

PLFA

Phospholipid fatty acid analysis

qPCR

Quantitative polymerase chain reaction

RFLP

Restriction fragment length polymorphism

RNA

Ribonucleic acid

rRNA

A gene coding form of ribosomal RNA

SSCP

Single strand-conformation polymorphisms

t-RFLP

Terminal restriction fragment polymorphism

USEPA

United States Environment Protection Agency

HTS

High Throughput Sequencing
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DEFINITIONS

Actinobacteria:

A group of microorganisms, intermediate
between bacteria and true fungi , that
usually produce a characteristic branched
mycelium.
These
organisms
are
responsible for the earthy smell of
compost.

Aeration:

The process by which oxygen-deficient air
in compost is replaced by air from the
atmosphere. Aeration can be enhanced
by turning compost or by fan forcing.

Aerobic:

An adjective describing an organism that
can live only in the presence of oxygen

Agricultural Wastes :

Wastes normally associated with the
production and processing of food and
fibre products on farms, feedlots, ranches
and ranges. May include animal manure,
crop residues and dead animals.

Ambient air temperature:

The temperature of the air in the vicinity of
a compost pile.

Amendment, soil:

Any substance such as lime, sulphur,
gypsum or sawdu_st used to improve the
productive properties of a soil. Fertilizers
are one type of soil amendment.
However, many soil amendments such as
soil conditioners do not have significant
fertilizer value.

Ammonia (NH3):

A gaseous compound comprised of
nitrogen and hydrogen . Ammonia , which
has a pungent odour, is commonly formed
from organic nitrogen compounds during
composting.

Anaerobic:

An adjective describing an organism that
can live or function in the absence of air or
free oxygen , or a zone in the compost
mass that is without oxygen .

Backyard Composting:

The composting of organic solid waste,
such as grass clippings , leaves or food
waste at a residential dwelling site , where
the waste is generated by the residents of
the dwelling and/or neighbouring units.
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Bacteria:
Biodegradable:

A group of microorganisms having singlecelled or non-cellular bodies.
Subject to degradation by biochemical
processes.

Bulking Agent:

It is an ingredient in a mixture of
composting raw materials included to
improve the structure and porosity of the
mix, e.g. , sawdust.

Carbohydrate:

Any compound containing only carbon,
hydrogen and oxygen such as sugars,
starches and cellulose.

Carbon Dioxide (CO2):

An
inorganic
gaseous
compound
comprised of carbon and oxygen. Carbon
dioxide is produced by the oxidation of
organic
carbon
compounds
during
composting.

Carbon to Nitrogen ratio:

It is the ratio of the weight of organic
carbon (C) to that of total nitrogen(N) in an
organic material.

Cation Exchange Capacity:

The total amount of exchangeable cations
that a soil can adsorb. It is expressed in
milli-equivalents per 100 g of soil or of
other adsorbing materials such as clay.

Cellulose:

A long chain of tightly bound sugar
molecules that constitutes the chief part of
the cell walls of plants.

Compost:

An organic product that has undergone
controlled
aerobic
and
thermophilic
biological transformation through the
composting
process
to
achieve
pasteurization and reduce phytotoxic
compounds and achieved a specific level
of maturity required for compost.

Compost-Mature:

Compost that exhibits lower levels of
phytotoxicity and a higher degree of
biological stabil ity.

Com post-Stable:

An adjective describing compost that has
at least passed through the thermophilic
stage , and biological decomposition of the
waste has occurred to a sufficient degree
that the compost has beneficial value to
plant growth . Stabilized compost can be

-
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stored, handled and used without g1v1ng
rise to odour or self-heating problems,
even if it should become wet.
Composting:

Composting is the process whereby
organic materials are microbiologically
transformed under controlled aerobic
conditions to achieve pasteurization and a
specific level of maturity.

Fertilizer:

Any organic or inorganic material of
natural or synthetic origin added to a soil
to supply certain elements essential to the
growth of plants.

Fungus: (Plural: Fungi)

A group of simple plants that lack a
photosynthetic pigment. The individual
cells have a nucleus surrounded by a
membrane, and may be linked together in
long filaments called
hyphae. The
individual hyphae can grow together to
form a visible body.

Humus:

Stable organic fraction of the soil matter
remaining after the majqr portion of added
plant
and
animal
residues
has
decomposed. Humus is usually dark in
colour, amorphous and relatively resistant
to further rapid degradation.

In-vessel composting:

An
industrial
form
of
composting
biodegradable waste that occurs in
enclosed reactors.
These generally
consist of metal tanks or concrete bunkers
with controlled airflow and temperature.
Generally fresh air is injected under
pressure with the exhaust being passed
through a biofilter. Aerobic conditions are
maintained in these reactors.

Leachate:

The liquid that results when ground or
surface water contacts solid waste , and
extracts material , either dissolved or
suspended , from the solid waste.

Lignin:

A substance that, together with cellulose ,
forms the woody cell walls of plants and
the cementing material between them.
Lignin is resistant to decomposition.
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Macronutrient:

Essential nutrient needed in relatively
large amounts,
e.g.,
nitrogen
and
potassium.

Mesophilic Range:

Operationally, that temperature range
most conducive to the maintenance of
optimum digestion by mesophilic bacteria,
generally accepted as between 21 °-38°C.

Microbe:

See Microorganism.

Micronutrient:

An essential nutrient needed in small
amounts, e.g., boron, molybdenum. It can
also be called a trace or minor element.

Microorganism:

An organism requiring magnification for
observation, e.g., a bacterium.

Moisture Content:

The fraction or percentage of a substance
comprised of water. Moisture content
equals the weight of the water portion
divided by the total water plus dry matter
weight.

Municipal Solid Waste:

Discarded
materials, _ substances
or
objects excluding special hazardous, or
biomedical wastes, which are collected or
originate from residential, commercial,
demolition, land clearing, construction,
institutional and industrial sources, and
which typically are discharged to municipal
landfills. Municipal solid waste may include
agricultural manure, and "digested sewage
sludge".

Organic Matter:

Matter derived from living or once- living
organisms that gradually can be broken
down to yield important plant nutrients.

Pasteurization:

A process whereby organic materials are
treated to significantly reduce the number
of plant and animal pathogens and plant
propagules.

Pasteurized product:

An organic product that has undergone
pasteurisation but is relatively immature.

Pathogen:

Any organism capable
disease or infection.

pH:

A measure of the concentration
hydrogen ions in a solution. pH

of

producing

of
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expressed as a negative exponent. Thus ,
something that has a pH of 8 has ten
times fewer hydrogen ions than something
with a pH of 7. The lower the pH , the
more hydrogen ions are present, and the
more acidic it is. A pH of 7 is considered
neutral.
Compost decomposes fastest
with a pH of around 6.5 (slightly acidic).
Phytotoxic:

An adjective describing a substance that
has a toxic effect on plants. Immature or
anaerobic compost may contain acids or
alcohols that can harm seedlings or
sensitive plants.

Soil Conditioner:

A soil additive that stabilizes the soil ,
improves its resistance to erosion,
increases its permeability to air and water,
improves its texture and the resistance of
its surface to crusting, makes it easier to
cultivate, or otherwise improves its quality.

Thermophilic:

Adjective describing microorganisms that
thrive in , and generate, temperatures
between 45°-68°C ( 113°:- 155°F).

Volatilization:

Evaporation or the release of compounds
into gaseous form.

Windrow:

A long , relatively - narrow, and low pile.
Windrows have a large exposed surface
area which encourages passive aeration
and drying .
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CHAPTER 1: INTRODUCTION

1.1 Overview

Industrialisation and an increasing population are driving a shift of the world
population from rural to urban centres.

The United Nations Department of

Economic and Social Affairs, in its estimates and projections of the urban and
rural populations of countries around the world, predicts that the Global Urban
Population will increase from 3 to 6 billion , by 2050 (UNDESA, 2011 Revision) .
There is a positive correlation between economic growth , urbanisation and
solid waste production.

For example , during the last two decades , China

experienced a 10% increase in economic growth and a corresponding increase
of 8-10% in the total amount of Municipal Solid Waste (MSW) produced
(Medina , 2011 ). With rapid economic growth around the world , there is reason
to look towards newer and better methods for the large scale disposal of
organic waste.

According to the USEPA, of the total MSW produced worldwide , one to two
thirds

Is

organic

(www.epa.gov/epa waste/nonhaz/mun icipal/index.htm).

Organic waste consists of a combination of food _waste , garden waste and
recyclable organics. Specifically, urban food waste comprises 50% to 80% of
the MSW stream in the low and middle income countries and 25% to 30% in
that of high income counties (Pokhrel and Viraraghavan , 2005 ; Adhikari et al. ,
2009).

Urban food waste is also the major source of decay, odour and

leachate when collected , transported or placed into land fill together with other
wastes (Tchobanoglous , 2009).

However, if managed properly, a vast

proportion of the organic waste can be recycled and reused .

There are various methods that are practiced around the world for the disposal
of organic waste .
sanitary landfilling .

These include recycling , composting , incineration and
Of these , composting is the most economical and

environmentally efficient means of organic waste disposal (Polprasert , 2007).
It is a highly viable option in growing economies and developing countries that
have limited resources (Hoornweg et al. , 1999).

Composting has been

practiced for centuries and has the ability to yield a high quality resource with
1

minimal environmental impact. There is a variety of methods that are currently
in use for producing compost.

The most popular of these is the windrow

system that relies on making compost piles or heaps.

This method involves

minimal aeration resulting in an anaerobic process that takes about 2.5 to 6
months to produce compost. Recently, highly aerobic in-vessel systems with a
fed-batch or continuous mode of operation are gaining popularity.

In these

systems composting takes place in an aerobic, enclosed environment, with
accurate temperature control and monitoring (Misra et al., 2003).

In every

composting system, proper management of the organic waste disposal and the
production of a good quality product depends on a clear understanding of the
system that is being used for the purpose of composting.

Three key

advantages of an efficiently managed organic waste disposal process,
regardless of the composting method used are; economic viability, low
environmental impact and a high quality end product.

In economic terms , on-site composting mitigates expenses associated with
landfilling and produces a useful resource in a cost efficient manner.

An

additional benefit relates to the reducing availability of land fill sites , which are
in acute shortage globally. Many existing sites are approaching their maximum
capacity (www.epa.gov/epawaste/nonhaz/municipal/jndex.htm) .

Although a

capital investment is required to set up an on-site composting facility, the
investment yields savings in terms of transportation costs , time and landfill fees ,
and produces a valuable resource .

It has been estimated that on-site

treatment of food waste reduces pressure on MSW management systems by
about 40% to 85% in developing economies and 23% to 50% in developed
economies (WorldBank, 1999).

Traditionally, aerated windrows have been

used for large scale on-site disposal of organic waste.

However, land

requirements , mal-odorous emissions and vermin problems have resulted in
limited success using this method (Tchobanoglous, 2009).

As a result, in-

vessel systems , suitable for medium-to-large scale composting facilities that
are situated on odour-sensitive sites in localities with high tip fees , are gaining
popularity.

The major environmental impacts of the decomposition of organic waste arise
from the gaseous and liquid emissions produced . When food waste is sent to
2
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landfills, organic nutrients are trapped in places where they cannot be recycled.
Landfill sites are responsible for approximately 8% of the world's anthropogenic
methane emissions (Hansen et al. , 2004). This is a consequence of anaerobic
degradation , leading to the conversion of 45% to 58% of the organic matter into
methane (CH 4 ) and carbon dioxide (CO2).

In-vessel composting has the

potential to be a highly aerobic process producing water and CO 2 as by
products _ This will have a 20 times smaller effect on temperature as compared
to methane emissions of the same mass over the following 100 years (Adhikari
et al. , 2006 ; IPCC , 2007).

A further problem relates to the production of

leachate during landfilling and traditional composting.

Leachate is the water

containing dissolved salts, organic acids and nutrients removed from the
materials through which it has percolated.

It seeps into and contaminates

ground water with severe environmental ramifications (Wang et al. , 1997). The
use of in-vessel processes , which produce a condensate suitable for collection
and reuse , can help to avoid the environmental problems associated with
leachate.
An important benefit of composting is that it yields a useful end product; one
that is odor-free , high in organic matter and biologically stable. In 2010, 34.1 %
of the 250 million tons of MSW that was generated in the USA was recycled
and composted. The total output of recycled and composted material reduced
more than 186 million metric tons of carbon dioxide, which is comparable to
removing

emIssIons

from

over

36

million

vehicles

(www. e pa.gov/ e pawaste/ non haz/ mun ici pa I/i nd ex. htm).

Despite their useful attributes , the use of in-vessel systems is limited by the
lack of availability of basic research about the process variables and the
microbial communities that are involved in large scale decomposition of organic
matter using these systems . This limits the control that can be exercised over
these systems when they are used for composting.

Most of the studies that

inform our current understanding of in-vessel composting process have been
performed on small or bench scale composting systems (Peters et al. , 2000 ;
Schloss et al. , 2003 ; Petiot and De Guardia , 2004) . In view of the potential
value of in-vessel composting in the current socio-economic environment, there
is need for studies on the compost ecology of contemporary, large scale
3

systems. The resulting information would help to advance understanding of the
composting process and the necessary control parameters leading to more
efficient disposal of organic waste. This is the motivation of the current
research.

1.2 Objectives of this study

Composting is the transformation of organic matter brought about by a variety
of microbial communities that are present in the organic waste into soil like
material called compost under controlled physical and chemical conditions.
Effective control of physical and chemical conditions such as moisture and
temperature during a composting process requires a clear understanding of
compost ecology (Miller, 1993). The overall aim of this study is to provide
detailed information on the structure of the microbial community of compost
and its relationships with the physio-chemical composition of the waste . The
composting process will be studied and characterised in a large scale in-vessel
continuous composting system.

The resulting information will help to fill

important gaps in our knowledge about the processes that occur in compost
when using large scale in-vessel composting systems.

The analyses and enumeration of the microbial composition of compost
performed in this study differ in three key aspects from previous work done in
the field of compost microbiology . The first difference relates to the system
under study i.e. the large scale Hot Rot™ in-vessel continuous composting
system that is being used by ANU for composting kitchen and garden waste.
This system is distinguished by its construction , scale and mode of operation
(Section 1. 7) . Previous studies of in-vessel , continuous composting systems
are largely based on experiments performed on bench scale systems with
laboratory-derived inputs (Petiot and De Guardia , 2004 ; Hansgate et al ., 2006) .
Therefore , there is little evidence available on the differences in the microbial
populations that exist in large scale systems such as the Hot Rot ™ as
compared with the traditional composting systems.

This study attempts to

bridge this gap by characterizing in detail the type of microbial communities
that inhabit the Hot Rot™ system and the effects of the prevailing physiochemical features on the microbial communities.
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In the second place, this study is distinguished from previous studies in that it
uses a new technique, the culture independent pyro-sequencing technology,
which has not previously been used in the studies of compost microbial
characterization

at a large scale .

Bacterial species composition was

determined by isolating total DNA, then amplifying and sequencing the gene
encoding the 16S ribosomal RNA. The next generation massively parallel 454pyro tag sequencing technique was used to characterise compost bacteria in
the organic matter within the Hot Rot™ in-vessel.

This is the first study that

uses 16S metagenomics on a high throughput platform to determine the
microbial composition of a large scale composting system.

The third distinctive feature of this study is that it aims to shed new light on the
current knowledge on the relationships between the physio-chemical properties
of the compost at various stages in the process and the microbial communities
that inhabit it.

In this study, the physio-chemical parameters of the organic

waste were determined along with the microbial diversity of the material.
Statistical tools were utilised to determine the param~ters that affect the
microbial community in the system under study.

1.3 Thesis organisation

This thesis consists of six chapters .
Chapter 1 is the introduction.

It describes the aims of the study and the

technology used for different experiments.

Based on a literature review, this

chapter details the processes and parameters involved in composting and
relevant information in the field of compost microbial ecology to establish the
background and context for the current study. This chapter concludes with a
summary.

Chapter 2, explains the set-up of the composting facility , the

construction and operation of the composting system and the methods used in
this study for chemical and microbiological analyses.
the three chapters that
during this study.

Chapter 3 is the first of

present the results of the experiments conducted

The changes in the composition of the microbial

communities during the standard operation are analysed in detail in chapter 3.
Under standard operating conditions, pasteurisation temperatures were not
attained in the Hot Rot™ vessel. The analysis of these conditions provided a
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basis to modify the operation of the Hot Rot in attempt to improve its efficiency
and achieve higher temperatures in the vessel.

This chapter also discusses

how to sample Hot Rot, analyse and compare the microbial communities based
on the 454 generated data.

Chapter 4 reports the effects of modifying the

standard operation of the Hot Rot™ on the compost microbial communities.
These modifications comprised of (1) changing the time that the material
resided in the Hot Rot™ and (2) seeding inputs to the Hot Rot™ with material
from various stages of maturity.

These two experiments reflect the key

variables as reported in the scientific literature that can be used to enhance the
composting process and achieve high temperature s (Sundberg et al. , 2004;
Tang et al. , 2004). The changes in microbial community composition and the
physio-chemical parameters were determined during the two experiments and
their effect on the overall efficiency of the composting process was evaluated.
This chapter also explores the relationships between the change in microbial
communities and the physio-chemical parameters of the organic waste when it
is being composted using an in-vessel type system at mesophilic temperatures.
Chapter 5 examines and analyses the change in microbigl communities in the

Hot Rot™ when high temperatures are obtained in the vessel.

The

composition of this microbial community was compared with that found in
heaps that have achieved pasteurization temperatures.
microbial community seen in Hot Rot™

Furthermore , the

operating sub-optimally (below

pasteurisation temperatures) is compared with the microbial communities seen
in

organic waste

temperatures.

that

has

been

composted

in-vessel

at thermophilic

Chapters 4 and 5 also discuss the presence and removal of

pathogens during various operating conditions of Hot Rot™ .

Each of the

results chapters ; 3,4 and 5 concludes with a short summary of the results and
analyses contained in the chapter.

Chapter 6 is the General Discussion . It

summarizes and compares the results discussed in chapters 3, 4 and 5 about
the composition of the microbial community under various experimental
conditions in the context of current knowledge on the microbial communities
that inhabit compost.

Subsequently, this chapter evaluates the relationships

between the physio-chemical makeup of compost and the compost microbial
structure observed in the experiments . This chapter comments on the scope
and implications of this study for future research on better methods for
monitoring the composting process.

Finally , it evaluates the significance
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information thus obtained in improving process control and efficiency of the
contemporar y composting systems.
This study fulfilled its aims when the Hot Rot™ was working optimally and also
when

it was working

sub-optimally and

allowed for a comprehens ive

investigation of the microbial community using 454 HTS.

The knowledge

obtained on compost ecology in a contemporar y composting system provides
the basis for process control and manipulation of large scale systems to meet
various needs for organic waste disposal.

1.4 The benefits of compost

The practice of composting has been popular for centuries , but its relevance
has changed with time . With the growing interest in organic farming and the
increased awareness about the usefulness of compost in bio-remediation and
soil fertility , composting is becoming increasingly popular.

This section

describes the advantages of composting organic waste and explains the need
to make compost faster and more efficiently.
Composting reduces the total volume of organic waste material by about 40%85% (Yue et al. , 2008) and yields a material that is _odor-free and an excellent
source of readily available nutrients.

Compost can be used to improve soil

health in terms of its microbiological diversity, physical features (structure ,
porosity, water retention) and chemical properties (nutrients , pH , ion exchange
capacity) (Shiralipour et al. , 1992).
The addition of compost to soil enhances microbial biomass and increases the
diversity of microbial communities in the soil. This assists in the reduction of
human and plant pathogens , and aids

in

the breakdown of xenobiotic

compounds and pesticides , thus playing a major role in soil remediation
(Ouedraogo et al. , 2001 ; Odlare , 2005). The addition of compost improves soil
structure by increasing its aggregate strength and porosity, which helps roots to
penetrate soil better thus reducing erosion and nutrient leaching (Risse and
Faucette , 2009) . It also improves the cation exchange capacity (CEC) of soil
enabling it to retain nutrients for longer and reducing the levels of heavy metals ,
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many of which are toxic to plants and other organisms (Clemente et al. , 2005 ;
Ghosh and Singh , 2005 ; Clemente et al. , 2006 ; Laverye et al. , 2006).
The addition of compost to impoverished soil can facilitate reforestation ,
wetland restoration and habitat revitalization . This , in turn , can provide cost
savings of at least 50% over conventional soil , water, and air pollution
remediation technologies. It can also be used to remove solids , oil , grease and
heavy metals from storm-water runoff.

It has the potential to capture and

destroy 99.6% of industrial volatile organic compounds (VOCs) in contaminated
air (USEPA, 1997; Liu et al. , 2005 ; Beecher and Goldstein , 2011)
One of the many benefits of using compost instead of raw manure as a soil
conditioner is that the composting process transforms the nitrogen contained in
the manure into a more stable organic form , which is less susceptible to
leaching into groundwater (Alva et al. , 1999; He et al. , 2000 ; Habteselassie et
al. , 2006).

Consequent ly, properly made compost significantly reduces the

problem of leaching and can achieve the same end-results as applying
inorganic fertilizers : i.e., larger, healthier crops . If used correctly, compost has
·-

the potential to reduce or eliminate the need for chemical fertilizers (Alexander,
2001 ; Basso and Ritchie , 2005; Weindorf et al. , 2011 ).
The increased economic benefits of composting are also emerg ing . A survey
conducted in 1993, in the United States , indicates that each year, there is an
estimated production of about 100 million cubic yards of compost from four
major sources in the US (MSW compost, sewage sludge compost, agricultural
residuals compost, and horticulture/silviculture compost) .

The same study

found that there is ten times higher potential demand , of about 1 billion cubic
yards , for compost based on nine different markets (Example , agriculture ,
landscaping , landfill final cover, surface mine reclamation) (Buhr et al. , 1993) .
To achieve the potential benefits , it is important to achieve the right level of
compost maturity and stability to ensure balanced plant nutrition .

Immature

compost, which is high in microbial content, can result in competition for the
available nutrients between plants and the microbiota, leading to phytotoxicity
(Weindorf et al. , 2011 ). Excessively cured compost, on the other hand , may
lose its plant disease suppressive properties . Pasteurization or el imination of
pathogens from compost is essential to prevent soil born plant and human
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diseases (AS4454 , 2003).

Therefore , compost must be appropriately

monitored and cured before its use as a fertilizer or for bio-remediation.

1.5 The history of composting

Deciphered clay tablets from the Akkaidan empire , on the banks of Euphrates
river in Mesopotamia, provide evidence that composting was practiced as early
as 2300 B.C (Rodale , 1971 ).

Excerpts from renaissance literature, the Bible ,

the Talmud , medieval Arab writing and church texts also indicate that Romans ,
Greeks and the tribes of Israel were involved in composting (Joshi , 2011 ).
Famous writers , such as , William Shakespeare, Sir Francis Bacon , and Sir
Walter Raleigh all mentioned the use of compost.
For instance, in Shakespeare's Hamlet, the protagonist tells his mother: "Confess yourself to
heaven, Repent what's past, avoid what is to come, And do not spread the compost on the
weeds to make them ranker." (Hamlet, Act 3, Scene 4, (Shakespeare, 1908)) .

Possibly the most high profile use of compost dates to the first president of the
USA, George Washington who in 1787 directed the cor1struction of a dung
repository at his Mount Vernon Estate stables. He then used the cured manure
mixtures on his agricultural fields (Higgins , 2001 ).

In the decade 1920-1930,

Sir John Howard spent 30 years in Indore , India- attempting to develop a
scientific basis for the agricultural practices used traditionally in China and India.
He documented the early 20th century organic farming practices and made
several attempts to streamline composting resulting in a process called the
Indore method (Howard and Wad , 1931 ; Howard , 1943). He is considered the
"modern day father of organic farming " because of his contribution to the field
of agronomics. A variation that drew upon the work of Sir John Howard , called
the Bangalore method , was published in 1939 by Dr Varman Achary (Gotaas ,
1956). Various attempts to make the process faster continued including the
Chinese "high temperature" composting method which infused oxygen into the
compost piles using hollow bamboo pipes (Rodale , 1962).

J. Rodale , the

founder and proprietor of a farming research centre in Kutztown Pennsylvan ia
(Rodale Institute) , continued the development of the Indore method and was
instrumental

in

introducing

innovative

composting

methods to

America

(Fitzpatrick et al. , 2005 ).
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With the technological advances in the last three decades , the process of
composting has become very diverse and streamlined . It ranges from small
scale , backyard composting to MSW composting which is aimed at reducing
the need to send organic waste to landfills, and reducing our carbon footprint in
the process .

1.6 Modern Composting methods

Heap style systems , with and without turning , have been used traditionally for
composting organ ic matter.

However, a wide variety of composting systems

are now available for commercial and large scale use. We now possess the
ability to produce good quality compost in one to three months with the aid of
modern technologies. This section describes the features of the most current
and commonly used composting systems around the world .

To date, significant effort has been focused on making the composting process
faster and more efficient. As shown in table 1.1 , various -large scale methods
are currently in use for the treatment of different kinds of wastes (e.g . MSW ,
food waste , farm waste and manure) under varying conditions.

Each

technology can be used successfully for the biological conversion of organic
waste materials into compost under aerobic/anaerobic conditions.

The

technologies differ with respect to the level of process control. Processes with
the highest level of control and repeatability can yield the most consistent and
homogeneous product. It can take anywhere from 60 to 200 days to produce
compost by these processes (Misra et al. , 2003). Commonly used systems can
be divided into two broad categories based on aeration (Brymer, 2008 ).

1. 6. 1 Naturally aerated systems

This is the more traditional way of composting where waste is allowed to
decompose naturally in piles or windrows. Many small farms use this system
which does need modern machinery. The most common and accepted way of
composting in this manner is the use of static piles.
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Table 1.1: Table summarizing the composting methods used around the world . Adapted from a " Composting factsheet" , produced by the Ministry of Agriculture ,

Food and Fisheries , Resource Management Branch , British Columbia , Canada (BCMAF, 1996).

NON-AERATED SYSTEM

AERATED SYSTEMS

Passive Windrow
Batch

Turned Windrow
Fed -Batch/Batch

General

Low technology
Quality problems

Active
systems
common on farms

Labour

Low Labor required

Site

Required large land areas

Bulking agent
Active Period
Curing
Size: Height
Width
Length
Aeration
System
Process
Control
Odour Factors

Less flexible , must be porous
Rang e: 6-24 months
Not applicable
1-4 meters
3-7 meters
Vari ab le
Natural convection· only

Management
style

Aerated Static Pile
Batch

In-vessel
Batch/Fed-Batch/Continuous

most

Effective for farm and municipal use

System
design
and
planning
important. Monitoring needed

Initial mix only

Increases with aeration
frequency
and
poor
planning
Can require large land
areas
Flexible
RanQe : 21-40 days
30+ days
3-4.5 meters
Variable
'
Variable
Mechanical turning and
natural convection
Initial mix turning

Mostly commercial applications , can be
large scale or small scale depending on
the size of the vessel
Requires consistent level of managemenU
product flow to be cost effective

Odour from the windrow will
occur.
The
larger
the
windrow , the greater the
odours

From surface area of
windrow . Turning
can
create
odours
during
initial weeks

Less land required given faster
rates and effective pile volumes
Less flexible , must be porous
Range : 21-40 days
30+ days
3-4 .5 meters
Variable
Variable
Forced positive/negative air flow
through pile
Initial m1x . Aeration , temperature
and/or time control
Odour can occur but controls can
be used , such as pile insulation and
filters on air system

Very limited land , due to rapid rates nad
continuous operation
Flexible
Range : 21-35 days
30+ days
Dependent on bay design
Variable
Variable
Extensive
mechanical
turning
and
aeration
Initial mix . Aeration , temperature and /or
time control. TurninQ
Odour can occur. Often due to equipment
failure or design limitations .
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1. 6. 1. 1 Passive Windrow or Static pile
Naturally aerated static pile or passive windrow composting is perhaps the
most widely practiced method of handling on-farm residues, because it is the
simplest method requiring little, if any, management. The decomposition that
takes place is mostly anaerobic and it can take up to 6 months to produce
finished compost (Misra et al., 2003).

1. 6. 2 Forced-Aera ted systems
An aerated system is one in which aerobic degradation of food waste takes
place and air is being provided by artificial means. The most common aerated
systems are listed as follows (Plan et al., 1996).

1. 6. 2. 1 Turned Windrow
Composting using the turned windrow approach involves piling organic matter
in long rows with triangular cross sections and turning the piles as needed,
often with the use of a windrow turner. The windrow is turned, simultaneously,
to expose new surfaces and to redistribute the mass. Moisture may be added
to optimize the process (Tiquia and Tam, 2002). A turned windrow therefore
depends mainly mechanical aeration i.e. aeration by turning.

1. 6. 2. 2 Aerated Static Pile
The aerated static pile on the other hand offers aeration and temperature
control by the use of forced positive or negative airflow (pulling air through)
through a sufficiently porous composting matrix along (Mathur and Martin ,
1991) the length of the pile.

This system has the ability to be remotely

monitored by controlling the rate and schedule of air delivery to the compost
mass using a computer.
1. 6. 2. 3 Aerated Windrow
This type of system is a combination of turned windrow and a static pile . In
these systems, the compost pile is aerated using forced aeration and also
12

subjected to intermittent mechanical turning.

Aerated windrows reduce the

volume of organic matter quicker than other composting systems that involve
piles of organic matter (BCMAF , 1996; Misra et al. , 2003).

1. 6. 2. 4 In-vessel or reactor type systems
These systems can be used to compost a variety of materials from food waste
to sewage and farm wastes.

Most commonly, the reactor or vessel has a

mechanism to mechanically turn the material to homogenise it and to introduce
oxygen into the system. The in-vessel technology can provide a highly aerobic
environment and the greatest level of process control , by combining the
periodic

mixing

provided

by

the

windrow

technology

and

management of aeration associated with aerated static piles.

the

active

Although the

capital costs associated with in-vessel systems are high , they can provide a
highly consistent and

homogeneous product if the

process

control

is

maintained (Aslam, 201 0; BCMAF, 1996).
These compost treatment systems can be further subdivided by management
styles based on how often the waste materials are being added or removed
from the system . There are three different ways of composting using the
various styles (Narihiro and Hiraishi , 2005; Sundberg , 2005):

a) Batch Systems:

A batch of waste is prepared and composted

independently of other batches to give a final product (Misra et al. , 2003).
b) Fed-batch:

Fresh waste is intermittently added and mixed with the

active compost (Narihiro and Hiraishi , 2005).
c) Continuous Systems:

Fresh waste is added and mixed with active

compost more frequently than in a fed batch system . Finished product is
taken out of the system at a similar interval. The Hot Rot ™ system used
in this study is an example of this type of system.

The

above

mentioned

practices

of composting

have

allowed

for the

development of methods for the composting industry to dispose of increasing
amounts of waste in a manner that is safe for the environment.
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1.7 Hot Rot™: The composting system used in this study
The Hot Rot™ (TM) composting system , manufacture d by Hot Rot™ Organic
Solutions Pty Ltd , New Zealand was the system used in this study. Based on
the composting methods listed in table 1.1 , it is an in-vessel, highly aerated
system with a continuous mode of operation. Although traditional systems like
static piles and windrows are still being used, new composting systems like Hot
Rot™ are gaining popularity. Many such systems are available in the market
and they offer various advantages over the traditional systems (Bonhotal et al. ,
2011 ). The advantages include the ease of containment of malodorous waste ,
reduced vermin problem, high efficiency, high level of monitoring and control
and low manual handling (BCMAF, 1996). The capital costs for setting up such
systems however remain high.
Hot Rot™ is operated by the ANU Green on the Australian National University's
Canberra campus for composting food waste , garden waste and animal
bedding , all of which is sourced from the university. In this system , raw organic
material is continually added to one end of a large tube-like vessel with a Ushaped bottom (Figure 1.1 A ,B and C). A central tine bearing shaft mixes the
material and moves it along the length of the tube.

Shaft rotation ensures

consistent redistribution of heat and moisture in the compost mass and
prevents compaction of waste. A highly aerobic environment is maintained in
the composter because of the constant turning of the shaft and an air injection
that is provided by hoses running along the base of the composter.

The

leachate (water, heat and CO 2 ) is collected via an exhaust stream that passes
through a bio-filter.

The bio-filter itself can be composted through the Hot

Rot ™. This type of system can produce compost in as little as 20-30 days .
The Hot Rot ™ presented an opportunity to analyse and characterise the
microbial communities and physio-chem ical parameters of a composting
system that has not been previously stud ied in deta il. The study profits from
the use of technological advances in the field of microbiology and chemistry to
obtain a better understandin g of the Hot Rot ™ composting process. The next
section , discusses in detail , the technology used in this study to assess species
diversity in a complex environm ent like compost.

The advantages and

disadvantag es of this technology in comparison with the techn iqu es previously
used as reported in the scientific literature are also discussed.
14

II

Figure 1.1:

A) Rubbish bin being tipped into the Hot Rot™ input port. B) The Hot Rot™

Composter. Red arrows from right to left indicate the various ports provided for monitoring C) The
Hot Rot™ output
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1.8 Methods to determine compost microbial communities: Evolution from
traditional methods to current state of art
Microbes play a key role in the composting process by bringing about the
decomposition of organic matter.

In order to ensure high quality of the finished

compost, it is important to build our knowledge about the microbes present in
compost, their co-existence and the ways in which they replace each other in the
composting process . A great deal of effort has been directed towards determining
how microbial communities evolve

as composting progresses.

This section

explains in detail the methods that have previously been used to identify microbial
communities in compost, as reported in the scientific literature. It also explains the
choice of the 454 High Throughput DNA sequencing (454 HTS) for the purpose of
characterization of the microbial community in Hot Rot™ and the advantages and
disadvantages of using this technology. A list of the most common methods that
have been traditionally used to analyse the activity and taxonomic identity of
dominant members of the compost community is presented in table 1.2.
1. 8. 1 Culture based methods

Culture based methods have been used widely for · enumerating and identifying
bacteria in compost.

Relevant techniques include the use of rich culture media

(Van Gestel et al. , 2003 ; Steger et al. , 2007a ; Maeda et al. , 2009) , measuring the
ATP content (Garcia et al. , 1992; Tseng et al. , 1996), and total microbial biomass
(Derikx et al. , 1990). Various microbes have been found to inhabit the organic
matter during the process of composting using these techniques.

Takaku et al.

(2006) , found that on an average 77% of the bacteria present in a large scale
composting process at both mesophilic and thermophilic temperatures were
Firmicutes

and

the

rest

(13%)

were

Proteobacteria,

Bacteroidet es

and

Actinobacteria. Ryckeboer et al. (2003) , found that Bacillus dominated the entire

composting process when culture dependant methods were used . It is now known
that the culture based methods can only detect about 1% of the total bacterial
diversity (Amann et al. , 1995). Therefore alternate methods that do not require
culturing of the bacterial biomass are being explored.

Some such methods that
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have been used to enumerate the microbial communities In compost are
discussed in the following section .
Table 1.2: Comparison of different methods used in determining microbial commun ity composition
in compost (adapted from (Hultman et al. , 2009)).

METHOD
Plating

ADVANTAGES
Widely available , relatively easy to
use , produces quantitative data

Plating + pure culture

Specific
identification ,
provides
isolate to work with
Widely available , relatively easy to
use , produces quantitative data
Relatively widely available and easy
to use, produces fingerprint profile
of studied community
Relatively widely available and easy
to use, produces fingerprint profile
of studied community, Excised
sequenced
DNA
bands
give
positive identification
Very sensitive (new versions) , fairly
robust , and fast. Possibility for
simultaneous detection of many
species
Excellent for quantification , fast ,
and very sensitive detection Qf
target species
Major microbial groups can be
quantified , easy to use, protocol
takes a few days
PCR fairly sensitive , microbial
identification up to species level

MPN
PCCR+ DGGE

PCR+
Sequencing

DGGE+

Microarrays

Quantitative PCR

PLFA

Random
amplification
and cloning

LIMITATIONS
Heavily
biased
towards
cultivable
strains ,
high
detection limit
Time consuming
Biased
towards
cultivable
strains , high detection limit
Requires dedicated equipment,
species
identification
not
achieved
High diversity observed may
obscure resolution , requires
possibility to sequencing

Expensive machinery, design
of the array is time consuming

Requires skills , targeted for
one
species at a time ,
expensive machinery
Expensive
machinery,
low
resolution , microbes cannot be
identified to species level
Requires skills , takes several
days + data analysis

1. 8. 2 Chemical and Molecular methods
Culture independent methods have expanded the potential to characterise
compost microbes . Improvements in technology have provided for the application
of techniques using chemical biomarkers for the characterisation of compost
microbial communities.

For example , most commonly used methods include

phospholipid fatty acids analysis (PLFA) (Herrmann and Shann , 1997; CarpenterBoggs et al. , 1998; Klamer and Baath , 2006) and quinone profiling method (Tang
et al., 2004 ).

Chemical methods provide useful information but are not very
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informative in terms of the actual microbial composition of the material. Therefore,
various molecular methods have been used for the detection and identification of
microbes that inhabit compost at the various stages of the composting process. In
that context, molecular methods are more useful and provide valuable information.
The first step in the molecular detection techniques involves extracting the total
DNA from the samples followed by amplification of the gene of interest using PCR.
The use of PCR methods eliminates the need to cultivate microbes.

A large

majority of the studies use the 16S rRNA gene as a molecular marker.

The

following section explains why the 16S gene is preferred for the determination of
microbial communities in complex environments.
16S rRNA gene:

Despite their ubiquity, . very little is known about most

environmental microorganisms; in large part because they cannot be cultured
under standard laboratory conditions. A study found that rRNA could behave as a
molecular chronomete r (Woese, 1987).

Subsequently, there was increased

interest in developing methods that could be used to describe the complex
diversity of microbes in any environmen t without culturing by the use of 5S and
16S rRNA gene sequences (Lane et al., 1985). This led to the developmen t of
sequencing -based ,

culture-inde pendent ,

strategies

for

detecting

microbial

diversity in the environment. Using these culture independen t methods, two major
observations were consistently made by ecologists . First, the bacterial diversity in
various environments is one to two orders of magnitude greater than previous
estimates (Zoetendal et al. , 1998; Desantis et al. , 2007). Second , an increasing
number of new species were found whose ecological significance is poorly
understood (Ward et al. , 1990). In this context , the ribosomal RNA (rRNA) gene
has various properties that make it suitable for use in vastly different applications .
The first advantage is that rRNAs are present in all living things with a highly
conserved

secondary

structure ,

relationships among all organisms.

allowing

the

comparison

of

phylogeneti c

The second putative advantage that is the

subject of considerable debate is that the rRNAs are part of a set of informational
genes that is not affected by horizontal gene.

The relationships between these

genes provide a framework for assessing evo lutionary changes.

The th ird

advantage is that the rRNAs sequences range from conserved to highly variable
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(Amann et al., 1995; Amann RI, 1995; Acinas et al. , 2004; Amann and Ludwig ,
2006). This allows for the design of PCR primers with a high level of taxonomic
specificity that can be exploited in microbial ecology, where the number and
distribution of different rRNA genes are taken as a measure of diversity. The final
benefit is that the use of 16S rRNA is facilitated by the availability of a vast and
growing database of 16S rRNA genes.

For example , SILVA (http://www.arb-

silva.de/) had a total of 2,492 ,653 small subunit rRNA sequences in its database
(as on 05/06/2012) out of which a majority are derived from uncultured bacteria.
All these factors make the 16S rRNA gene an important marker for ecological
studies using various molecular techniques.
The

molecular

methods

that

have

been

used

to

characterise

microbial

communities in compost can be divided into four main categories i.e. microarrays ,
fingerprinting techniques , qPCR and sequencing. These methods greatly increase
the detection sensitivity of microorganisms in complex environments like compost
in comparison with culture based methods.

1. 8.2 1. Fingerprinting

Various fingerprinting methods have been used to determine the microbial
community structure and evolution in compost.

The most commonly used

methods are , DGGE (Denaturating Gradient Gel Electrophoresis) of PCRamplified DNA fragments (Kowalchuk et al. , 1999; Ishii et al. , 2001 ; Ishii and Takii ,
2003 ; Green et al. , 2006) , with Sanger sequencing (Blanc et al. , 1999; Dees and
Ghiorse , 2006) , Terminal Restriction Length Polymorphism analysis (T-RFLP) of
16S rDNA genes (Tiquia and Michel Jr, 2002) , Amplified

Ribosomal DNA

Restriction Analysis (ARDRA) (Gardener and Weller, 2001 ), Automated Ribosomal
Inter-genie Spacer Analysis (ARISA) (Schloss et al. , 2003) and single stranded
conformation pattern (Peters et al. , 2000) .

Using the fingerprinting methods ,

community composition can be studied and compared for different locations and
sample types.

However, the overall diversity of the environment is highly

underestimated (Liu et al. , 1997; Osborn et al. , 2000 ; Brodie et al. , 2006) . The
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reasons for this underestimation include the same restriction pattern for different
species or genera (Dunbar et al. , 2002) , multiple species being represented by a
single DGGE band (D 'Costa et al., 2007) and the inability of these methods to
detect rare species (Bent and Forney, 2008).
fingerprinting

Despite these disadvantag es the

methods are a useful tool for comparing different microbial

communitie s and determining overall effects of certain treatments.

1. 8. 2. 2 Microarrays

Nucleic Acid microarrays are a set of tools that have been used for the detection of
16S rRNA genes from various environmen ts including compost (Franke-Wh ittle et
al. , 2005; Franke-Whi ttle et al., 2009). They involve the use of DNA hybridisation
of two different strands of DNA or RNA. In one such study researchers developed
a method based on ligation detection reaction (LOR) for compost samples that
relies on enzyme assisted detection along with microarray hybridisatio n (Hultman
et al. , 2008).
different

Microarrays allow for the comparison of microbial diversity in

environmen ts

established

prior to

the

comparison.

The

major

disadvantag e of using microarrays in detection of compost diversity is the lack of
standardisation and insufficient evaluation of newly developed arrays (Loy et al. ,
2006).

1.8.2.3 qPCR

qPCR is another technique that can help in the real time detection of microbes in
compost as microbial communitie s evolve .

This is made possible in complex

environmen ts by the use of genetic markers (example 16S rRNA).

Sim ilar to

microarrays , qPCR requires that the genetic diversity of the environmen t be known
prior to the detection and comparison (Bustin , 2004; Smith and Osborn , 2008 ).
Although it is a sensitive method , it suffers from common biases similar to those of
other molecular techniques like DNA extraction efficiency, PCR and the rRNA
copy number. To be effective, the use of qPCR as a monitoring tool requires a
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better understanding of the

microbial

communities

In compost and their

interactions than is currently available.

1.8.2.4 Sequencing based methods
Sequencing based methods involve amplifying and sequencing the 16S gene from
the total DNA content of a community (Figure 1.2). There are two main methods
that have been used to accomplish this and they differ in the length of the 16S
gene that is sequenced and the depth of sequencing. The two approaches are
discussed below.

Environmenta
I samples

Extract
Genomic

DNA

PCR for
Hypervariable
region of 16S

Sequen

Bioinformatics
Analyses

cing

rDNA GP-nP-

Figure 1.2: Schematic diagram of sequencing based detection methods that can be used for the

detection

of

microbial

diversity

1n

environmental

samples

(Image

adapted

from

www.454 .com/metagenomics ).

1.8.2.4.a Cloning and Sanger sequencing

Since the latter half of the 20 th century, a large number of studies have used a
method where the 16S gene was amplified from the total DNA content of the
community and cloned into a library which was then sequenced using the Sanger
sequencing method (Blanc et al. , 1999; Alfreider et al. , 2002 ; Dees and Ghiorse ,
2006). This method is still being used to describe microbial diversity in complex
environments like compost (Hultman, 2009; Tian et al. , 2013).

It is a useful tool

when studying communities with closely related species that need the entire 16S
gene to

be sequenced

for

identification

and

enumeration

of community

composition. However, with the improvement in technology, it is now possible to
sequence a large proportion of the 16S fingerprint of an environmental sample
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without cloning using pyro-sequencing technology (Gannes et al., 2013). 454 HTS
is one such platform and is described in the next section.

1.8.2.4.b Pyrosequencing: The technique used for characterisation of the microbial
community in this study

Next generation high throughput sequencing technology has revolutionized the
field of microbial ecology.

Various platforms are currently in use for massively

parallel DNA sequencing.

These are the 454 pyrosequencing (Roche Applied

Science, Basel, Switzerland), lllumina/Sol exa Genome Analyzer (lllumina, San
Diego, CA, USA) SOLiD (Applied Biosystems, Foster City, CA, USA), the
HeliScope Single Molecule Sequencer (Helicos BioSciences, Cambridge, MA,
USA), and the Single Molecule Real Time technology (SMRT, Pacific Biosciences,
Menlo Park, CA, USA). The sequencing platform used in this study is the Titanium
GS-FLX system (Roche).
The use of next generation sequencing offers several advantages over traditional
sequencing and fingerprinting methods and is replacing them very quickly as the
cost effectiveness increases.

For any given sample, hundreds of thousands of

sequences can be generated by pyro-sequencing.

Using barcoded primers to

PCR amplify 16S genes helps to simultaneou sly examine and compare microbial
communities from multiple samples. It also eliminates run and processing based
experimental errors . Compared to the traditional cloning and Sanger sequencing
approach , there is an opportunity to determine the microbial community structure
and diversity at 10-100 fold higher resolution , at a much lower cost (Mardis, 2008 ;
Maclean et al. , 2009).
454 GS-FLX was used in this study because of its demonstrated superiority over
other systems for 16S metagenom ic studies.

Due to the longer read lengths

generated by 454 sequencing , faster and unambiguou s mapping to complex
targets is possible as compared to other next generation sequencing technologies.
The read lengths encompass multiple hyper-variable regions and reads exceeding
400bp can be generated using platforms like FLX (Rothberg and Leamon , 2008).
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A large number of diverse studies have been conducted using this method , which
have improved our understa nding in the fields of genetics , ecology and
evolution ary and population biology (Roesch et al. , 2007 ; Andersso n et al. , 2008 ;
Dethlefsen et al. , 2008; McKenna et al. , 2008).

In addition, the 454 HTS

technolo gy has made it possible to study and better understa nd a number of
infectious diseases , ancient DNA samples , soil and ocean ecosyste ms (Sogin et
al ., 2006; Roesch et al. , 2007; Lauber et al. , 2009).
Notwiths tanding the advantag es of high throughp ut sequenci ng platforms over
traditional methods , there are some challenge s relating to their correct use. First,
is the short sequenci ng read length obtained using these platforms.

Since a

sequence length of <500 bp sometim es cannot accurate ly identify taxonom ic
affiliation , selection of the hyper-va riable region used to design primers targeting
the 16S gene is important. Secondly , although it has started to attract attention ,
not enough work has been done on how the different pyro-seq uencing methods
(e .g. library, chem.i,stry, system· used) affect the sequence output or microbial
commun ity analysis.

Finally, the analysis of large amounts of data gienerated by

pyrosequ encing techniqu es presents major bioinform atics challenge s (Meyer et al. ,
2007 ; Kircher and Kelso , 2010). The Titanium GS-FLX system sequenc es over a
million bases per instrume nt run. For metagen om1ics studles this presents a very
large data set and som.e of the establ[shed statistical methods do not perform
adequate ly.

New analytical tools have to be develope d to address the

complications with the 454 sequenci ng and also to take into account the
complica tions aris ing from using sing:ular rRNA gene fragment s to interpret
complex biolog.ical relationships.
The use of 454 pyro-seq uencing gives compreh ensive insights into the diversity of
microbial commun iti es . With the refineme nt of existing methods , newer and better
tool's for quantifying1 and comparin g microbial commun ities , using the data
generate d by high throughp ut sequenc ing methods , are being made available.
The use of 454 HTS to characte rise the microbial' commun ity in a large scale
compostingi system can provide sequenc e informati on on a sca le that has not
been seen before for such systems.

When used with the correct tools for
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statistical analysis , it has the potential to significantly improve our capacity to
interpret ecological data.

1.9 The Composting process: A review of the literature
Composting is a self-heating, aerobic, solid-phase, biologically accelerated ,
natural process of biodegradation of organic matter. The degradation of organic
matter should be considered as a synergistic effect of different microbes, whose
activity depends on the physical environment of the composting system. In other
words , the process of composting is brought about a community of microorganisms.

The effectiveness of the process depends on the ability of the

composting system to provide the microbes with proper conditions of temperature ,
aeration , moisture and pH (Sundberg, 2005 ; Sundberg and Jonsson, 2008)
(Figure 1.3).
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•
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Oxygen
C:N ratio
Moisture
Temperature
pH

MICROBES
•
•
•
•

Co2
Heat
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Bacteria
Fungi
Actinomycetes
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Figure 1.3 The overall composting process . Image adapted from (ltavaara et al. , 1995)

The microbiology and the physical and chemical parameters that affect the
composting process are the subject of many studies (Ishii et al. , 2001 ; Ryckeboer
et al. , 2003). The range of processes studied varies , from large-scale municipal
composting systems (Steger et al. , 2007b; Hultman , 2009) to small flowerpot sized
systems (Narihiro and Hiraishi , 2005), large scale composting drums (Ish ii and
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Takii , 2003) and small scale in-vessel systems (Schloss et al., 2003; Gannes et al. ,
2013). Attempts have been made to compare the lab-scale systems to the ones at
a larger scale (Hultman, 2009). The effect of compost recycling/seeding has also
been studied at a small scale (Sundberg, 2005; Kato and Miura, 2008). However,
current research does not provide a detailed analysis of how the microbial
communities in a composting system change as decomposition progresses in
large scale systems, such as in continuous in-vessel type systems. There is also
limited knowledge and information about the effect of the different physical
parameters on microbial communities in large scale systems.

It is difficult to

interpret the results obtained using laboratory scale systems and replicate them in
the field (Hultman et al., 2009). The effects of different manageme nt techniques
(i.e batch, continuous, fed-batch) on the microbial communities and the physical
parameters of compost also require further study.
This section explains the progression of the decomposition of organic waste in
various types of composting systems and the predominant microbial communities
in the different phases of the process, based on a review of the scientific literature.
One of the aims of this study is to determine the evolution of the microbial
communities in the waste in an in-vessel composting process.

A good

understanding of what is expected from a composting process is needed as a
basis to assess the efficiency of the Hot Rot system.

1. 9. 1 Traditional composting systems: windrow or static pile composting

According to our current understanding, a typical heap style, batch composting
process has four main phases largely defined by the temperature of the material
during each phase (Fig 1.4) (de Bertoldi et al. , 1983; Cooperband , 2002 ;
Ryckeboer et al. , 2003).
Although pH, moisture and electrical conductivity (EC) have a marked effect on the
efficiency of the composting process, there are no defined moisture, pH or EC
values that can be attributed to each phase of composting, because many different
inputs can be composted using these methods.

The four phases overlap,

depending on the temperature gradient and the effects of temperature on different
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microbes.

Additionally , both bacteria and fungi are involved in the composting

process . However, this study deals only with the role of bacteria in the process of
composting.

1. 9. 1. a The first mesophi/ic phase

At the beginning of the composting process, the material is high in easily available
nutrients.
acidic.

Temperatures vary between 10°C and 42°C, and the pH is slightly

This is a dynamic phase characterized by rapid changes in substrate

availability and

physical

parameters

such

as

pH,

moisture, oxygen

and

temperature (Finstein and Morris, 1975; Finstein et al. , 1986; Cooperband, 2002).
Simple compounds are metabolized by the mesophilic community inherent to
waste. The kind of mesphilic microbes present in this phase will depend on the
type of waste being composted. Lower generation times , high surface to volume
ratios and the ability to degrade a broad range of organic matter gives the bacterial
populations a competitive advantage over fungi. Thus, bacterial populations can
surpass fungi , in growth , within a few hours. This results in metabolically active
mesophilic bacteria prospering during this stage.

They attack the easily

degradable carbon sources , such as sugars , leading to the production of organic
acids and a subsequent drop in pH . At the same time ammonification increases
the pH (Stutzenberger et al. , 1970; Betta et al. , 1996; Khalil et al. , 2001 ). Nitrogen
is lost to the environment due to the volatilization of ammonia. Typical examples
of bacteria isolated during this phase are Lactobacillu s, C/ostridium , Bacillus,
Azotobacte r, Achromoba cter, and Amphibacil/us. Even though Actinobacte ria are

isolated during this stage , they are inefficient competitors when the nutrient supply
is high (Ryckeboer et al. , 2003).

Heat liberation due to the metabolic activity of

microbes leads to the self-heating of the compost. This heat is mostly retained in
the heap due to the slight insulating effect of the compost mass , which moves to
the thermophilic phase.
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1. 9. 1. 2 The thermophi/ic phase:

The thermophilic phase denotes the period that differentiates composting from
natural degradation. Typically, the temperatures during this phase vary from 45 to
70°C.

The more recalcitrant substrates are broken down and human and plant

pathogens and weed seeds are inactivated.

During this phase, moisture

decreases and the pH becomes more alkaline.

Tough substrates, such as

cellulose, hemicellulose, lignin and chitin are broken down (Tuomela et al. , 2000).
Although thermophilic bacteria are known to cause the breakdown of these
compounds , there is no evidence suggesting that mesophilic bacteria cannot lead
to the breakdown of these substrates if the thermal environment was appropriate
(Golueke , 1992).
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Figure 1.4: The various phases of a heap composting process . The time period of each phase w ill
vary depending on the system being used , degree of control being exercised and the scale of the
process. For example for a monitored composting bin over a time period of 85 days, a=13 , b=14 ,
c=21 , d=24 (Based on the results presented by (de Bertoldi et al. , 1983; Ryckeboer et al. , 2003 ;
Takaku et al. , 2006 ; Steger et al. , 2007a).
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Relatively high temperatures and the availability of oxygen have a strong selective
effect in favour of aerobic thermophilic sporogenous organisms.

Endospore

forming Bacillus spp are commonly isolated at temperature s between 50-60°C and
bacteria like Hydrogenob acter, Thermoactinomyces and Thermus spp are isolated
at temperature s above 60 °C (Beffa et al. , 1996). The microbial communitie s at
these temperature s produce thermo-stab le compounds which have the ability to
degrade cellulose. Additionally, there is evidence of removal of ammonia from the
system due to high temperatures. Therefore, temperature dependant volatilization
of ammonia should not be mistaken for bio-degradation . It is known that some
xenobiotic compounds can be broken down during this phase, and this has
practical implications for bioremediation (de Bertoldi et al. , 1983; Betta et al. , 1996;
Ryckeboer et al. , 2003).

Metabolism of proteins also takes place which leads to

liberation of NH 3 and causes further alkalinisation. When high temperature s are
accompanied by an anaerobic environmen t, the production of methane can take
place (Cabanas-V argas and Stentiford , 2006 ; lnsam and de Bertoldi , 2007) .
High temperature s lead to the thermal inactivation of pathogens.
composting

system,

high temperature s are complemented

In a traditional
by antagonistic

interactions , such as the production of lytic enzymes and antibiotics by some of
the thermo-tole rant members of the bacterial community (Steger et al ., 2007a). It
has been suggested that both processes are needed to achieve complete
sanitization (Noble and Roberts , 2004 ; Fuchs , 2009).
The high temperature s produced during this phase inhibit microbial growth and
reduce metabolic rates due to reduced oxygen diffusion into the liquid bio-films
covering the solid compost particles (Sundberg , 2005). Thus , the lack of available
oxygen becomes a rate limiting parameter. As a consequence , the temperature of
the compost declines and the system enters the second mesophilic phase (de
Bertoldi et al. , 1983; Golueke , 1992). The thermoph ilic phase can last from few a
days and up to severa l months .
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1. 9. 1. 3 The second mesophi lic phase:

At the conclusion of the thermophilic stage there are high numbers of diverse
mesophilic bacteria , Actinobacteria and yeasts involved in the oxidation of
hydrogen, ammonium, nitrite and sulfur, nitrogen- fixation, sulfate- reduction, and
nitrite production from ammonia (de Bertoldi et al. , 1983; Ryckebo er et al. , 2003 ;
Steger et al. , 2007a)
Actinobacteria , which

The substrate
degrade natural

becomes more alkaline , favouring
polymers remaining

after the initial

mesophilic communities have consume d the easily degradable compone nts , and
give the compost its characteristic earthy smell.
decrease in temperat ure and moisture.

This phase is marked by a

The compost is re-populated by

mesophilic bacteria from surviving spores, protected micro-niches , or air.

The

taxonom ic diversity and metabolic activity increase again and the more recalcitrant
biopolymers like cellulose , hemicellulose and lignocellulose are attacked (Tuomela
et al ., 2000 ; Ryckebo er et al. , 2003 ).
Metabolic studies indicate that even though the metaboliG activity is less intense
than that of the first mesophilic phase , importan t nutrient recycling processes like
nitrification (nitrite production from ammonia ) and sulphur and phospho rous
oxidation

proceed

during

this

stage.

The

ammonia -oxidisin g

bacteria

Nitrosom onas has been isolated from the thermoph ilic and 2nd mesophi lic phase.

Nitrite-ox idising bacteria , Nitrobac ter and Nitrospira , have been isolated from the
final stages of compost (Fukumoto et al. , 2006 ; Reed and Martiny, 2007 ; Maeda et
al. , 2010 ). Some heterotrophic nitrifiers are also thought to be active during this
stage, but the extent to which they are involved in the nitrification is not known. It
is likely that they assimilate more ammoniu m than the autotrophic bacteria and
contribute to an increase in biomass without producing nitrite . Actinoba cteria and
to a lesser extent Bacillus spp and Pseudom onas are the dominan t bacterial
populations found at this stage. However , the overall rate of microbial metabol ism
is reduced substantially, as all of the easily digested substrates have been
exhausted (Ryckebo er et al., 2003 ).

The second mesoph ilic phase slowly

changes into the maturation phase. Fungi and yeast start to prol iferate and play
an important role in the subsequ ent maturation phase .
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1. 9. 1. 4 The maturatio n phase
There is no distinct temperat ure change between the second mesophi lic phase
and the maturation phase.

Instead, it is marked by a shift from bacterial

commun ities to fungal communities. Fungi are responsib le for the degradat ion of
the complex substrates, like lignin, chitin and other plant material, that have
survived the high temperature. It is during the maturation phase that lignin-hu mus
complexe s are formed. These cannot be further degraded and the stabilization of
compost takes place (Ishii et al., 2001 ).

Further to the maturatio n phase, curing

happens that leads to the stabilisation of the mature compost product.

Stable

compost, does not putrefy, self-heat, deplete oxygen, produce odours or attract
vermin. A wide variety of fungal species has been isolated from compost in the
maturation phase (lnsam et al., 2009).
High level bacterial activity in immature compost can lead to competit ion between
bacteria and plants for nutrients and cause phyto-tox icity (Fuchs, 2009).

It is

importan t for the compost to achieve complete maturation before it can be utilized
in agriculture and remediation.

1. 9. 2 In-vesse l systems in fed-batch or continuo us operation
Although most current knowledg e on compost comes from the traditional windrow
or batch style composti ng systems , recent studies have examine d in-vessel
systems. A large majority of these studies however, concentr ate on small flowerpot sized (Narihiro and Hiraishi , 2005) or bench-to p style laborator y scale systems
(Schloss et al. , 2003) for simulating fed batch type in :.vessel systems.

These

composte rs are characte rized by low moisture, alkaline pH and a larger reduction
in volume as compare d to traditional batch style systems. The long term use of
the FBC's tends to increase the accumula tion of minerals in the vessel leading to
high electrical conductiv ity (Hiraishi et al. , 2003).

These systems have lower

temperat ures and narrower temperat ure-rang es than conventional batch systems .
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There is very little information about the bacterial communities in large scale invessel type systems (Ishii and Takii , 2003) . Results of small scale studies indicate
that the process can be divided into two main phases (Fig 1.5). Both phases are
characterized by mesophilic communities, similar low temperatures and high total
cell counts.

Two main differences have been observed in the chemistry of in-

vessel systems as compared to heap style composting .

First, the temperature

range of the FBC's is very small as compared to traditional compost.

The

temperatures in the FBC's stabilize at 30°C to 45°C. Therefore, these reactors are
populated by a highly mesophilic community, which is maintained by the
continuous addition of fresh waste that helps the bacteria to maintain the high
metabolic rates that are attributed to most mesophiles. Second, the number and
type of microbes inhabiting the system shifts markedly once the reactor achieves a
steady state (Figure 1.5).
Partanen et al. (2010), used 16S metagenomics to describe the microbial
community in a large scale municipal composting process , which takes place in a
--

rotated drum followed by a full scale tunnel. In the drum, the temperatures rose
slowly from ambient (0°C - 25°C) to the mesophilic range (25°C - 45°C).
Mesophilic bacteria belonging to the genera Lactobacill us, Leuconost oc and

Pseudomo nas, typical for organic household waste (Ryckeboer et al., 2003) were
found in the drum.

Interestingly, the organic matter drum also contained

sequences related to the thermophilic genus Thermus.

A delay in the

decomposition process was observed in this system. The drum composting was
followed by composting in a full scale tunnel.

High temperatures and more

sequences associated with the thermophilic genera were detected in the tunnel.
The

additional

temperatures.

tunnel

composting

might

be

important in

achieving

high

As in-vessel systems become more popular, there is a greater

need to enumerate and understand the microbial communities that inhabit these
systems.

For better process control, it would also be useful to identify the

communities inhabiting both in-vessel systems and the traditional composting
systems.
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Schematic dynamics of microbial population dynamics during a fed batch process

(Narihiro and Hiraish i, 2005 ).
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1.10 Factors affecting the composting process

Of the factors affecting composting;

microbes, temperature,

conductivity, substrates and moisture are the most widely studied.

pH,

electrical

This section

describes each of these factors and details the ways in which they affect the
composting process.

The importance of various physio-chemical parameters in

the overall process of composting is also described.

1. 10. 1 Microbes

A composting vessel is a nutrient- rich system in which microbes are responsible
for decomposition. Elements, including carbon, nitrogen, sulfur and phosphorous
are cycled during compost formation.

This section details the microbial activity

involved in various nutrient cycles and their importance in the composting process.
Microbes are ubiquitous.

They are found in soil, on rocks, inside roots, buried

miles under the surface of Earth, in compost piles and toxic waste, all over the
Earth's surface and in the oceans.

They are known to be able to withstand

temperatures lower than minus 20°C to above the boiling point of water (Price ,
1999; Stetter, 2006).

The immense diversity of microbes enables them to form

useful interactions with the other bacteria, fungi, plants and animals. In the human
gut, they are responsible for maintaining a healthy environment, partly through
competition with pathogenic organisms.

In herbivores, microbes break down

cellulose in plant matter to enable the digestion and absorption of food (Burcelin et
al. , 2009).

Microbes are also known to account for one third of soil fertility

(Marchesini et al. , 1988).

They are the dominant force in the earth 's

biogeochemical cycles as they recycle nutrients by the humification-mineralization
process (Nealson and Stahl , 1997; Falkowski et al ., 2008) .
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1. 10. 1. 1 Microbes and nutrient cycling
In nature, microbes play a major role In the carbon and nitrogen cycles by
transformin g organic matter into mineral elements. Organic matter in its simplest
form is made up of carbon and hydrogen.
sugars , starch and protein.

Simple organic molecules consist of

More complex compounds like polysaccha rides and

fatty acids are long chain molecules formed by polymerisat ion of simpler
compounds .

Carbon dioxide is the sole source of carbon for autotrophic

organisms such
methanogen s.

as

plants,

algae,

photosynthe tic bacteria,

lithotrophs and

These organisms reduce CO2 into the organic molecules, which

form the organic cell matter (CH2O).

Conversely, carbon in the form of organic

matter is required by heterotroph s for growth and is ultimately converted back to
CO2.

During the process of natural carbon cycling , bacteria are present both as

autotrophs (Cyanobact eria are responsible for 20-30% of Earth 's photosynthe tic
activity) and heterotroph s

(Bacillus, Clostridium or Enterobacteriaceae) (Azam ,

1998; Falkowski et al. , 2008).
During biodegradat ion, the processes of depolymeris ation, fermentatio n and
aerobic respiration take place simultaneou sly.

Composting , which is effectively

controlled degradation aims to use microbes that are present in the waste to
produce CO2 and H2O and reduce the production of CH4.

The overall process of carbon cycling
CO2 + H2 -----------------> CH2O (cell material) + CH4

methanoge nesis

CO2 + H2O-----------------> CH2O (organic material)

autotrophy

CH2O + Or----------- -----> CO2 + H2O

heterotroph y

The second most important nutrient of plants , after carbon , is nitrogen. Nitrogen is
important because of its prevalence in cellular metabolism , the diversity of types of
nitrogen metabolism , and the existence of the element in a wide variety of forms.
Bacterial involvemen t in the nitrogen cycling process is important for the survival of
microbial populations and plants when compost is added to soil.

The nitrogen

cycle is the most complex and the least understood of the biogeochem ical cycles .
First, nitrogen fixation converts N2 in the atmosphere into NH 3 (ammonia) that
34

forms the building block of amino acids and proteins.

Nitrogen - fixing bacteria

range from the symbiotic bacteria living in root nodules of plants, like Rhizobiu m
and Frankia, to asymbiotic free living bacteria like C/ostridium (anaerobic),
Azotobacter, Beijerinckia (aerobic), Klebsiella,

Cyanobacteria.
systems.

Bacillus (microaerophilic) and

The fixation of N2is needed for N2 in the air to enter biological

The second step is denitrification or anaerobic respiration, which is

brought about by facultative anaerobes like Bacillus and Pseudom onas which are
common soil inhabitants. If oxygen is unavailable to these microbes, they turn to
anaerobic respiration, which uses NO3.

In this process the oxidized forms of

nitrogen (NO 3 and NO 2) are converted into gaseous nitrogen (N2) or nitrous oxide
(N 2O). Nitrous oxide is of particular concern as a greenhouse gas, as the 20 year
global warming potential of nitrous oxide is 289, as compared to 72 for methane.
Therefore, one advantage of aerobic composting is the prevention of the formation
of nitrous oxide. Also, NO 3 is the inorganic form of nitrogen which can be utilised
by plants and is beneficial when using compost as a soil amendm ent or fertiliser.
The next step is chemically the opposite of denitrification -and is therefore called
nitrification.

It involves the oxidation of ammonia (NH3) into NO2 and NO3.

Ammonia is first converted into NO 2 by ammonia oxidising bacteria, for example
Nitrosomonas.

Following this, NO 3 is formed from NO 2 i.e. nitrite oxidation, by

nitrite oxidising bacteria such as Nitrobac ter or Nitrospira.

The nitrogen cycle is

then completed by the decomposition of nitrogen- containin g compounds and
nitrogen assimilation, usually in the form of nitrate, amino groups or ammonia
(Burns and Hardy, 1975; Arp and Triplett, 2000; Cole and Brown, 2006; Falkowski
et al., 2008).
These steps involve various microbes and other organisms.

The steps of the

nitrogen cycle can be summarised as:

Nr---------------> 2 NH3

nitrogenfixation

NO3 ------------ ----> N2O ------------ ----> N2

denitrification

NH3 ------------ ----> NO2 (Nitrosomonas) }
NO2 ------------ ----> NO3 (Nitrobacter)

nitrification
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Sulfur and phosphorou s are also important nutrients, which are essential for live
organisms. Sulfur is required for the synthesis of amino acids and phosphorou s is
a constituent of nucleic acids, energy molecules (ADP and ATP) and the
phospholipi ds of cell membranes.

Two unrelated but specialised groups of

bacteria are involved in the conversion of inorganic sulfur to sulphate: an oxygenic
photosynthe tic

purple

and

green

sulfur

bacteria

(Thiobacillus

and

Rhodospiril/ aceae) , which oxidize H2S to S, and the colourless sulfur bacteria ,

which convert S to SO4. Bacteria and pants assimilate SO4 During decomposit ion,
animal cells and bacterial cells can use the sulfide in proteins as a source of sulfur.
In anaerobic environments, sulfate-redu cing bacteria (Desu/fovibrio) produce H2S
during anaerobic respiration(McGill and Cole, 1981; Mapper and Kieber, 2002).
H2S----------------> S ---------------->SO4

litho or phototrophi c sulfur oxidation

Bacteria play a somewhat less specialised role in phosphorou s cycle.

Despite

being plentifully available in the environment, the fact that phosphorou s is present
as insoluble salts makes it the limiting nutrient in many natural ecosystems .
Inorganic phosphate exists in only one form.

It is converted between inorganic

and organic forms without a gaseous intermediate. The short term immobilizat ion
of P and the mineralization of organic phosphorou s and the solubilisation of
inorganic P is brought about by a wide range of soil bacteria (e.g. Pseudomon as,
Bacillus) which are present in compost during most of the stages of decomposit ion

(Vadstein, 2000; Mapper and Kieber, 2002).

1. 10. 1. 2 Pathogenic microbes in compost

Manure , garden trimmings, municipal solid waste and food waste are some of the
common substrates for compost.

In addition to the bacteria that aid in

decomposition (for example, those involved in nutrient cycling) , these substrates
harbor pathogenic organisms (bacteria, weeds and viruses) (Martin , 2005 ; Wichuk
and McCartney, 2007).

If the pathogenic communitie s survive the composting

process , they can be detrimental to human , animal and plant health (Boutin and
Moline, 1987; Gillett, 1992).
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Historically, compost has been primarily used for agricultural and landscaping
purposes .

However , the growing use of organic farming methods and the

application of bioremediation efforts have made compost an important and
valuable resource. As the aim of composting is to return organic matter to the soil,
it is important that the compost quality be monitored to ensure that it does not
carry human, animal or plant pathogens.
There are two sources for the introduction of contaminants during the composting
process.

The first source is the incoming material that can harbor pathogenic

microbes.

Second is the introduction of pathogenic organisms from birds and

rodents during open composting and the use of contaminated equipment during invessel composting (Martin, 2005).

Thus, if inadequately treated, the compost

could introduce pathogens into facilities producing fresh fruits, vegetables, and
herbs that might be consumed raw (Boutin and Moline, 1987; Gillett, 1992).
Table 1.3:

Process requirements for sanitization of the compost product in different countries

across the world (Hogg et al., 2002).

Austria
Belgium
Denmark
France
Germany
Italy
The Netherlands
Sweden

Minimum Temperat ure °C
65
60
55
60
55
60
55
55
55-70 ,
depending
on
compost/digestion plant and
risk potential of material

UK composting Association

55

UK Soil Association

60 (to be
required)

Canada (CCME)

55

USA

55

New Zealand

55

aimed

for

not

Days
7
4
14
4
14
7
3
4

3 outdoor static aerated pile or
in-vessel
15 if outdoor turned windrows
(mixed 5 times in this period)
There IS a time period for
composting but not related to
the temperature attained
3 In Vessel
15 for Windrow
3 for aerated static pile
5- In Vessel
15 Windrow
3
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The inactivation of harmful organisms is essential to obtain safe compost. Safety
standards vary substantially around the world but temperature is considered to be
the key parameter influencing pathogen survival in compost.

It is assumed that

the inactivation of pathogens inside a compost pile depends on the highest
temperature achieved and the time for which this temperature is maintained inside
the pile.

Sustained temperatures above 55-65°C are considered sufficient to

inactivate most pathogenic organisms (Brinton , 2000; Hogg et al., 2002; AS4454,
2003) .
Temperature Is not the only mechanism for the inactivation of pathogens in
compost.

Antagonistic interactions between different microorganisms can also

lead to elimination of pathogens. Through successful competition for substrates,
soil bacteria can contribute to a reduction in the pathogen population during the
process of decomposition (Fuchs, 2009).

Furthermore, the production of

secondary metabolites, enzymes and other compounds by the bacteria in compost
can help to eliminate pathogenic microbes. For example, Bacillus subtilis, which is
found commonly in compost environments,

is able to produce antifungal

compounds that can harm various plant pathogens (Fravel, 1988).

Release of

phenolic compounds (Elorrieta et al. , 2002) and am01onia during the process of
composting can also have a detrimental effect on pathogens.

Lactobacillu s

species found in compost environments can produce acids, such as lactic acid and
the resultant pH can be detrimental to the growth of pathogens and other microbes
(Brinton , 1998). Pseudomon as pertucinoge na which is commonly isolated from
compost environments produces pertucin (Kawai , 1974) that is toxic against phase
I organisms of Bordetella pertussis.

Experiments with artificially inoculated

compost have shown that indicator organisms like E.coli and Salmonella decline
more rapidly in manure amended soil than in sterile soil (Jiang et al. , 2002 ; You et
al. , 2006). Therefore , antagonistic breakdown of the mesophilic microbial biomass
plays a significant role in the elimination of pathogens , but little is known on the
prevalence of these mechanisms in compost.

Finally, a study with laboratory

scale composting systems showed that the fecal coliform indicators were not able
to survive the process of turning at temperatures as low as 30°C (Fidero et al. ,
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2012).

These observations suggest that more studies are needed to improve

understanding of the process of pathogen removal in compost.
The United States Environment Protection Agency (USEPA) and environmental
regulatory

agencies

in

Australia

and

other

countries

have

established

requirements for the preparation of compost to ensure that microbial pathogens in
compost are reduced to levels that do not present a risk of infection (Hogg et al. ,
2002 ; AS4454 , 2003).
The required procedures for compost pasteurization involve evaluation of certain
process parameters in order to verify the final quality of the composted product.
The process parameters used are temperat ure and the time for which the
temperat ure has to be maintained in the compost pile.

The pasteurization

temperat ure / time regimes vary from country to country and are listed in table 1.3.
Australian temperat ure / time regime requirements for the pasteurization of
compost , in heaps and in-vessel systems , are summarized in table 1.4. Compost
treated in accordan ce with these guidelines is considered safe , based on the
absence of the indicator organisms fecal coliforms and Salmonella.
Table 1.4:

Australian Standards for Compost required for achieving pasteuriza tion in compost.

The bio-waste shal l be mixed and exposed to the temperatu res listed above . Source : Australian
Standards of Composting (AS4454 , 2003 ).

Windrow compostin g
Windrow compostin g
In-vessel compostin g

Tern peratu re

Treatmen t time

Turnings

~

2 weeks
1 week
1 week

5
2

~
~

55 °C
60°C
55 °C

N/A

Notably, there are some limitations to the use of tempera ture/ time regimes for the
elimination of pathogens during composting.

Although the reg imes mentioned

above destroy most of the pathogens in the compost during the decompo s ition of
waste , it is possible for the compost to become re-populated with pathogens
during the maturation phase (Lemunier et al. , 2005 ; Brinton et al. , 2009).
Research also indicates that if high temperat ures are mainta ined for a sufficient
period , fecal coliforms can acquire mutations which enable them to survive at
temperatures of 50-70 °C (Brinton Jr and Droffner, 1994; Droffner et al. , 1995).
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Finally, high temperatures have been shown to be responsible for prolonging the
actual

decomposition

process

due

to

the

removal

of useful

communities (de Bertoldi et al., 1983; Ryckeboer et al., 2003).

mesophilic

These findings

suggest that alternate means for ensuring the elimination of pathogenic organisms
in compost need to be explored.
In some countries, the microbial status of compost is checked by end point testing.
This involves testing mature compost at the point of sale for the presence of fecal
coliforms.

The compost is divided into two categories; Compos t Class A and

Compost Class B (Table 1.5).

Class A materials can be sold to consumers for

immediate and unrestricted use and meet higher standards for pathogen content
than Class B materials. Class B materials may only be used in areas where there
is no risk of public exposure, to mitigate the risk of infection (Hogg et al., 2002).
Not many countries use end point testing of compost. Austria is one such country.
It does not specify a minimum temperature / time requirement for compost
pasteurization but relies on end point testing (Hogg et al. , 2002).
Table 1.5:

USEPA classification system for determining use restrictions of bio-solids and

biosolids-based materials as Pathogen Indicator (Hogg et al. , 2002).
Compost Class:

Class A compost

Cl~ss B compost

Fecal coliforms

Less than 103 MPN/g(dry wt.)

Less than 1x106 M PN/g ( dry wt.)

Salmonell a spp

less than 3 MPN/4g (dry weight)

In this thesis , the effectiveness of the Hot Rot system in the elimination of
pathogens is explored by monitoring the pathogen content of the Hot Rot inputs
and outputs using 454 HTS data.

1. 10.2 Substrate s

Microbes are responsible for bringing about the bio-degradation of complex
organic matter during the composting process. Their ability to do so however , is
dependent on the microbial community that is inherent to the waste being
composted and the structure and composition of the waste material that is
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available to the microorganisms.

Substrates are one of the most important

process parameters. This section discusses how the chemical composition and
structure of the waste affects microbial populations in compost.
The input to the composting process is biodegradable waste, comprising mainly
kitchen waste, mixed with sewage sludge and other industrial and agricultural
waste. The chemical constituent of this feedstock is organic matter in the form of
free sugars, proteins, fats, amino acids and fatty acids, and biopolymers like
cellulose, hemicelluloses and lignin (green waste). For the process of composting
to proceed, microorganisms in the waste require a C source (for energy) and
macronutrients, including N, P and S. Nitrogen plays an important role in microbial
growth during composting. The two factors that determine the type of microbial
communities that dominate the process at any given time are (1) the C:N ratio of
the substrate and (2) the efficiency with which a microbe can use the various
nutrients (yield coefficient).

This efficiency depends on physical parameters,

including temperature, moisture, pH and EC. The C:N ratio of microbial cells is
approximately 10, which in theory means that a C: N of 10 would be optimal for
their metabolism. However, a C:N ratio of 10 would lead to nitrogen loss through
volatilization of ammonia, especially if pH and temperature are high (de Bertoldi et
al., 1983; Ryckeboer et al., 2003). On the other hand, an initial C:N ratio greater
than 35 would mean that several generations of micro-organisms are required to
oxidize the excess carbon until a more appropriate C: N ratio is reached.

If we

assume the average C: N content of a microbe to be 10 and the yield coefficient to
be 30%, then theoretically the ideal C:N ratio would be 30. Studies have shown
that a C:N range of 25: 1 to 35: 1 is ideal for the starting material (Cooperband,
2000; Cooperband, 2002). As the C:N ratios of the fe~dstock affect the type of
microbial communities that appear in the initial stages of decomposition, this
parameter has an important influence on how the process proceeds. The effect of
feedstock C: N is more evident in the fed-batch and continuous systems because
fresh waste is continually added to the system.
With respect to large scale composting systems, a major consideration in waste
treatment is reduction of the size of the waste particles. The speed of degradation
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is directly proportional to the surface area exposed to the reactive agent.

The

smaller the particles, the more efficient is the biological degradation, because the
higher surface to mass ratio gives greater accessibility of nutrients to microbes.
However, particles of too small size can reduce the porosity of the material,
leading to the formation of air pockets and reduced oxygen availability (Leton and
Stentiford, 1990; Mohee and Mudhoo, 2005).

Ultimately, the criterion for

determination of minimum permissible size is the ability to establish a substrate
porosity that is consistent with necessary aeration (Barrington et al., 2003).

It

should be noted that porosity depends not only on particle size but also on the
type of material. For example, structurally strong, crush-resistant waste materials
(e.g. wood, straw, and paper) remain porous at very small particle sizes whereas
soft materials (e.g. food waste) may be porous regardless of particle size. Ideally,
different types of substrate should be mixed together to get a good matrix structure
and an ideal C: N ratio for the composting process ..
1.10.3. Physical parameters

The physical parameters are both a determinant and a consequence of the
microbial activity in the composting system.

Control of a composting process is

achieved by manipulation of the physical parameters that determine microbial
growth. Hence, one of the main goals of research in the field of composting has
been to define the ideal feedstock nutrient content, moisture, oxygen concentration,
particle size, density, pH and temperature conditions during the various phases of
composting (Table 1.6) (Cooperband, 2002; AS4454, 2003).
conditions are based on the traditional composting methods.

The optimal

Every time a new

and more efficient method of composting is introduced, these conditions have to
be reviewed. As one of the goals of this study is to determine how the physical
and chemical parameters change as composting progresses, the findings will help
us to understand whether the optimal conditions shown in table 1.6 are applicable
to in-vessel continuous systems.
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Table 1.6: Optimal conditions for compost feedstock (Adapted from (Cooperband , 2002)).

Condition
C:N ratios of the feed stock
Moisture content
Available oxygen
Feedstock particle size
Bulk density
pH

Acceptable
15:1 to 40 :1
40-65%
>5%
<1 inch
1000lbs/cubic yard
5.5-9.0

Ideal
25 :1 to 35 :1
45-60% by weight
>10% or more
Variable
1000lbs/cubic yard
6.5-8 .0

1. 10. 3. 1 Moisture Aeration balance

A parameter that plays a major role in determining the rate of decomposition and
the microbial community structure in a composting process is the moisture /
aeration balance. Composting is based on biological oxidation, wherein oxygen is
used as a terminal electron acceptor by micro-organisms for aerobic respiration.
Most of the organic substrates in the compost pile are decomposed as a result of
aerobic oxidation.

In addition, water is required for the composting process

because all the microbial activity takes place in aqueous bio-films on the surface of
solid particles. Metabolic breakdown of organic matter produces water, which is
lost by evaporation due to self-heating and air flow through the compost pile.
-

Microorganisms require both oxygen and water, therefore achieving a good
balance between these two conditions is important for efficient composting (Leton
and Stentiford , 1990; Sundberg, 2005).
The compost structure could be seen as a solid component (substrate , microbial
biomass and inert matter) matrix in which the clumped solids are covered by a thin
layer of water (biofilm) and air enters the pore spaces by diffusion. Oxygen in this
system is transported by two mechanisms , mass flow in the air space and diffusion
in the biofilms. In composts , even when they are aerated , oxygen supply to the
microbes is the limiting factor because diffusion is an extremely slow process.
Aeration and turning helps to removes water from the compost by evaporation and
this process is accelerated by increases in temperature due to microbial activity.
Evaporation cools the system but the porosity of the pile determines the rate of
evaporation. As the thickness of the biofilms depends on the rate of aeration and
the porosity of the material , it is obvious that the moisture content and structure of
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the waste entering the system will play a major role in determining the speed of
the process (Haug, 1993; Hamada et al., 1998; Mohee and Mudhoo, 2005).
At a moisture content of less than ~ 30%, microbial activity decreases and the
microbes become dormant. On the other hand, a moisture content of more than
~65% leads to oxygen depletion and nutrient leaching.

Oxygen depletion gives

rise to anaerobic conditions and decreases decomposition rates, leading to odor
problems.

It

also

causes

the

facultative

anaerobes,

like

Bacillus

and

Pseudomonas, to turn to anaerobic respiration, which leads to the disruption of

carbon and nitrogen cycles and production of methane and nitrous oxide which are
greenhouse gases of concern (Barlaz et al., 1990; Sundberg, 2005).

In a batch

process, a moisture content of 45-60% is considered ideal for a high mass
reduction rate, whereas, FBC's seem to work most efficiently at a moisture content
of ~30-40% (Narihiro and Hiraishi, 2005).

1.10.3.2 Temperature

The temperature of the compost pile is one of the most important physical
parameters and is both a determinant and a consequence of the microbial
community in a composting process. The phases of composting are defined with
respect to the temperature of the material being composted.

Decomposition of

organic matter by microbes , being an exothermic process, releases heat.

The

heat produced during composting can either remain in the compost mass or leave
it. The energy, Os is calculated as the total heat produced by the masses of water
and solids based on their heat capacities.

Heat is lost from the system as a

combination of conductive surface losses (Qi), heat removal by heating of dry air

(Oa) and heat removal by evaporation of water (Qw) , which is an endothermic
process (MacGregor et al. , 1981 ; Finstein et al. , 1986). The net heat retained in
the system can thus be given as
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Controlling heat loss by these processes is an effective means of controlling of the
composting process.

It has been reported that about 60% of heat is lost from

small scale reactor surfaces even when they are well insulated. Approximat ely 411 % of the heat is dissipated through the surface and walls when composting on a
large scale while the rest is transported by air (Sundberg, 2005).

Although the

thermophilic phase is essential for pasteurization of the compost (Hogg et al.,
2002; AS4454, 2003), there is experimental evidence that this phase actually
hampers the rate of decomposition in a batch process (de Bertoldi et al., 1983;
McKinley and Vestal, 1984 ).
On the other hand, in fed batch systems, where temperature s are never high
enough to slow down the process, the effectiveness of compost pasteurization and
pathogen survival is not well described.
The batch systems have been thoroughly studied for a long time and at different
scales of operation. The phases of composting are clearly defined, based on the
temperature ranges at which they operate (Figure 1.5, Section 1.8). In a fed batch
system, however, the temperature of compost rises at - the beginning of the
process then stabilizes at 30-45°C (the fully acclimated stage) in the various
systems studied to date. The lower temperature ranges can be attributed to the
fact that the resident microbes are continually supplred with fresh waste, which
gives the FBC's and , perhaps, the continuous systems , lower temperature s in a
narrower range (Narihiro and Hiraishi , 2005). Although the composting standards
around the world have started to make provision for contempora ry in-vessel
systems and tunnels, these time / temperature standards are largely based on
research conducted on heap style systems and their applicability to the newer
systems remains to be proven.

1.10.3.3 pH

Acidity , expressed as pH , is an important physical parameter that determines the
bio-availability of certain nutrients and affects the cellular functions of microbes . It
is both a determinant and a result of the evolution of the microbial population of a
composting system . The microbial decomposition of organic matter in a compost
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system activates various acid-base systems.

The dynamics of three major

microbial processes determine the pH of the system. The first is the carbonic-acid
system , whereby the breakdown of substrates produces CO2 that can escape as a
gas or dissolve in water to form carbonic acid and bicarbonate or carbonate salts .
This system tends to neutralize pH of compost, increasing low pH and reducing
high pH . Secondly, protein breakdown activates the ammonium- ammonia system.
This system tends to increase the pH of the system due to high

PKa

values. Finally,

organic matter fermentation produces organic acids such as lactic acid and acetic
acid , which serve as substrates for further microbial metabolism (Hogan et al. ,
1989; Eigenberg et al. , 2002 ; Ryckeboer et al. , 2003). The presence of organic
acids may reduce the pH of the system to 4.14 . The pH influences the overall
dynamics of the composting process (Sundberg and Jonsson , 2008). For example ,
the bio-availability of some essential macronutrients is influenced by fluctuations in
pH (Hanlon , 2009). Nitrogen is readily available at pH 6 to 8. Lower pH increases
the solubility and therefore , the bioavailability of K, Ca , Mg , Cu and B, whereas the
availability of phosphorous is reduced at a lower pH .

Optimum pH for bacterial survival and metabolism is between 6.0 and 7.5 and for
fung i and Actinobacteria the optimal pH is betwee-n 5.5 and 8.0 .

Therefore,

organic matter with a wide range of pH (3 to 11) can be composted but the
optimum values are between 5.5 to 8 (Cooperband , 2002) .

A typical batch

process is characterized by low pH conditions and high concentration of organic
acids in the initial stages of the process followed by a consistent increase in pH
until the mass reaches near neutral values (de Bertoldi et al. , 1983 ). A fed batch
system aiso has a low pH at the initial stages of the process and becomes alkal ine
as the process progresses (Narihiro and Hiraishi , 2005) . In these systems the pH
is affected by the chemical composition of the added waste to a much higher
extent than is the case in the batch system .

The Austral ian Standards for

composts , so il cond itioners and mulches require that the pH of the final product be
between 5 and 7.5 for use as a Grade A soi l cond itioner (AS4454 , 2003 ).
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1. 10. 3. 4 Electrical conductivity

Electrical conductivity of compost Is one of the factors that determine the
availability of nutrients to microbes during composting and to plants when compost
is used as a soil amendment or fertilizer (Heiniger et al., 2003).

Electrical

conductivity is a measure of the concentration of soluble ions or the salinity in a
medium.

Excessive salinity in compost can cause phyto-toxicity directly, by

affecting germination or stunting growth due to reverse osmosis. The extent of the
toxic effects depends on the tolerance of the plant species to salt (Aslam et al.,
2008). In compost, salinity can result from the mineralisation of nitrogen (Smith et
al., 1996) or the production of organic acids during breakdown of organic matter
(Brinton, 1998). Measurement of EC provides information about the presence of
ions such as P, K and Ca, which are essential for plant growth and others, such as
Na, which can be detrimental for plants (Elgala, 1992).

the early stages of

composting, the EC of the compost pile can be as high (e.g. 10mS/cm) and at the
peak of breakdown it can exceed 20 mS/cm. It has rece~tly been shown that a
high electrical conductivity (in excess of 6-10 mS/cm) of compost may cause the
emergence

of

halotolerant

microbial

communities

and

disrupt

normal

decomposition (Heiniger et al., 2003). Some studies also suggest that EC should
be used to define the use of a compost i.e. as a growing medium, a soil
amendment or an organic fertilizer

(Patriquin et al., 1993; Wu et al., 2000;

Darlington, 2005).

Although the scientific literature consistently states that EC should be used as a
criteria for determining the maturity of compost (Aslam et al., 2008), the Australian
Standards for Composts, soil conditioners and mulches d9 not define EC values in
mature compost (AS4454, 2003).

This is consistent with practices in other

countries, including Canada, and in Europe (Hogg et al., 2002). However, there
are specifications for loading rates for products of differing EC's with respect to the
plant's sensitivity to salinity.

47

1.11 Objectives of the study
The overall objective of this research is to examine the extent to wh ich it is
possible to manipulate microbial communities in a large scale continuous in-vessel
system as a technique for assuring the consistent production of high quality
compost from a range of inputs. In order to address this question , a good
understanding of the microbial community dynamics of in-vessel composting
systems is needed . As many of the previous studies were carried out using pilotor laboratory- scale systems , there is only a partial understanding of microbial
population dynamics in large-scale composting systems . Therefore , the first step
was to characterise the bacterial populations in the Hot Rot composting system ,
using a high throughput pyro-sequencing method .
In summary, the aims of this study are to :
1) Develop a framework for the analysis by using the 454 HTS generated data
to identify, enum,erate and evaluate the microb ial communities present in an
1

in-vessel composting system (the Hot Rot system ).
2) Characteri se the microbia[ com munities rn the Hot Rot system under
1

1

optima l and sub-optima l cond itions of operation and those present in a
heap as compost matures after exiti ng the Hot Rot system .
3) Determine how the microb ial commun iti es in the Hot Rot vary wi th the
changes in ph ysica l parameters as th e material moves through the Hot Rot
system .
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CHAPTER 2: MATERIALS AND METHODS

The overall objective of this thesis was to provide a better understanding of the
composting process in a contemporary composting system. In order to achieve
this aim , the microbial communities and the physical parameters of organic
matter as it moved through the Hot Rot™ in-vessel continuous composting
system were characterised. This chapter describes the methods employed to
achieve the objectives of the proposed research. The chapter is divided into
four main sections. The first section describes the working of the composting
facility at the ANU campus, the waste collection points and the on campus
setup of the ANU's organic waste disposal system.

The second section

describes in detail, the working of the Hot Rot™ system, the waste inputs and
the sampling regime, along with the different experimental conditions under
which the Hot Rot™ was sampled. Section three deals with the methods used
to determine the physical and chemical composition of the organic matter as it
moves through the Hot Rot™ system. It also details the statistical tools used to
reduce the data to a form compatible with various bio-informatics packages.
The final section describes the methods used to determine the microbial
community composition of the Hot Rot™ under each of the experimental
conditions and the statistical methods used to compare within and between
sample diversity.

2.1 Operation of the ANU Hot Rot™ composting facility

The ANU Green Organic Recycling project was set up in 2007 as a part of the
Australian

National

University's

sustainability

initiative

and

its

ongoing

commitment towards working for zero waste within the community.

It brings

together currently available cutting edge technology in the field of composting
which is the Hot Rot™

TM

continuous in-vessel composter and traditional heap

style composting. Hot Rot™ Organic Solutions Pty Ltd manufactures the Hot
Rot™ (model 1512) composting unit in New Zealand . The project aimed to
divert 113 rd of the university's organic waste (approx. 90% of the total food
waste) from landfill. With the cooperation of food suppliers , ANU Green and
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Facilities and Services (F&S, ANU) , a recycling system has been implemented
that successfully applies the Hot Rot™ technology and allows ANU to
potentially recycle about 500 tonnes or organic matter per annum.
In addition to meeting ANU's sustainability mandate, ANU Green Is also
actively engaged in promoting student involvement in education and research .
The willingness for the ANU Green staff to help with use of the composting
vessel for research and its convenient location on campus made Hot Rot™ an
ideal candidate for this study. However, Hot Rot™ was being used to dispose
of ANU 's organic waste. Therefore, there were operational requirements that
limited the scope of some of the experiments conducted during this study.
Halls of residences, restaurants and cafes , along with university departments
were provided with 120 and 240 litre wheelie bins.

Food waste and other

organic material were placed in these bins by the providers (kitchen staff, chefs ,
and staff from ANU research departments) and were then collected by ANU
Green for composting (Fig. 2.1).

Separation of the organic waste from in-

organic waste was the responsibility of the waste provider.

Food waste was

mixed with green waste from the university gardens and grounds and animal
bedding from the ANU 's animal house and composted using the Hot Rot™ invessel composter. The Hot Rot™ product was then static cured in heaps. The
final product was used as soil conditioner and fertilizer across the university
gardens and grounds.
Prior to the commencement of this study, Hot Rot™ was being operated by
ANU Green in order to meet the above mentioned waste disposal targets. In
this thesis , the operation of Hot Rot™ during this time will be referred to as the
"Standard Working Conditions" of Hot Rot™ .

During its standard working

conditions , a reduction in volume was observed as measured by ANU Green.
Minimal odour was detected due to the presence of a distillation unit and biofilter for exhaust air. However, high temperatures (>55°C) were not observed in
the vessel which are a requirement of the Australian Standards of composting
for achieving compost pasteurisation (AS4454 , 2003). As the next step , two
sets of experiments were conducted that involved varying the standard
operation of the Hot Rot ™ in attempts to improve its efficiency. The setup and
conditions for these experiments is explained in detail in Section 2.2.3.
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Garden waste

Food waste from On -campus

Food waste from On -campus

Departmental

Used animal

and wood chip

accommodation services

restaurants and food outlets

organic waste

bedding

Collected in bins

Turn 1

,

Turn 2

Turn 3

Static curing

HOT ROT

Testing by an
Independent Lab

Figure 2.1 : Line diagram showing the waste collection and composting setup at the ANU Green's on campus composting facility at the Australian National
University's Acton campus in Canberra .
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2.2 The Hot Rot™ in-vessel composting system
2.2.1 Working of Hot Rot™

The Hot Rot™ in-vessel continuous composting system consists of a cylindrical
3
metal tube 12.8 m in length with a diameter of 2.2 m and a volume of 50 m . It

has the capacity to process 1.8-2.5 tons of material every day. The composting
process begins when solid waste is tipped directly from a waste bin into one
end of the vessel. The waste is mixed with a central tine-bearing shaft that is
turned intermittently in both clockwise and counter clockwise directions under
programmable logic control.

It not only moves the material forward but also

allows air to be folded from the overhead space into the material, thereby
Periodically, air is fan-forced into the vessel

providing mechanical aeration.

from the bottom through 5 injection ports positioned along the length of the
vessel.

The exhaust air-stream is vented upwards and passes through a

condenser where the condensate is collected. The air then passes through a
bio-filter that comprises of a tub of rock aggregate surrounded by wood chip.
The air that comes out of the bio-filter is mostly odour free. The bio-filter has to
be replaced twice a year and can be composted using Hot Rot™. There are
four access ports (including the feed hatch) along the length of the tube that
-

allow for both monitoring and sampling.

A line diagram of the Hot Rot™ is

shown in figure 2.2.
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Figure 2.2:

Line diagram of the Hot Rot™ composter a) Control Panel b) Condenser c)

Leachate Collector d) Wood chip e) Rock aggregate f) Air injection g) Output; P1 to P4 are the
inspection ports. This figure is not to scale.
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2.2.2 Hot Rot™ Inputs

Hot Rot™ organic waste recycling system composts approximately 35% of the
total organic waste produced by ANU.

Three major types of feedstock were

processed using this system: garden waste, kitchen waste and animal bedding.
Garden waste included grass clippings, leaves, and shredded wood collected
from the campus or wood chip. Animal bedding consisted of 'aspen sawdust',
faeces and dried urine. Kitchen waste included food scraps and organic waste
produced during the preparation of food by the college restaurants and
residence kitchens. Material was added to Hot Rot™ 4 times per day between
the hours of 09:00 and 17:30 and consisted of a mix of the three kinds of waste
as described in table 2.1.
Table 2.1: Volume of waste material being fed into the Hot Rot™ as inputs. Four feeds of this

combination of waste materials were added every day to the Hot Rot™ during the standard
operation of the Hot Rot™.

Waste type

Bin

Capac_ity

Food Waste

1

120 litres

Animal Bedding

2

240 litres

Wood Chip/Garden Waste

1/2

240 litres

2.2.3 Hot Rot™ experiments

This study seeks to characterise the microbial composition and physiochemical parameters of waste being composted using Hot Rot™, under optimal
and sub-optimal working conditions. The first step towards achieving this aim
was to obtain a detailed understanding of the composting process under
standard working conditions of Hot Rot™. At this stage, the operation of Hot
Rot™ was based on meeting the university's organic waste disposal needs.
This determined the amount of waste that was fed into Hot Rot™.

It also

dictated the speed at which the central tine-bearing shaft was turned to prevent
a backlog of waste. These operational considerations were important not only
for the standard operation but for further experimentation as well. The following
sections describe the operational setup for the standard working conditions of
Hot Rot™ under different experimental conditions.
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2. 2. 3. 1 Standard working conditions

The first step towards the detailed understanding of the standard working
conditions of Hot Rot™ was the determination of the residence time of the
material in the vessel.

Residence time is important as it is one of the

parameters that dictate the degree of decomposition of waste that takes place
inside the vessel. The residence time of the material in the Hot Rot™ depends
on two factors. These are the rate of rotation of the central tine bearing shaft
and the total volume of the input material. The standard waste input into the
Hot Rot™ is described in table 2.1.

The rate of turning of the central tine-

bearing shaft during its standard working conditions is given in table 2.2.
Table 2.2: Table listing the rates of rotation of the central tine bearing shaft during Standard
Working Conditions of Hot Rot™
Cycle

Standard working conditions
Time (secs)

Forward

900

Static

1000

Reverse

240

Static

1000

Fan

240

--

.-

The residence time of organic material in Hot Rot™ was calculated using iron
balls, 3.5 mm in diameter, as a pulse marker collected from the output at
regular intervals. Two kilograms of iron balls were added to the input of Hot
Rot™ along with organic waste. Five high-powered magnets, held together by
a metal rod, were fitted at the output of the Hot Rot™ composter.

The balls

that were collected by the magnets at the output wer~ removed and weighed.
The weight of the balls collected each day (wi) was used to determine the
residence time using the formula given below.

r = r(d·I * w·)I / W·I,

where di is the day when the particular weight of balls (wi) is collected.
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Once the residence time of the material had been determined , a sampl ing
strategy was employed in order to achieve proper replication. For each sample
that was collected , the microbial community composition and the physical and
chemical parameters were analysed .

The sampling regime used and the

results of the analyses are discussed in Chapter 3.

Based on observations

during the standard working conditions , various experiments were conducted
on Hot Rot™ and are summarised in Sections 2.3.3.2, 2.3.3.3 and 2.3.3.4.
2.2.3.2 Residence time experiments

The residence time of the material can be defined as the average length of time
that it takes for the organic waste to travel through Hot Rot™. Therefore, the
first experiment that was undertaken in an attempt to improve the efficiency of
Hot Rot™ was to change the residence time of the material in the Hot Rot™
vessel. To this effect, the rate of rotation of the Hot Rot™ 's central shaft was
first altered while maintaining the feed ratios.

Along with the standard

residence time (9 days), two more residence times of 7 days and 12 days were
obtained in this manner.
Finally, along with the rate of rotation , the volume of waste added to Hot Rot™
was reduced to achieve a residence time of 26 days. During this experiment,
the ratios of the inputs stayed the same as listed in- table 2.1, but the inputs to
Hot Rot™ were added twice instead of the standard 4 times . The rates of
rotation of the central tine-bearing shaft are listed in table 2.3. Therefore, four
different residence times compared were 7, 9 (standard working conditions) , 12
and 26 days.

The residence time during each of these experiments was

determined using the ball bearing method as described in section 2.3 .3.1 . The
sampling regime used and the results of these experiments are described 1n
Chapter 4.
Table 2.3: Table listing the rotation of the central tine beari ng shaft in different rotation cycles
during each of the res idence time experiments .
Cycle

TIME (secs)
7 days

9 days

12 days

26 days

Forward

1000

900

180

300

Static

1000

1000

3600

3600

Reverse

0

240

1440

120

Static

1000

1000

0

3600

Fan

240

240

240

240
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2.2.3.3 Recycle experiment

In scientific literature, various methods have been described that can potentially
improve the efficiency of the composting process. One such method involves
seeding the fresh inputs with compost at various levels of maturity (Sundberg ,
2005).

The waste being composted has also been shown to achieve and

sustain thermophilic communities as a result of this seeding. As mentioned in
section 2.3.3.1 , temperatures required for pasteurisation were not observed in
the organic matter during the standard operation of Hot Rot™. In an attempt to
replicate this result using the Hot Rot™ system, two experiments were
undertaken . In the first instance, 10% of the output from Hot Rot™ was added
back into the system. This experiment was called recycle experiment one and
is referred to as RC 1 in the rest of this thesis.
In the second instance, the Hot Rot™ output from the standard operating
conditions

was

allowed

to

decompose

in

temperatures >55°C for three consecutive days.
process was repeated three times.

until

heap

a

it

achieved

It was then turned and the

On an average this entire process took

Then, 10% of the material from a three week old heap was

three weeks.

seeded to the fresh inputs. This experiment was called recycle experiment two
and is referred to as RC2 in this thesis. A line di-agram of the two strategies
used is shown in Figure 2.4. The effects of this experiment on the microbial
community composition and the physio-chemical composition of the waste are
discussed in Chapter 4.
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3 week old he:ip
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b
Figure 2.3: The two treatments used in the recycle experiments. (a) Recycle 1 (RC1 ): recycle

taken directly from the Hot Rot™ output. (b) Recycle 2 (RC2 ): recycle taken from 3 week old
heaps that has passed through the thermophil ic phase .
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2. 2. 3. 4 High Temperature experiment

In summer 2011, four tines on the central shaft of the Hot Rot™ were damaged
due to a mechanical error that led to overloading of the system. Consequently,
Hot Rot™ was shut down for repair and was inactive for five months. During
this period, the university's organic waste stream was diverted to landfill and
other local recycling facilities. The ANU Animal Facility was required to dispose
of its used animal bedding using an alternative waste disposal provider and
contractual obligations with the provider meant that, when the Hot Rot™
recommenced operation, used animal bedding no longer formed part of the
inputs (Figure 2.4 ).

Although used animal bedding was no longer available ,

standard C:N ratios were maintained by increasing the amount of garden waste
added to the system . This altered input waste stream resulted in high
temperatures consistently being attained within the Hot Rot™ vessel even
though all other operational parameters remained the same .
Garden waste

Food waste from On-campus

Food waste from On -campus

Departmental

Used an imal

and wood chip

accommodation services

restaurants and food outlets

orga_nic waste

bedding

Collected in bins

Figure 2.4: Line diagram showing the waste collection during the high temperature expe ri ment
at the ANU Green's on campus composting facility (Australian National University, Acton
campus Canberra) . Red "X" indicates no animal bedding was collected during this experiment.

During this experiment, the residence time of the material was maintained at 9
days.

The new Hot Rot™ input mix is listed in Table 2.4.

The Hot Rot™

system with this input mix achieved high temperatures consistently and was
therefore extensively sampled . The effects of achieving high temperature on
the microbial populations , physio-chemical parameters and the product maturity
are discussed in Chapter 5.
Table 2.4: Hot Rot™ inputs during the high temperature experiments .
Hot Rot™ Inputs during the high temperature experiment
Waste type

Bin

Capacity

Food Waste

1

120 litres

Wood Chip/Garden Waste

2

240 litres
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2.2.3.5 Heaps

In order to maintain compliance with the Australian Standards of Composting
(AS4454, 2003) during its standard operation, the ANU Green recycling facility
was required to ensure that compost was pasteurised before its use as a soil
conditioner. Since temperatures >55°C were not achieved inside the Hot Rot™
vessel during the standard conditions, the organic waste was cured in heaps
after it exited the Hot Rot™ system.
During the experiment, these conditions were mimicked by allowing the
3
material to cure in 1 m heaps. Each heap was sampled at 4 points; from the

top most layer exposed to the environment, to the centre of the heap after
every turn (Figure 2.5) . After the third turn, the heaps were monitored until they
cooled down.

When matured, the entire heap was turned mechanically, and

three 5 kilogram samples were collected from different points in this mixed
heap. These samples were again mixed and finally, three 2 kilogram samples
were sent away to an independent testing laboratory in Sydney (Sydney
Environmental & Soil Laboratory, SESL, Sydney, Australia). There they were
assessed against the Australian Standards of Composting (AS4454, 2003).
The microbial community inhabiting the heaps dur!ng their thermophilic phase
was analysed and presented in Chapter 5.

Chapter 5 also compares the

microbial communities inhabiting the heaps and the organic matter in Hot Rot™
during the high temperature experiment.
I After turn 1

I Afte r turn

2

I

After turn 3

HOT ROT

Figure 2.5:

Sampling strategy for heaps. Heaps were made from the Hot Rot™ output and

turned three times (AS4454 , 2003) . Each of the layers 1, 2, 3 and 4, represented by purple ,
brown , green and blue were sampled after every turn.
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2.2.4 Sampling Hot Rot™

Regardless of the experiment, the material in the composting chamber was
sampled at 4 evenly-spaced points along the length of the tube , starting with
the feed hatch. At each port, duplicate or triplicate samples were collected and
each sample consisted of about 10 kg of material. The samples were collected
from different positions within the waste material (i.e. opposite sides of the
vessel).

Each of the 10 kg samples was mixed and a 100 g subsample was

collected. In this manner, two or three 100 gram samples were obtained from
each port.
For each experiment, Hot Rot™ was allowed to operate under the operating
conditions relevant to the experiment for at least one composting cycle before
sampling commenced. For example, 7 days for the 7 day experiment, 9 days
for the 9 day experiment etc. After this , one set of samples was collected once
every cycle.
Hot Rot™ first underwent extensive sampling during its standard working
conditions .

In Chapter 3, two possible sampling strategies are explored .

Based on the observations and results for the microbial cummunity composition
of Hot Rot™ during its standard mode of operation , decisions were made
regarding the sampling regime to be used for the residence time , recycle and
high temperature experiments.

Chapter 4 describes the sampling frequency

and plan , for the residence time and recycle experiments .

The sampling

strategy for the high temperature experiment and heaps is discussed in
Chapter 5.
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2.3 Determining the physical parameters and the chemical composition
of the organic matter as it moves through Hot Rot™

Hot Rot™ was sampled extensively under its standard working conditions and
various experimental conditions. Half of every 100 gram sample collected was
dried and used to determine the physical and chemical properties of the waste
that was being composted. The wet weight and the dry weight were measured
and used to determine the moisture content of the sample. The samples were
powdered then used to determine the pH, electrical conductivity, the carbon
and nitrogen content of the material using methods described in the following
sections. NIR was used to obtain a chemical finger print of the waste material
as composting progressed. These values were further used for bioinformatics
analysis and comparisons with the microbial community content of the same
sample. Therefore, the determination of the physiochemical composition of the
material helped in achieving the final aim of the study. Specifically, it helped to
determine how the physical and chemical parameters _of the waste material
changed with the changes in microbial communities of the system under
different experimental conditions (Figure 2.6).
Standard working conditions

I Experiment 1: Residence time I

Experiment 2: Recycle

Take three 100 gram
samples from each of the
Hot Rot port

Experiment 3: High temperature

DETERMINATION OF THE PHYSIO-CHEMICAL
COMPOSITION OF WASTE

Extract total DNA and RNA from

Plate out on
MacConkey Plate

PCR amplify using
16S gene probes and
runaDGGE

PCR amplify using tagged
16S primers and sequence
using 454-Titanium GS-FLX

weight and
determine
content

De-noise the sequences , remove
chimeras using MOTHUR

Determine pH
and EC of the
sample

Determine the C :N of the
sample using NIR
spectrometry followed by
TrueSpecR automated C :N
analyzer

Remove rare sequences ,

Generate data sheet with information about the OTU composition of
each port

Assign taxonomy to OTUs and determine
the microbial composition of each port

Determine and compare pathogen
content of each port

a (Chao, Ace , CATCHALL , e
maps) and~ (NMDS , AMOVA,
METASTATS ) diversity measures
to determine differences between
samples :

NMOS bi-plots with physical parameters and
most abundant OTUs

Figure 2.6: Determination of the physical properties and the chemical composition of the
organic matter from samples collected during each of the experiments . Steps in the blue circle
will be explained in detail in the subsections 2.3.2 to 2.3 .5.
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2. 3. 1 Volume and odour

The total reduction in volume of the organic matter was measured by AN U
Green personnel as a part of their routine quality assurance. The odour levels
around the recycling facility and the surrounding area were also constantly
monitored.

Consequently volume and odour reduction data for each of the

experiments was procured from ANU Green.

2. 3. 2 Moisture Content

The moisture content of the compost sample was determined using the
standard oven dry method. 50 grams of each sample was dried at 60°C until
they reached a constant weight. Samples were then weighed and % moisture
was calculated as:
W*100 (percentage dry weight)
where W is given as:
W= (mwer mdry) / mdry
mwet

mass of wet sample.

mctry

mass of dry sample.

2.3.3 pH and electrical conductivity
The dried compost samples were coarsely ground using THOMAS (R) MODEL 2
WILEY MILL. The samples were then finely ground to pass through a 2-mm
screen (Cyclotec 1093 sample mill , Foss , Eden Prairie , MN).
sample was used for pH and EC measurement.

The ground

In addition to the

determination of the ideal EC values for mature compost, there has been
considerable debate regarding the best method to determine electrical
conductivity of compost. There are two factors to consider when determining
EC from compost i.e. the pretreatment of sample and the dilution ratio. Even
though fresh samples will give a more reliable EC measurement, it also
complicates the analysis and renders it impractical to use. Therefore , drying of
samples prior to EC testing is accepted .

Secondly, solubility of ions in the

compost solution will depend on the dilution or mass ratio (water:solid) during
extraction and the time for which it is allowed to equilibrate. Van der Gheynst
et al. (2004 ), recommended a ratio of at least 8: 1 or even 10: 1 for compost with
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30 minutes for equilibration. 5 grams of the ground sample was added to 50 ml
of Milli-Q water and allowed to equilibrate for 1 hour. The pH and electrical
conductivity were then measured using standard pH and EC probes.

2.3. 4 Carbon& Nitrogen Content

The ground sample was placed in a special receptacle and scanned using a
monochromator instrument (Foss-NIR Systems 6500 , Silver Spring , MD).
During this process, light of specific wavelengths is projected at the sample for
approximately 30 seconds. A detector measures the intensity of the reflected
light at each wavelength and the resulting data is stored .

The scanning is

conducted using the near infrared region of the electromagnetic spectrum (from
800 nm to 2500 nm) (Blanco and Villarroya, 2002). Once all the samples were
scanned with the NIRS to obtain their individual spectra, a representative set of
samples to cover all spectral variation were selected using the WINISI software
(version 1.50). It predominantly selected samples that had average spectra but
it also selected samples whose spectra differs the most from the average. This
set of samples is the "calibration set". The calibration set of samples was then
analysed for their C and N content by thermal combustion using protocols
recommended by the manufacturer (TruSpecR (-275) , Leco , USA). The WINISI
software was used to build a calibration or prediction model that uses
regression analysis , to relate the differences in the spectra of the sample to the
concentrations of carbon and nitrogen in the samples . The C/N values for the
balance of the samples were then predicted using the NIRS spectra.

The

absorption values of every sample at each of the 240 wavelengths were
reduced using the Principal components analysis to two principal components
namely P1 and P2 (JMP software , version 10.0.1 ).

These components

captured 97% of the total chemical signature of each sample . The values of P1
and P2 were used subsequently in various analyses to calculate differences in
the chemical makeup of various samples .
2.3. 5 Statistical analysis

ANOVA (Fisher's F test) was performed on the physical and chemical
parameters obtained for each of the samples .

It is a multiple comparison

ANOVA that tests the null hypothesis. In this case, the null hypothesis denotes
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no differences between the compared samples. The disadvantage of this test
is that it is not possible to identify which sample caused the difference in the
case of a significant p-value. Therefore, if a significant p-value was obtained,
multiple t-tests were performed to determine the sample that is significantly
different from the others.

These analyses were performed using the bio-

informatics package TANAGRA (Rakotomalala, 2005).

2.4 Microbial community profiling

Characterising the microbial community of the material being composted using
Hot Rot™ was central to achieving the objectives of this study. This had to be
completed in many steps. The following flowchart depicts the various steps
used towards the determination of the microbial population structure of the
material being composted using Hot Rot™.
Standard working conditions

Experiment 1: Residence time

MICROBIAL COMMUNITY DETECTION AND ANALYSIS

Experiment 2: Recycle

Experiment 3: High temperature

Take three 100 gram
samples from each of the
Hot Rot port

Dry 50 grams in a 60C drying oven
until reaches constant weight

PCR a plify using
16S ne probes and
run DGGE

PCR amplify using tagged
16S primers and sequence
using 454-Titanium GS-FLX

Calculate dry
weight and
determine moisture
content

De-noise the sequences , remove
chimeras using MOTHUR

Determine pH
and EC of the
sample

Determine the C :N of the
sample using NIR
spectrometry followed by
TrueSpecR automated C :N
analyzer

Remove rare sequences ,

Ge erate data sheet with information about the OTU co

Assig taxonomy to OTUs and determine
the mi obial composition of each port

Generate data sheet with information about the physical
and chemical composition of the waste at each port

a ( ao , Ace , CATCHALL , e
m s) and 13 (NMDS , AMOVA,
ETASTATS) diversity measures
. - - - • - - - - - - - - - I I I I J l l l lll.to determine differences between
d compare pathogen
Determine
samples :
ort
content of ea

Perform statistical analyses like AN OVA to
determine differences between samples

NMDS bi-plots with physical parameters and
most abundant OTUs

Determination of the changes in the microbial community structure and
Figure 2.7:
composition of the organic matter from samples collected during each of the experiments.
Steps in the red circle will be explained in detail in the subsections 2.4 .1 to 2.4.4 .
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2. 4. 1 Plating out enterics

MacConkey Agar is a selective and differential medium for the detection of
coliforms and enteric pathogens.

1 gram of compost from each sample was

suspended in 10 ml of sterile water and different dilutions were plated out on
MacConkey plates in order to selectively grow enteric bacteria.

The plates

were incubated overnight at 37°C and the number of Colony Forming Units
(CFUs) per gram of compost was determined.

2. 4. 2 Nucleic Acid extraction

The first step towards determining the microbial community structure of the
waste material using culture independent techniques is the extraction of total
DNA. Total DNA was extracted from each of the 50 gram samples using the
method described in the following section.

DNA extraction from material such as soil and compost can be a complex
exercise, as these materials contain many PCR inhibitors and the bacteria can
be tightly bound to particles.

Therefore conditions such as bacterial lysis

temperatures and the length of various incubation times can affect the final
DNA yield. Recently, the diversity and consistency of DGGE profiles obtained
following DNA extraction from soil and sediments using several extraction
methods have been examined (Miller et al., 1999; LaMontagne et al., 2002;
Yang et al., 2007b).

These studies indicate that a bead beating method

followed by several purification steps provide the highest nucleic acid yields
and the most consistent DGGE profiles.

Therefore, the extraction methods

used previously was modified in order to obtain high quality DNA and RNA
samples from compost (Carrigg et al., 2007). Differer)t lysis conditions, use of
proteinase K, temperature and time for bead beating, temperature and time for
incubation with phenol-chloroform-isoamyl alcohol and different concentrations
and precipitation times with the PEG-NaCl were investigated (data not shown).
The final protocol used for extraction of DNA is as follows.
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2. 4.2. 1 DNA extraction protocol

50 grams of compost was blended with 200mls of CTAB buffer at 60°C (10%
CTAB , 0. 7M NaCl) using a household blender for 90 seconds . 2 ml of the
blended material was transferred to a Falcon tube and 500 µI of lysis buffer (50
µMTris-HCI [pH 8] ; 40 µM ethylene di-amine-tetra-acetic acid [EDTA; pH 8];
750 µM filter sterilised sucrose) was added followed by 20 µI of lysozyme (10
mg/ml). The mixture was vortexed for 30 seconds and incubated at 37°C for 30
min . Sodium Dodecyl Sulphate (SOS) was added to a final concentration of 2%
(11 mg for 520 µI); the samples were vortexed again and incubated at 70°C for
1 hour. 1 ml of phenol-chloroform-isoamyl alcohol (25 :24: 1; pH 8.0) was then
added and the sample vortexed for 30 seconds .

The aqueous phase ,

containing the nucleic acids , was separated by centrifugation at 10,000xg for
30 min at 4 °C , removed and transferred to a micro-centrifuge tube. Phenol was
removed from the aqueous phase by the addition of an equal volume of
chloroform-isoamyl alcohol (24: 1) followed by centrifugation for 30 min at 4 °C
(1 0,000xg). Two volumes of polyethylene glycol (PEG)-_1.6 M NaCl (30% w/v)
were used to precipitate total nucleic acids at room temperature. The nucleic
acids were washed with iced 70% (v/v) ethanol and air dried before resuspension in 50 µI of DE PC-treated water (Griffiths et al. , 2000).

In cases

where the extract was not colourless , the entire procedure was repeated with
0.5ml CTAB buffer, 0.5ml lysis buffer and 20ul lysozyme , incubation at 37°C for
30 minutes followed by the rest of the protocol. The final DNA thus extracted
was stored at -20°C

2.4.3 PCR and OGGE

The microbial communities

in

the samples collected during the standard

working conditions of Hot Rot ™ were compared using DGGE . For this purpose ,
the total DNA extracted from each of the samp les was PCR amplified using
primers described in Section 2.4.3.a. The PCR product was then run on DGGE
gels in order to compare species diversity in the samples.

Seeton 2.4.3.2

provides a step by step description of the methods used to achieve DGGE gels
for the comparison of samples .
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2. 4. 3. 1 Primer Selection.

The DNA extracted from compost was PCR amplified using bacterial specific
primers selected to yield the greatest diversity of microbes.

The selected

primers are specific for prokaryotic small subunit rRNA (16S rRNA).

The

chosen primers were based on the success of amplification already seen in
compost and other environmental samples based on a review of the literature
(Table 2.5). Out of the list, the primer pair to be used was selected based on
maximum number of hits on the rRNA database in RDP (Ribosomal Database
Project) (Table 2.5).

The primers used were 51 Br and 341f based on the

maximum number of matches.
Table 2.5: A list of primers used previously in literature for detecting the diversity of bacteria in

complex environments like soil , compost and the human gut. The probes with the maximum
number of hits were chosen for 16S rRNA analysis of microbial communities in this study

Probe

Number of
matches

Reference

Primer name

ACTCCTACGGGAGGCAGC

461534

(Griffiths et al. ,
2000)

EUB 338

AGAGTTTGATCCTGGCTCAG

109836

(Yeates et al. , 1998)

Prok 16S RNa

GMGTCGTAACMGG

78653

(Yeates et al. , 1998)

Prok rRNA IGS
region

CCTACGGGAGGCAGCAG

466435

(Carrigg et al. , 2007)

EBGC341f

ATTACCGCGGCTGCTGG

444129

(Carrigg et al.,
2007)

UN517r/518r

AGAGTTTGATCCTGGCTCAG

109836

(Weisburg et al. ,
1991)

fD1

CCGTCMTTCTTTTRAGTTT

2284

(Muyzer et al. , 1995)

926R

CCTACGGGAGGCAGCAG

466435

(Ferris et al., 1996)

341f

CCGTCMTTCCTTTRAGTTT

297822

(Ferris et al. , 1996)

907R

2.4.3.2 PCR amplification and OGGE.

PCR was performed in a total volume of 50 µI in 200-µI microtubes , which
contained 8 pmol of each primer, 10 µI 5X polymerisation buffer (67 mM
TrisHCI [pH 8.8 at 25°C], 16.6 mM [NH 4 ]2SO 4 , 0.45% Triton-X100 , 0.2 mg/ml
Gelatin, 0.2 mM dNtps , Fisher Biotech), 0.1 µI of 5 units/µI platinum Taq
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Polymerase (lnvitrogen) , 4 mmol of MgCl2, 2µ1 DNA template (about 15 ng) and
25 .5 µI of ultrapure water. The template DNA was denatured at 94 °C for 5 mins.
To increase the specificity of the amplification and reduce the formation of byproducts , a "touchdown " PCR was carried

out.

The initial annealing

temperature of 65°C was decreased by 0.5°C every cycle until the touchdown
temperature of 55°C was reached . It was followed by 25 cycles of denaturation
at 94°C for 1 min , annealing at 55°C for 1 min , extension at 72°C for 3 min ,
then a final extension at 72°C for 7 min with AB PCR Thermal Cycler Model
2720 (Applied Biosystems).
agarose gels.

The PCR product was analysed on 2% (w/v)

The intensity of the PCR product was used as a guide to

determine the volume of the PCR product loaded in each lane.
The DNA fragments of the PCR products were separated on a DGGE gel
prepared according to (Muyzer et al. , 2004) with a urea and formamide
denaturing gradient increasing in the direction of electrophoresis from 24% to
70%.

20cm x 16cm x 1mm poly-acrylamide gels were cast using 6%

acylamide-bis , 37:5: 1 stock solution (Biorad Laboratories Pty Ltd , Australia). 10%
ammonium persulfate (APS , Biorad Laboratories Pty_ Ltd , Australia) and
TEMED (Amresco , Australia) were used as catalysts. Standard lane markers
were created for each DGGE analysis assay to ensure reliable gel-to-gel
comparison . These standard lane markers (Table 2.6) were loaded in triplicate
on each gel to adjust for gradient-variations between gels.
Table 2.6: Strains used as DGGE gel markers for accurate comparisons between gels .
Standard Strains for DGGE

Strain Name

Source

Wild Bact. thetaiotaomicron

The Canberra Hospital

Bact. frag ilis

The Canberra Hospital

Lactobacillus gasseri

ATCC 33323

Lactobacillus crispatus

ATCC 33820

E.coli
Colstridium Sporogenes

LF82 , France
ATCC 19404

Gel electrophoresis was performed in an electrophoresis cell Protean D-code ™
System (Bio-Rad) at 60°C and 100 V for 8 h (Van Hannen et al. , 1999). The
gels were stained using ethidium bromide solution (5 ug/ml) for 20 mins , de-
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stained in distilled water for 20 mins, and visualized using the UVP ultraviolet
trans-illuminator (AGP Technologies , Australia) .

2.4.4 PCR and 454 sequencing
A subset of the samples collected from the organic matter during various
experiments in Hot Rot™ were characterised using 454 HTS.

Although 454

pyro-sequencing is not exhaustive, it gives us comprehensive insights into the
diversity of microbial communities due to a high sequencing depth per sample.
This section describes the methods used to achieve high throughput libraries,
the sequencing process and the statistical tools used for the preliminary
analyses of the sequences thus obtained.

2.4.4.1 Primer Design

The primers to amplify the hyper-variable region of the 16S gene are reflected
in the size of the product and diversity that can be detected using these primers
as probes. Once again , literature was reviewed for the most commonly used
16S gene hyper-variable region primers used for 454 sequencing.

Based on

the number of hits in the RDP database and the region they cover, primers 27F ,
5'- GAGTTTGATCMTGGCTCAG-3'and 51 SR 5'-WTTACCGCGGCTGCTGG-3'
(Lee et al. , 2010) (Table 2.7) were selected that cover the V1-V2-V3 region of
the 16S gene.
Lib-L method is the most cost-effective unidirectional amplicon sequencing
method for 454 pyro-sequencing as it provides the most reads and requires the
least sample preparation effort (Tamaki et al. , 2011 ).

48 different forward

primers were generated using barcodes (MIDs) which have already been used
successfully (Benson et al. , 2010) .

These barcoded fusion primers were

created using IDT's primer design tool (https ://www.idtdna .com/site).

The

forward primer consisted of the Roche-454 Lib-L titanium sequencing adapter A
followed by a unique 8-base barcode sequence and finally the primer 27F (5'CCATCTCATCCCTGCGTGTCTCCG ACTCAG-3'). The same reverse primer
was used for each forward primer which consisted of the Roche-454 Lib-L
titanium sequencing adapter B (5'-CCTATCCCCTGTGTGCCTTGGC AGTCTC
AG-3') followed by the reverse primer 51 SR.
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2.4.4.2. PCR

The 50µ1 PCR reactions contained 1µI template DNA, 5 U of high fidelity
Platinum Taq DNA polymersase (lnvitrogen) , 2.0 mM MgSO4, 5 µI 10 X PCR
buffer, 0.2 mM of each deoxy-nucleoside tri-phosphate (dNTPs , Promega) ,
sterile water and 10 pmol of each primer. PCR reactions were performed using
a Palm Cycler thermo-cycler (Qiagen , Australia) under the following conditions :
initial denaturation 94°C for 3 min , 30 cycles of: denaturation at 94°C for 15 sec,
annealing at 55°C for 30 sec, and extension at 68 °C for 60 sec.
extension was at 68 °C for 10 min.

The final

Negative controls (no-template) were

included in all steps of the process to check for primer or sample DNA
contamination.

All PCR amplicons were run on a 2% agarose gel , and the

appropriate band was excised from the gel.

2. 4. 4. 3 PCR clean-up and library construction.

Excised bands were purified using the Wizard SVGE:I and PCR Cleanup
System (Promega , NSW , Australia) .

Further purification of the product was

done using AMPure beads (Agencourt, Beckman Coulter, NSW , Australia) and
eluted with 40-µI elution buffer EB (Qiagen , Australi 9 ). AMPure beads allow for
the efficient removal of unincorporated dNTPs, primers , primer dimers , salts
and other contaminants . Additionally, AMPure bead system helps in recovery
of amplicons greater than 100 bp with consistency and high reproducibility.
Th is purified product was visualized on a 2% agarose gel to ensure none of the
products were lost. The quality of the PCR product was evaluated using DNA
1000 LabChip software with a Bioanalyzer 2100 (Agilent, VIC , Australia) .
Bioanalyzer results give the exact volume of the PCR product in a sample and
provide and accurate size distribution of the different 16S fragments in the
product. Based on these results , decisions were made about the volume per
sample to be used for the final pooled library.

Subsequently, all 48 PCR

products with different sample-specific adaptors were pooled in equi-molar
amounts to obtain the final library.
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Table 2.7: A list of various primers used previously in literature for detecting the diversity of bacteria in complex environments like soil , compost and the human gut
using the 454 high throughput sequencing technology. The probes with the maximum number of hits (purple text) were chosen for 16S rRNA analysis of microbial
communities in this study.
Reference

Sample

Forward primer

Name

Hits

Reverse Primer

Name

Hits

Region

Band
size

(Nossa et al., 2010)

Human
Foregut

AGAGTTTGATCCTGGCTCAGA

SF

156518

ATTACCGCGGCTGCTGGC*

534R

945195

1,2,3

527

TACGGRAGGCAGCAG*
GCCAGCAGCCGCGGTAA
AGGATTAGA TACCCT
GAATTGACGGGGRCCC
GYAACGAGCGCAACCC

1034850
1003136
845443
729051
720564
217053

AGGGTATCTAA TCCT
CCGTCAATTCTTTTRAGTTT
GGGTTGCGCTCGTTRC
GACGGGCGGTGTGTRC
AAGGAGGTGATCCAGCCGCA
WTTACCGCGGCTGCTGG*

798R
926R
1114R
1407R
1541R
518R

845519
5508
720564
359786
14799
965393

3,4
3,4,5
5,6
6,7
7,8,9
1,2,3

456
410
331
491

GAGTTTGATCMTGGCTCAGA

343F
517F
784F
917F
1099F
27F

AGAGTTTGATCCTGGCTCAGA

SF

156518

TGCTGCCTCCCGTAGGAGT

338R

1009298

2

430±65
bp
200-250

Rat gut

AGGCAGCAGTGGGGAAT

27F
517F

663744

GCCAGCAGCCGCGGTAA

805R

4

289bp

Feaces
Deep sea
vents
Oral
microbiota

CCTACGGGAGGCAGCAG*

341F

1022967

ATTACCGCGGCTGCTGG*

534R/518R

947257

3

194bp

Arctic soil

ACTCCTACGGGAGGCAGC*

GWA TTACCGCGGCKGCTG

519R

976954

(Lee et al. , 2010)
(Turnbaugh et al. ,
2008)
(Koenig et al. , 2010)
(Ravel et al., 2011)
(Manichanh et al.,
2010)
(Middelbos et al.,
2010)
(Muyzer et al. , 1995)
(Ling et al. , 2010)

(Campbell
2010)

et

al. ,

Wastewater
Human
gut

443

,'

'

338F

1011539
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Pyro-sequencing was carried out on a 454 Life Sciences Genome Sequencer FLX
instrument (Roche, NSW, Australia) by the Biotechnology Resource Facility
(BRF,JCSMR, Australian National University) at the Australian National University
(Canberra, Australia). Signal processing and base calling were performed using
the 454 sequencing software v 2.6 (Roche, NSW, Australia). The sequences were
sorted based on the respective barcodes at the BRF and only the sequences with
perfect matches to the Ml Os were kept. A total of 88 samples were sequenced
using the 454 high throughput technique for this study, out of which 87 returned
usable sequences.

2. 4. 4. 4 454 sequence processing and statistical analysis

2.4.4.4.a Pre-processing, de-noising and OTU formation

Sequences were pre-processed following the protocols described by (Schloss et
al., 2011) using MOTHUR (Schloss et al., 2009).

Primers and barcodes were

trimmed followed by removal of sequences that did not meet any of the following
criteria: shorter than 200 bp, or with homo-polymers greater than eight nucleotides
or with ambiguous base calls. Sequences were then filtered according to quality
scores using the sliding window approach, which trims sequences when the
average quality score over a 50-bp sliding window drops below 35.

Unique

sequences were aligned using the SILVA database as a reference (Schloss, 2010)
and trimmed so that all of the sequences spanned the same positions in the 16S
gene.

Further de-noising was done using a modification of the single linkage

algorithm in MOTH UR (Huse et al., 201 O; Schloss et al. , 2011) to find sequences
with up to 2-bp difference from a more abundant sequence which were then
discarded. This step reduces variability but also diminishes errors caused by pyrosequencIng .

Chimeric sequences were removed by applying the UChime

algorithm (Edgar et al. , 2011) and the Chimera Slayer (Haas et al., 2011) option as
implemented in MOTHUR.
A total of 1,508,552 reads were obtained from 87 samples that were sequenced
using the GS-FLX high throughput sequencer with an average of 17,340
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sequences per sample.

After quality control, 1,071,100 (>200bp) sequences

remained. This corresponds to an average recovery rate of about 71 %.
2.4.4.4.b Diversity of operational taxonomic units (OTUs).

OTUs were generated at a genetic distance of 0.03 corresponding to an average
intra-OTU sequence identity of 97 (Kunin et al., 2009).

Sequences were

individually classified using the Ribosomal Database Project (RDP) classifier
(Wang et al., 2007), which uses a Bayesian approach and also runs a
bootstrapping algorithm. The threshold for bootstrapping assignment to a specific
taxonomy was set at 80% (RDP reference database as on 7/11/2012). The OTUs
were assigned a taxonomic classification based on the consensus taxonomic
assignment for the majority of sequences within that OTU.

If a consensus

taxonomic assignment was not possible at the genus level, then the nearest
taxonomical level where a consensus was obtained was reported.

For OTUs of

interest in various experiments, representative sequences were obtained using
MOTHUR.

When possible, these sequences were then classified further using

BLAST (Johnson et al., 2008).
2.4.4.4.c a and J3 diversity measurements.

Alpha-diversity was calculated as the number of observed/estimated OTUs per
location.

The a-diversity estimations were made using the reciprocal of the

Simpson Index (Simpson, 1949; Magurran and McGill, 2011 ), the non-parametric
Shannon Index (Chao and Shen, 2003) and the Shannon evenness index
(EShannon - DShannon/ln(S), (Magurran and McGill, 2011) implemented In
MOTHUR.

It has been observed that these estimators were not sensitive to

sequencing effort and thus comparison of samples with different sampling depths
was possible. Rarefaction curves were constructed using output from MOTHUR.
Coverage of richness at a given sampling effort was determined via the GoodTuring estimator (Good, 1953).

Total richness was estimated using the Chao

(Chao, 1984) and ACE (Chao and Lee, 1992) richness indicators and via
CATCHALL (Bunge, 2011 ), as implemented in MOTH UR.

The number of

sequence reads needed to observe all the OTUs was calculated by assuming a
logarithmic dependency of the number of OTUs on the number of sequence reads.

72

Non-metric Multi-Dimensional Scaling (NMDS) (Kruskal, 1964) ordinations was
used with 1,000 Monte Carlo permutations, and viewed as scatter plots to
determine how the different samples cluster with respect to each other.

This

method computes the Euclidean distances in a specific set of dimensions (a twodimensional plot was used in this study) corresponding to ranking of the original
distances.
The next step was to determine how these differences translate to the number and
abundance of OTUs. Heatmaps were drawn to determine how the shared OTUs
change as the material moves through the system. The taxonomy information was
used to depict graphically, how the microbes of interest (at different taxonomic
levels, phyla and genera) behave as the waste moves through the system. The
OTU composition between locations was compared using Yue and Clayton theta
[8yc] (relative abundance) measure of OTUs (Yue and Clayton, 2005). The results
of each

comparison were viewed

as a dendrogram.

Weighted-UNIFRAC

(Lozupone and Knight, 2005) was performed to determine if the clustering in the
dendrograms is statistically significant, as this method incorporates branch length
and weighing.

AMOVA (Excoffier et al., 1992) was done on the samples to

determine if the distances between samples as seen on the NMDS plot are
statistically significant. This was performed using the distance matrices that were
created earlier and does not use ordination.

2.4.4.4.d Physical parameters and microbial communities

The final aim of this thesis is to determine how the microbial communities in
compost change with the change in physical parameters. In order to establish this
relationship, the following analyses were performed.
a) The Metastats (Foster, 2003) application

in

MOTHUR was used to

determine the differentially abundant OTUs between Port 1 and Port 4 of
the Hot Rot™ during various experiments. OTUs with p<0.001, q<0.05
were chosen.
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b) Correlation axes were obtained for each of the OTU in the Port 1 and Port 4
using spearman correlation method.

These analyses determine the

amount of shift caused by OTUs along the NMDS axes.
c) The information from step a and step b was put together along with the
abundance of each of these OTUs in the sample set. 30 most abundant
and differentially expressed OTUs were therefore chosen for plotting.
d) Correlation axes were also calculated using the same NMDS axes and
metadata (pH, EC, C:N ratio) information.
e) A scatter plot was constructed with both the OTUs and the physical
parameters plotted along the same axes to see which OTUs best correlate
with one or more of the physical parameters. Each OTU was labelled with
the corresponding taxonomy at the genus level.

2.4.5 Pathogens
PATRIC (Pathosystems Resource Integration Center) is _an online resource that
brings together the available bacterial phylogenomic data from numerous sources
that can be used for comparative analysis (http://patricbrc.org/portal/portal/patric/
Home).

Using this online database, a list was- compiled of the potentially

pathogenic bacteria that can be found in the compost microenvironment. The list
consists of the pathogen names along with the disease caused by each of the
pathogens and their inactivation temperatures (Appendix 1). Once the sequences
in the study had been assigned taxonomies using the RDP classifier in MOTHUR,
this list was used as a reference to determine the presence and abundance of
pathogenic communities in the Hot Rot™ compost during various experimental
conditions.

The second step was to determine the removal of pathogens as the organic matter
moves from the input to the output port. In order to achieve this , the total relative
abundance of all the pathogenic OTU's with more than 4 sequences were
determined and the change of abundance was tracked as material moved from
Port 1 to Port 4 in Hot Rot™.
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Finally, the steps mentioned in Section 2.4.4.4.d were also followed to determine
the differentially expressed pathogens, and plotted with the physio-chemical
factors to describe how the pathogenic microbes change with the change in the
physical and chemical parameters of compost.

2.5 Conclusion
In order to develop a comprehensive picture of the compost ecology and microenvironment in the Hot Rot™ in-vessel type system, the methods detailed in
Sections 2.1 to 2.4 were used.

Every sample that was collected from the Hot

Rot™ was processed and analysed in the same manner in order to minimise
procedural error.

The results of the microbial communities and physio-chemical

parameters obtained during the standard operating conditions and various
experiments are elucidated in chapters 3,4 and 5. Each of the results chapter is
specific to the experimental condition that it elucidates and the concluding remarks
summarise the results of these analyses.

The final discussion combines the

results from each chapter to provide an overall picture -of the detailed microbial
community structure of the Hot Rot™ under various working conditions.
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CHAPTER 3: Characterization of the microbial communities in the Hot
Rot™ composting system under standard operating conditions

3.1 Introduction

An objective of this study is to characterize the microbial communities
inhabiting organic waste when it is composted using the Hot Rot™ in-vessel
composting system.

This chapter aims to generate a comprehensive if not

complete picture, of the microbial community dynamics of a large scale, forcibly
aerated, in-vessel system when operating under standard conditions.
The standard operating conditions of the Hot Rot™ were designed to meet the
university's organic waste disposal needs.

In order to fulfill these needs, a

certain amount of waste had to be added to the Hot Rot™ every day.

This

meant that the central shaft was turned at a certain speed that is referred to as
the standard operating speed. The rate of turning of the central shaft and the
volume of the waste inputs dictate the residence time of the material inside Hot
Rot™. Therefore, the first aim of this chapter was to determine the residence
time of the material in Hot Rot™ during its standard operating conditions. The
Hot Rot™ was then sampled extensively for -three replications of this
experiment.
collected.

Both DGGE and 454 HTS were performed on the samples thus
The information generated using these methods was used to

characterize the microbial communities inhabiting Hot Rot™ during its standard
mode of operation. The results of these analyses informed a sampling regime
that would help to achieve optimum replication during future experiments on
Hot Rot™ . Additionally, since the communities were analysed using 454 HTS ,
a framework of analysis was developed to inform the best method to handle the
large volume of 16S data generated by high throughput sequencing.
Based on the information gathered from the analysis of the microbial
community composition of Hot Rot™ organic matter during its standard mode
of operation, various experiments were trialled in attempts to improve its
efficiency. The changes in the microbial community structure observed in Hot
Rot™ as a consequence of experimental manipulations of the standard working
conditions of Hot Rot™ are presented in chapters 4 and 5 of this thesis.
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3.2 Methods

3. 2. 1 Choice of sampling strategy
There are two basic ways in which changes in the microbial community
composition and waste chemical characteristics can be monitored as it moves
through the Hot Rot™ composting vessel.

Using the first approach a unit of

waste can be sampled as it moves through the vessel. That is, waste material
present at port one on day one will have moved to the port two position two to
three days after it was added to the vessel, and so on (Figure 3.1A). Sampling
the material in this manner provides an accurate assessment of the changes
occurring to a 'unit' of waste after it has been added to the system.

In the

second approach waste is sampled after it has been in the system for about 0,
2, 4, or 8 days (Figure 3.1 B). By using this approach, differences in microbial
composition of waste sampled at each of the ports occur due to two factors: the
time the material has been in the system and the composition of the waste
material when it entered the system. The two sampling approaches would yield
identical outcomes if the composition of the added waste material never
changed.

In reality, although some of the inputs are fairly constant, for

example, the mass of mouse bedding added per day, other inputs vary greatly.
For instance, factors that can affect this variability include menus of the various
food outlets on campus from which food waste is collected.
Consequently, while the replication strategy illustrated in Figure 3.1 A provides
a more 'accurate' description of the changes occurring in a unit of waste as it
moves through the system, it yields results that may lack generality.

By

contrast the sampling strategy depicted in Figure 3.1 B enables the changes
that occur in waste material as it moves through the system to be determined
for a larger number of waste 'units' (inputs). As such, it should provide results
that are more generally applicable.

The second advantage to the point

sampling approach (Figure 3.1 B) is that the same number of replicates can be
collected in a shorter period.

Therefore, it was decided to use the point

sampling approach (Figure 3.1 B) to collect samples during the standard
working

conditions and during the various

experimental

conditions

as

discussed in chapters 4 and 5.

77

Pl

EJ

~

EJ

Pl

Bi2

_ _,... p3

_ __,. p4

_ _,... P2

P3

P4

E
Pl

P2

@]

~

Pl

8

8
@]

P2

P3

EJ

1

E]

- - - - . P3

_ __,. p4

EJ

EJ
~

_ _...,. p,2

EJ

P3

l> l

P4

All

_ _._. p2

P3

E]

P4

B

Figure 3.1: A) Hot Rot™ sampling strategy whereby the system is sampled in time and the waste added to input is followed through time until it reaches port 4. B)

Point sampling approach : All four ports of the Hot Rot™ are sampled at the same time and replicated over 9 days.
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3.3 Results

During its standard mode of operation, the methods that were used to
determine the residence time of the material in Hot Rot™ and characterise and
analyse the microbial community are explained in detail in chapter 2.

This

section details the observations and results obtained from the sampling of Hot
Rot™ and the sample processing and analyses.
3. 3. 1 Residence time

In order to determine the average length of time that the material resided in the
composting vessel under standard operating conditions, a residence time
experiment was undertaken. Two kilograms of ball bearings weighing 0.01 g
each were added to the input port of the vessel and collected by means of
magnets from the output port on a daily basis (Chapter 2, Section 2.2.3.1 ). The
recovery of ball bearings followed a bell curve over a period of 14 days with 15%
recovery and the residence time under standard operating conditions was
determined to be 9 days (Figure 3.2).
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Figure 3.2: Mass (g) of ball bearings collected per day over the course of the 9 days during
the standard operating conditions of Hot Rot™

3. 3. 2 Replication

There are four evenly-spaced access ports along the length of the Hot Rot™
vessel.

These ports provide the identifiable points at which to sample the

waste material as it moves through the system.

Less clear is the number of
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waste samples that should be collected at each port. To determine the number
of samples required per port, three samples were collected from each of the
four ports at a single point in time.

DGGE was used to characterise the

microbial composition of each of the 12 samples . Upon comparison , the DGGE
profiles of these samples showed that there was very little or no difference in
the number or intensity of the bands produced using the 16S PCR products
(Figure 3.3). Consequently, the decision was made to collect only two waste
samples per sample port.

Figure 3.3:

DGGE profile of triplicate samples taken from each port of Hot Rot™. Lanes

marked with M indicate the Marker lanes. It is assumed that each band in a lane represents a
single bacterial taxon .

3.3.3 Sampling

During the standard operation of Hot Rot ™, a total of 36 samples were
collected using the point sampling approach. Th is included triplicate samples
from each port, represented by coloured boxes in figure 3.4. As the residence
time of the material during the standard operating conditions was 9 days , an
interval of 9 days was chosen between any two sets of sample collections .
Since 454 HTS is a relatively expensive technique , all of the 36 samples
collected could not be sequenced . Therefore , 9 samples were chosen for HTS
sequencing. These include port 1 to port 4 samples from day 1 and day 9 and
port 4 sample from day 18 (Figure 3.4, red boxes ).
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Figure 3.4: Samples collected during the standard operation of Hot Rot™ . Triplicate samples
were collected from the ports shown as squares , resulting in a total of 36 samples . Samples
represented by red squares were sequenced using 454 HTS .

3. 3. 4 454 HTS sequence pre-processing

A total of 154,094 sequences were obtained when the PCR amplicons of V1-V3
hyper-variable regions of the 16S rRNA gene were ~equenced using 454 HTS .
9 samples were sequenced giving an average of 17,122 reads per sample
(Table 3.1). After initial sequence processing for removal of pyro-noise using
MOTH UR (Chapter 2, Section 2.4.4.4 ), 118,046 sequences remained which
yielded an average of 13,116 sequences per sample . The number of reads
ranged from 10,059 to 17,062 per sample.

The median length of the

sequences was 427bp and 75% of sequences were more than 368bp long.
The mean length of sequences was 403.5 +/- 98bp .

The entire data set

comprised of a total of 10,179 unique sequences that were used to construct
OTUs at a distance of 0.03 using MOTHUR. All further analyses were based
on OTUs .
There are two broad approaches that can be used to analyse microbial
community data : (a) an approach based on richness i.e. the number of unique
OTUs in a sample , or (b) an approach that cons iders not only the presence but
also the abundance of each OTU.
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The richness statistics are influenced by the presence or absence of rare OTUs
between samples , while rare OTUs have limited impact on estimates that
consider the abundance of each OTU . The use of the sequence dataset that
includes numerically rare OTUs for further analysis was considered contentious
due to the following reasons:
1. It has been demonstrated that many of the 'OTUs' that occur only once
are highly likely to be artefacts arising as a result of sequencing and
PCR (Kunin et al., 2009; Quince et al. , 2009 ; Tedersoo et al. , 2010).
2. The aim of this study was not to characterise the OTU composition of a
particular microbial community but to look at changes in the composition
of the microbial community as decomposition takes place in Hot Rot™ .
Therefore, numerically rare taxa are considered irrelevant.
3. Estimates based on the presence/absence of taxa vary greatly among
samples and therefore reduce statistical power.
4. Preliminary analyses of the data revealed that a very large number of
rare OTUs were present in the input samples , but were never observed
again (Figure 3.5)

Consequently the decision was made to exclude all OTUs occurring less than 4
times in the entire dataset (i .e. a relative abundance of less than 0.00003% , on
average). A figure of less than 4 was chosen because, an OTU occurring less
than 4 times could not be observed in samples from all four ports. This process
resulted in 1,427 OTUs (1 .47%) being discarded.
The reduced data set , with the rare OTUs removed , was used for the richness
and diversity estimates for further analyses of the microbial community. After
the removal of numerically rare OTUs (occurring <4 times) , a large number of
uncommon OTUs (between 5 and 100 sequences) remained in the dataset and
they may have an effect on some of the statistical analyses . Therefore, for the
analyses that involved comparison of microbial community structure and
composition as composting progressed , an abundance approach was chosen
(Section 3.2.5.2).
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3. 3. 5 Statistical analyses: Microbial community structure and composition
Generation of the dataset free of pyro-noise and chimeras was fo llowed by
statistical analyses that dealt with the estimation of the sample diversity and
richness using statistical calculators like Chao and Ace.

This estimated

richness and diversity was compared to the actual richness and diversity to
determine the depth of sequencing achieved in this study.

3.3.5.1 Coverage, diversity and richness estimates

Using the reduced dataset, three different measures of alpha diversity were
used , to determine the coverage, richness and diversity of each sample. The
total coverage of each of the samples was calculated using MOTHUR and
compared

with

the

Goods

Coverage

Estimates

to

determine

the

extent/completeness to which each of the samples was sequenced using the
454 approach.

The OTU numbers in each sample were calculated and

compared with the expected number of OTUs using - the Chao and Ace
estimators.

Since in this study the samples were deeply sequenced and

included many uncommon OTUs, the Inverse Simpson index along with the
Shannon evenness index was used to measure -diversity of each sample.
These diversity indices take into account the abundance of each OTU in the
community.
The goods coverage estimates for the samples ranged from 99.3 to 99.9%
suggesting that on an average , only an add itional 0.4 phylotypes would be
expected for every 100 additional sequences.
Chao was 77-98% and for Ace was 74-97%.

The estimated coverage for
The data for the richness and

diversity estimates are presented in Table 3.1. A rarefaction curve constructed
using this data set showed considerable flattening (Figure 3.6) , indicating that a
reasonably deep sequencing has been achieved in this study.

The average

Shannon evenness Index for this set of samples was 0.375 and the Inverse
Simpson Index was 5.02 indicating a high level of diversity in the data set. At
the input port, the diversity of samples was high (average Inverse Simpson
index 10. 7) and mesophilic temperatures were observed (average temp 30°C).
Temperatures increased as the material moved to port 2 (average temp 35 .5°C)
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and the diversity fell (average lnv-simpson 1.77). As the material moved to port
3, the temperatures decreased to 33C and the diversity increased to an
average of 1.85 (Inv-Simpson). At port 4, the temperatures fell to near ambient
(average temp 25.6°C) and the diversity indices increase (average lnv-simpson
3.97).
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Figure 3.6:

Rarefaction curves using Observed number o~ OTUs without numerically rare

OTUS (occurring less than 4 times). Error bars represent lowest confidence interval (lei) and
the highest confidence interval (hci) as estimated by MOTHUR. The flattening of the curves
indicates saturation meaning that a reasonable number of individual samples have been
collected and more sampling will only yield a few additional species .

3.3.5.2 Community structure and composition based on OTUs

During its standard mode of operation, a significant reduction in the volume of
organic waste was observed (55-60%) in Hot Rot™ . The organic matter being
composted

also

experienced

large

changes

In

diversity

of

microbial

communities inhabiting it. Temperature of the material as it moved through Hot
Rot™ was observed to be in the ambient and mesophilic range (temperature
range 25 to 35°C).

A detailed analysis of the changes observed in the

microbial community composition of waste as it moves from port 1 to port 4 is
presented in this section.
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Table 3.1: Observations for the reduced data set: Exp : name of Experimental sample, Temp: Temperature, #RR : number of raw reads , TR: Number of reads after

trimming , GC : Goods Coverage estimate, Obs-OTU : number of observed OTUs (OTU=Operational Taxonomic Unit) calculated at a distance of 3% in MOTH UR for
16S rRNA reads from different points in the Hot Rot™. lnvS : Inverse Simpson diversity estimate , Sh-even : Shannon evenness index. Figures in brackets are 95%
confidence intervals. Ports 1to 4 =P1, P2 P3 and P4. Repeats=R1 , R2 , R3 . M10 to M18=MID number/barcode used for 454 sequencing .

Sample

Exp

#RR

#TR

Temp
(OC)

# aligned
unique
seqs

ObsOTUs

GC

Chao

Ace

lnvS

Sh-even

R9WP1R1M10

P1 R1

15012

10059

32

6585

407

99.48%

417 .39(411 .21-432.59)

418 .56(412.66-430 .63)

23 .28(21 .83-24 .93)

0.740729

R9WP2R1M11

P2 R1

16981

13661

35

11455

243

99 .32%

311 .05(281 .27-363.98)

315 .95(289 .04-358 .60)

1.77(1 .73-1 .80)

0.275341

R9WP3R1M12

P3 R1

13258

10661

32

9163

105

99 .59%

136.71 (119 .06-176 .54)

142.72(124.65-177 .40)

1.79(1 .75-1 .84)

0.255468

R9WP4R1M13

P4 R1

15461

11875

22

10102

51

99 .84%

61 .91 (54 .34-86 .79)

68 .96(57 .80-98.47)

3.21 (3 .15-3.28)

0.398789

R9WP1R2M14

P1 R2

19661

14699

28

11981

157

99 .69%

181 .67(167.94-212 .57)

183.12(170.71-206 .74)

2.67(2 .63-2 .71)

0.291378

R9WP2R2M15

P2 R2

16830

13379

36

11548

167

99 .69%

186.83(175 .58-212 .83)

189.51(178.60-210.71)

1.78(1 .74-1 .82)

0.27414

R9WP3R2M16

P3 R2

16389

12959

34

10905

115

99 .68%

143.05(127.05-180.32)

145.64(130 .44-175 .82)

1.91 (1 .87-1.95)

0.282037

R9WP4R2M17

P4 R2

22263

17062

28

13256

192

99 .61%

241 .04(216.07-291 .07)

230 .75(213.97-260 .37)

2.75(2 .68-2 .82)

0.367416

R9WP4R3M18

P4 R3

18237

13691

27

10724

241

99 .51 %

281 .18(261 .12-321 .26)

268 .97(256 .72-290 .77)

5.96(5 .76-6 .18)

0.491667

'
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In order to determine the changes in microbial communities as the waste
decomposed and the material moved through Hot Rot™, three key questions
were addressed. Firstly, how different/similar are the samples from each port?
Secondly, how significant are these differences?

Finally, how do microbes

belonging to different taxonomic groups change in abundance as composting
progresses through Hot Rot™?
The structure of microbial communities, as the waste moves through the Hot
Rot™ was compared using the relative abundance of OTUs (Yue and Clayton
(8yc) indices).

The results of this comparison were viewed as a scatter plot

(NMDS) (Figure 3.7). The NMDS analysis produced a high quality ordination
with a stress value of 0.079 and R-squared of 0.987 over two predefined axes.
Clustering patterns on the plot reflect the difference in relative abundance of
OTUs between samples. It was observed that the input samples from the two
repeats (P1 R 1 and P1 R2) did not cluster close to any other sample on the plot
indicating a high variation in the input samples.

Secondly, the samples

representing the organic matter in ports 2, 3 and 4 were more similar to each
other than to the input ports. This observation is concordant with the heatmap
that showed a large number of OTUs in the input ports that were not shared
with any of the subsequent ports (Figure 3.5). Although port 4 samples were
derived from varied inputs, the three repeats from· port 4 clustered closer to
each other than to samples from any other port. Port 2 and 3 samples, from
both repeats, clustered together, indicating that they form the transition phase
from a highly diverse input port to a more stable port 4.
Pairwise t-tests were conducted on the samples to determine if the distances
that were observed between the different points on the NMDS plot were
statistically significant.

P values less than 0.001 were obtained for each

pairwise comparison. The Yue and Clayton indices for each sample were also
used to construct dendrograms (results not shown). These analyses produced
similar clustering patterns to those seen on the NMDS plot.

Statistical

significance of the clustering within the tree was checked using WeightedUnifrac. The results suggest that there are no significant differences between
ports 2 and 3 (p=0.096 and 0.069) but port 4 differs significantly from all other
ports (p<0.001 ).
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NMDS plot based on Yue and Clayton indices of similarity between samples
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Figure 3. 7: NMDS plot of the 16S rRNA based microbial communities of different ports along
2

the length of the Hot Rot™ . NMDS stress=0 .08 , R =0 .987 . The NMDS axes were generated
using a distance matrix calculated at a 97% similarity level , with the Yue and Clayton similarity
coefficient. The distance between two points is directly proportional to the Syc values for the
two samples . As such , the samples closer to each other have similar proportional abundance
of the shared OTUs than samples further apart on the plot. The first letter-number combination
indicates port number and is followed by a letter-number combination indicating the repeat
number. For example: P1 R1: Port 1 Repeat 1. Each port is represented by a colour coded
triangle , Red=Port 1, Purple=Port 2, Green=Port 3, Yellow= Port 4.

Together, these observations suggest that regardless of the highly diverse
microbial community observed at the input port of Hot Rot™, by the time the
material reaches port 4, the community structure evolves to become different
from that seen at the input. However, replicate samples from port 4 taken at an
interval of 9 days clustered closer to each other indicating that the day to day
variation in the input microbial communities is not reflected at the output port of
Hot Rot and the material coalesces to become highly homogeneous at port 4
In order to determine the reasons behind the clustering patterns of samples on
the NMDS scatter plot, the relative abundance of the 30 most abundant OTUs
was tracked as the material moved from port 1 to port 4 (Figure 3.8).
Firmicutes (50%) was the major phylum at the input ports , and the balance was
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represented

by

Bacteroidetes (9%).

Proteobacteria

(17.4%) ,

Cyanobacteria

and

(22%)

As the material moved through the system , two phyla

increased in abundance that include Firmicutes (increased from 50 to 80%) and
Actinobacteria (increased from 0.1 % to 5%).

All other phyla decreased in

numbers with Bacteroidetes suffering the highest proportional decrease (96%)
from 10% to 0.2%.
The phylum Firmicutes produced interesting results because not only is it the
most abundant phylum at each port, its relative abundance increases as
decomposition progresses. Further investigation of this phylum revealed that at
the input port, Firmicutes was dominated by two Lactobacil/us species. These
species

are

Lactobacillus 1

(Lactobacillus

amylovorus,

and

56%)

Lactobacillus_4 (22%). At ports 2 and 3 there was a slight increase in other

members of the family Lactobacillaceae (Figure 3.8). However, by the time the
waste reaches port 4, seven different Lactobacil/us species were present, only
two of which were abundant at port 1. A diverse microbial community structure
was detected within the phylum Firmicutes as compost exits the Hot Rot™. A
genus in the phylum Firmicutes that is not seen at the input port but
experiences a considerable increase at port 4 is Turicibacter (42% increase).
The results from the 454 HTS of compost also showed that a reference
sequence was not found for a large number of OTUs and consequently, these
OTUs could not be classified. The unclassified taxa were not restricted to the
rare organisms but were fairly common in the more abundant species.

For

example , 27% of the 30 most abundant OTUs detected during the standard
operating conditions could not be classified up to the genus level.

These

observations indicate that the 454 HTS is detecting a large proportion of
previously unknown OTUs in compost.
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Relative abundance of 50 most abundant OTUs across ports: Comparison at
the level phylum

Port 2

Port 1
■

Actinobacteria

■

Bacteroidetes

Port 3
Cyanobacteria

■

Firm icutes

Port 4
Proteobacteria

Figure 3.8: Phylum level relative abundance of 30 most abundant OTUs (based on the 16S rRNA sequence identity) across ports obtained by pooling sequences

from repeat 1, 2 and 3 for each port. 100 % consensus was seen for each of the taxonomic assignments at this level except for the phylum Cyanobacteria that was
assigned with a 70% consensus on average .
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Comparison of the most abundant species within the phylum Firmicutes

Port 2

Port 1

Port 4

Port 3
I

I

■

Lactobacillus-1
■ Lactobacillus-5

■

Lactobacillus-2
Lactobacillus-6

■

Lactobacillus-3
Lactobacillus-7

■

Lactobacillus-4
Others

■

Turicibacter

Figure 3.9: Genus level relative abundance of the most abundant OTUs within the phylum Firmicutes (based on the 16S rRNA sequence identity) across ports

obtained by pooling sequences from repeat 1, 2 and 3 for each port.
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3.4 Conclusions

A composting vessel is a nutrient rich system, where decomposition is brought
about by a range of microbes that work together to break down the organic matter.
Deep sequencing enabled us to thoroughly characterize the bacterial micro-flora of
food waste compost, using the Hot Rot™ in-vessel system during its standard
mode of operation. Since the temperatures in the vessel did not rise above 55°C,
it was assumed that Hot Rot™ was working sub-optimally (AS4454, 2003). This
chapter describes the change in microbial communities that inhabit the Hot Rot™,
as composting progresses, using 454 high throughput sequencing technology.
Given the large amount of data produced using this technique, a stepwise
framework of methods was designed, which will be used when investigating the
various working conditions of the Hot Rot™ (Chapter 4 & 5).
Organic matter (waste added as inputs) in Hot Rot™during its standard mode of
operation had an average residence time of 9 days.

The 9-day set up of Hot

Rot™ was also used to make informed decisions about tRe frequency of sampling
and replication required.

Multiple samples collected from the same port at the

same time were highly similar in terms of their DGGE profiles. 454 HTS results
indicated that independent replicates taken from the same port at different time
points were also similar except for the uncommon taxa (Figure 3.5). Therefore, a
decision was made that for all future experiments a duplicate sample from each
port will be collected and replicated over time using the strategy shown in 3.1 B.
During the standard working conditions of the Hot Rot™, a detailed analysis of the
OTU based analysis revealed a large number of numerically rare OTUs.

The

inherent nature of the process of decomposition, which involves breakdown of
organic matter by the more abundant species, means that rare taxa may not play a
significant role. Rare OTUs, however, might contribute to the diversity estimates
and statistical analysis and lead to erroneous interpretation of the data.
Consequently, the rare OTUs were removed from the data set for analysis and a
similar protocol will be followed when analysing microbial communities in Hot
Rot™ in the subsequent chapters.
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Based on the alpha diversity measures, heat maps and NMDS analysis , it was
observed that during the 9 day residence time cycle, port 1 had a high richness
with a large number of rare taxa.

Port 2 and port 3 microbial community was

similar with decreased levels of richness and mesophilic temperatures. At port 4,
a high microbial diversity was detected, yet different replicates were similar in their
microbial community structure. These observations led to the conclusion that
comparison of port 1 and port 4 should provide enough information to capture the
changes occurring along the length of the Hot Rot™.

It was also hypothesised

that despite a high microbial diversity at the input, because of the relative
homogeneity of port 4 , the efficiency of different working conditions of Hot Rot™
can be compared effectively by comparing the output port (port 4 ).
hypothesis will

be tested

using

input and

output samples from

This

different

experiments in chapter 4.
Depending on the scale , the type of composting system being used , and the
detection method , different bacteria have been shown to dominate the different
stages of composting . During its standard mode of operation , high temperatures
were not achieved in the Hot Rot™ , leading to a mesophilic community dominated
by the phylum Firmicutes . The mesophilic microbes found were similar to those
seen during the early phases of various compost environments as reported in
literature (Ryckeboer et al. , 2003 ; Takaku et al. , 2006). Therefore , the output of
Hot Rot™ did not have a microbial community that is expected from mature
compost.
Dynamics within the phylum Firmicutes were more complex than the rest of the
phyla observed during the 9 day residence time experiment.

During the sub-

optimal working of Hot Rot™ , about 80% of the microbial communities that were
detected during various stages of the composting process belonged to the genus
Lactobacillus.

The increase in the relative abundance of two more genera ,

Leuconostoc and Turicibacter was observed between port 1 and port 4 of the Hot

Rot TM .
In conclusion , the Hot Rot ™, under its standard operating conditions , was working
sub-optimally.

This

is because it was

unable to ach ieve

pasteurisation
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temperatures (>55°C) and a microbial community expected from mature compost.
However, a diverse set of metabolically active bacterial communities and a large
reduction in volume of the organic matter being composted was observed.
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Chapter 4: Manipulating Hot Rot™- Attempts to improve efficiency and
achieve high temperatures in vessel
4.1 Introduction

Under standard operating conditions , Hot Rot™ achieved significant reductions
in the volume of organic waste (Chapter 3).

However, the microbial

communities inhabiting the organic waste inside the Hot Rot™ vessel were
dominated by the phylum Firmicutes, a community structure atypical of mature
compost.

Further, the in-vessel temperatures remained sub-optimal , and did

not achieve the temperatures required for pasteurization.

For both these

reasons, under the standard operating conditions , Hot Rot™ was considered to
be working sub-optimally.
In order to improve efficiency, a number of modifications to the standard
working conditions of Hot Rot™ were trialed .

This chapter describes the

effects of these experimental modifications on the maturity and microbial
community structure of the Hot Rot™ output.

The firsr experiment involved

varying the residence time of the material in Hot Rot™ . While in the second
experiment , part of material that had passed through Hot Rot™ was added to
the inputs. The two experiments were conducted around the constraints of a
fully operational composter.
Physical and chemical properties of the compost were measured and analysed
along with the microbial community composition using 454 HTS. The data was
processed using bioinformatics tools to address the following questions .
1) How do the physical parameters of Hot Rot™ outputs , under different
experimental conditions , compare to what we already know about
compost?
2)

How do the microbial communities that are established in the Hot

Rot™ during different experiments differ and how efficient is pathogen
removal?
3)

What is the relationship between microbial communities from the

various experimental outputs and the changes in the physical and
chemical parameters tested?
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4.2 Methods

Prior research conducted on small scale in-vessel systems has shown that it is
possible to improve the efficiency of a composting process (Sundberg and
Jonsson, 2005; Sundberg and Jonsson, 2008). Based on a variety of possible
methods that have been suggested in the literature for this purpose, two sets of
experiments were designed for this study. These involved varying the time that
the material took to transit through the system and adding partially composted
Hot Rot™ output back into the inputs. This section provides a brief overview of
the experiments conducted and the effect of these changes . on the resulting
microbial communities.

The details of the methods used to achieve these

modifications are presented in Chapter 2, Materials and Methods, Section 2.2.3.
Over the course of these experiments Hot Rot™ was monitored and sampling
was conducted in accordance with the sampling strategy selected in Chapter 3.
The samples thus collected were sequenced using 454 HTS.

The resulting

sequences were pre-processed and analyzed according to the analyses
framework described in Chapter 3.

This section includes an overview of the

methods used for analyses of the 454 HTS data that are relevant to the results
presented in this chapter.
4. 2. 1 Experiments
4. 2. 1. 1 Residence time
When organic matter is composted using a traditional heap style set-up, a
minimum of three months are required to achieve good quality compost
(Rodale , 1971; Misra et al., 2003). It can therefore be argued that the time
allowed for the waste to decompose should have an effect on compost maturity.
In Hot Rot™ , residence time refers to the time that it takes for the waste to
transit through the length of the vessel. The waste material is pushed through
the Hot Rot™ by addition of fresh waste combined with the rotation of the
central tine-bearing shaft.

During the standard operation of Hot Rot™ , the

residence time of the material was 9 days (Section 3.2.1 , Chapter 3). The 7
and 12 day residence times were achieved by changing the rate at which the
central shaft rotated while maintaining the same volume of inputs as used
during the 9 day experiments (Figure 4.2). The 26 day residence time could
only be achieved by reducing the rate of shaft rotation and the volume of inputs
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added per day.

Hot Rot™ was sampled according to the sampling strategy

shown in Figure 4.1 and the samples shown in red were subsequently
The standard operating conditions of Hot Rot™

sequenced using 454 HTS.

were considered a part of the residence time experiments for purpose of
comparison in this thesis. A total of 31 samples were used for HTS during the
residence time experiments.

These include 18 samples from the 9 day

residence time experiment (also called the standard operating conditions, See
Figure 3.4, Chapter 3), 5 samples from the 7 day residence time experiment,
and 4 each from the 12 day and 26 day residence time experiments (red
squares, Figure 4.1 ).
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Figure 4.1:
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Sampling strategy for residence time experiments 1) Residence time=? days , 2)

Residence time=12 days, 3) Residence time=26 days. Duplicate samples were obtained from
ports in red and yellow and total DNA was extracted from the samples . Ports in Red were
sequenced using the 454 high throughput sequencing technology.
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Figure 4.2: Residence time experiments. Mass (in grams) represents the weight of ball bearings collected in one day. X-axis represents the day the sample was

collected . The rate of rotation of the central shaft of the Hot Rot™ was changed to get different residence times (Table 2.3, Chapter 2) while maintaining the feed
ratios . The ball bearing method used to determine the residence time for each experiment is described in Chapter 2, Materials and methods , Section 2.2.3.1.
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4. 2. 2. 2 Recycle

Seeding pre-composted material back into a system has been proven to accelerate
the process of composting. In particular, it has been demonstrated that using material
containing communities established during the thermophilic stages of composting for
seeding is highly effective (Sundberg, 2005). This was replicated in Hot Rot™ through
two different recycling experiments. A 10% recycle was used for each experiment (60
liters of output material with every 600 liters of input waste). The figure presented here
is the same as Figure 2.3 in Chapter 2, section 2.2.3.3. and details the schematic plan
for the two experiments.
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I Hot Rot Composter
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■

3 week old heap

a
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b

Figure 4.3: The recycle experiment strategy. Two recycles were added to the Hot Rot™ input.

(a) Recycle 1 (RC1 ): recycle taken directly from the Hot Rot™ output. (b) Recycle 2 (RC2) :
recycle taken from 3 week old heaps that has achieved the thermophilic phase.

In the first instance, output material from the standard operating conditions of
Hot Rot™ , was seeded back into the input waste. This was called the Recycle
Experiment 1 (RC 1). The second experiment involved adding the recycle from
a three week old heap to the input and was referred to as the Recycle
Experiment 2 (RC2).

In order to maintain comparability with the standard

operating conditions of Hot Rot™, the residence time was maintained at 9 days
and measured using the ball bearing method (Section 2.2.3.1 , Chapter 2).
12 duplicate samples were collected for each recycle experiment (yellow + red
squares, Figure 4.4 ).

A total of 12 samples were then sequenced using the

454 HTS technology.

These included 6 samples from each of the recycle

experiments (red squares , Figure 4.4 ).
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Figure 4.4: Sampling strategy for recycle experiments . Duplicate samples were obtained from

ports in red and yellow and total DNA was extracted from the samples . Ports in red were
sequenced using the 454 high throughput sequencing technology.

4. 2. 2 Analyses

Changes in the composition of microbial communities were analyzed using 454
HTS. At the same time, the values of the physical and chemical parameters of
the Hot Rot™ outputs from various experimental conditions, were compared to
those expected from mature compost (AS4454, 2003). This section discusses
the analyses that were performed to compare these experimental conditions.

4. 2. 2. 1 Physical and chemical parameters

There are a variety of physical and chemical properties that can be tested
against the Australian Standards of Composting, in order to determine the
maturity of the final product. Five of these parameters were measured in this
study. These are the carbon nitrogen ratio , moisture, pH , electrical conductivity
and temperature. These parameters were measured in the composted outputs
from each of the experiments and compared for compliance with the standards
using line graphs. In order to establish if the differences in these parameters
observed between treatments were statistically significant , one-way ANOVA
was performed using the program TANAGRA.
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4.2. 2. 2 Microbial community analysis

The results of the 454 HTS analysis allowed for a detailed examination of the
differences in microbial communities present in the Hot Rot™ output between
treatments. The sequences obtained from HTS were pre-processed to get a
reduced dataset as described in Chapter 2, Section 2.4.5.

The following

section briefly summarizes the analyses performed in order to characterize and
compare the diversity found in Hot Rot™ compost during different experiments ,
according to the analysis framework defined in Chapter 3.
The first step in the analyses was to determine the differences in the microbial
community structure in the outputs from different experiments . The distance
based clustering patterns of the outputs from different experiments were
visualized using scatter plots (NMDS). AMOVA was used to determine if the
distances between samples on the graphs are statistically significant. P-values
< 0.001 indicated that two samples being compared were significantly different.

For taxonomy level comparisons, the OTUs detected in the populations in each
port were classified using RDP.

Comparisons were made between the

diversity of the microbial populations achieved during each of the experiments
at the level phylum and genus. The differential a~undance of OTUs as the
material moved from Port 1 to port 4 during the different experimental
conditions was determined using Metastats, as applied in MOTHUR.

The

representative sequences for OTUs that were differentially abundant between
experiments were then obtained.

These sequences were classified using

BLAST to determine their species level identity when possible .

4.2.2.2.a Pathogens

The sequences from both the residence time and recycle experiments were
pooled in order to investigate the pathogen survival during the in-vessel
composting process .

As described in Chapter 2, section 2.4.4.4 , all the

sequences in the study were assigned to genus level taxonomies using the
RDP classifier in MOTHUR when possible . The change in abundance values
of OTUs belonging to the pathogenic genera was used to assess pathogen
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survival in compost as it moves through the Hot Rot™ vessel.

Reference

sequences were obtained for the 60 most abundant OTUs belonging to the
pathogen ic genera, and re-classified using BLAST in order to get species level
identity where possible. The known diseases caused by each of these species
were listed in table 4.3.

4.3 Results

This section reports the changes in the temperatures, physiochemical changes
and the microbial community composition observed in Hot Rot™ as a resu lt of
the variation in the standard working conditions.

4.3. 1 Residence time experiment
A total of 560 ,183 sequences were obtained from the 31 samples sequenced
for the residence time experiments.

This resulted in an average of 18,000

sequences per sample with an average Goods Coverage estimate of 99 .4% .
The reduction in volume observed during the various experiments ranged from
52% during the 7 day experiment to 63% during the 26 day experiment.
However, temperatures greater than the 55°C required for pasteurization were
not obtained within the vessel during any of these residence time experiments.
Based on the sequence data and the measured physiochemical parameters ,
the following sections report the effect of variation in residence time on the
microbial and physiochemical parameters on the compost micro-environment in
Hot Rot™.

4. 3. 1. 1 Physical and Chemical properties

Despite only achieving temperatures ranging from 25-35°C, the residence time
experiments resulted in a reduction in volume (range 50-60%) and odor.
Therefore, the rest of the parameters i.e. C:N ratios , moisture, Electrical
Conductivity and pH were compared to the ideal values expected from mature
compost (AS4454 , 2003) .
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Figure 4.5: C:N ratio , Moisture , pH and EC values averaged for different replicates of Port 4

and plotted against the residence time experiments . None of the parameters achieved the
values required by the Australian standards of compost , for determining compost maturity i.e .
C:N<20:1, pH=6.5-8 , EC<1 .Error bars indicate standard error.

The results (Figure 4.6) show that, with the exception of moisture content, none
of the residence time experiments resulted in a product that had achieved the
physical parameters values expected of mature compost. Residence time did
not have a significant effect on the C:N ratio, pH or electrical conductivity of the
output material (Table 4.1 ).

The moisture content of the output material did

vary significantly with residence time (Table 4.1) and a posteriori comparisons
revealed that the moisture content of the output material from the 26 day
residence experiment was significantly lower than that achieved in other
treatments. The moisture content of the 7, 9 and 12 day output are very similar
and ranged from 42% (7 day) to 39°/o (12 day), whilst the moisture content
observed in the 26 day residence time output was 34 % (Figure 4.5).
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Table 4.1:

One way ANOVA results obtained using the freely available software TANAGRA ,

showing the comparisons of the physical and chemical parameters of compost between Port
4's of various residence times .

Physical Parameter

Fisher's F statistic

p-value

C:N ratio

0.2774

0.84

pH

3.6772

0.06

Moisture

7.2550

0.002

Electrical Conductivity

2.7247

0.106

4.3. 1. 2 Microbial community analyses

The results of chapter 3 showed that the microbial communities present in the
input material varied greatly while the communities observed in the material
collected from port 4 were very homogeneous. The similarity of the community
composition in port 4 samples despite greatly different input communities
-

suggests that the impact of various experimental manipulations are best
assessed by comparing port 4 samples . A scatter plot (NMDS) incorporating
the microbial community composition data for the residence time treatments
support the outcomes observed in Chapter 3 (Figure 4.6) . First , the microbial
community composition of all input samples are very dissimilar to each other
and to the communities seen in port 4 samples . Second , port 4 samples from
the same treatment are similar to each other. Indeed , with the exception of the
communities observed in the 26 day resident time experiments , which are
distinct from all others , the communities observed in the port 4 samples from
the 7, 9 and 12 day residence time experiments are highly similar. The output
microbial communities will be investigated further in the following sections

in

order to determine the reason behind these differences and similarities .
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the Hot Rot™ .

2

NMDS stress=0 .171 , R =0 .917.

The NMDS axes were generated using a

distance matrix calculated at a 97% similarity level , with the Yue and Clayton similarity
coefficient. The distance between two points is directly proportional to the 8yc values for the
two samples , so that the samples closer to each other have similar proportional abundance of
the shared OTUs than samples further apart on the plot. The samples are labelled with the
experiment number followed by port number. Port 4 samples= ◊, Port 1 samples= ♦.

454 HTS results were used to determine the differences between the microbial
community compositions of port 4 samples from different residence times . As
seen in Figure 4.5 , the 7, 9 and 12 day residence time experiment outputs
cluster closer to each other as opposed to the 26 day residence time outputs
that cluster separately. The microbial community structure of the outputs from
the different residence time experiments were then compared using AMOVA.
This was done using the distance matrices that were generated to create
scatter plots (NMDS) and does not use ordination . Non-significant p-values
were obtained for the comparison performed between outputs from the 7 day, 9
day and 12 day residence time cycles.

The observation suggests that the 7

and 12 day variation to the standard 9 day residence time of Hot Rot™ did not
result in significant changes in the output communities.

The microbial

communities in the output from the 26 day residence time experiment were ,
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however, significantly different from the rest (p<0.001 for each comparison) . In
order to determine the taxa that are contributing to these differences , the OTUs
arising in port 4 outputs from each experiment were classified and compared at
the phylum level.

Results showed that all the outputs , including the 26 day

residence time output were dominated by the phylum Firmicutes (99% in 7 day
residence time output to 91 % in the 26 day residence time output) . Therefore ,
the effect of residence time on the OTU composition of members of the phylum
Firmicutes was assessed (Figure 4. 7).

A closer look at the composition of the phylum Firmicutes shows that different
taxa from the genus Lactobacil/us were dominant in the outputs during different
residence time experiments in the Hot Rot™.

Fasta sequences representing

these genera were retrieved using MOTHUR and classified to the species level
using BLAST.

Only sequences with 100% coverage and identity were

considered acceptable matches.
The 9 days residence time resulted in a microbial community with the highest
diversity.

49% of the microbes in the 9 day output belonged to the species

Lactobacillus amylovorus (Lactobacillus _ 1 in Figure 4. 7) which also dominated

the 7 day (92%) and 12 day (93%) residence time outputs . The balance of the
microbial community within the phylum Firmicutes during the 9 day residence
time experiment was composed of a large number of taxa , none of which were
highly abundant. The most differentially abundant of these were Turicibacter
and Oceanobacillus, and their abundance increases with the residence time.
On the other hand , the 26 day residence time experiment resulted in an output
that had different dominant communities from the rest of the residence time
experiments . As opposed to the rest of the residence time outputs , 72% of the
sequences found in the 26 day output belonged to the group Lactobacillus
acidipiscis (Lactobacillus _2, Figure 4.7). Only 8% belonged to Lactobacillus
amylovorus (Lactobacillus_ 1, Figure 4.7) wh ich is the most abundant taxon in

the 7, 9 and 12 day residence time outputs . This difference also explains the
AMOVA results and the placement of the Port 4 samples from 26 day
residence time experiment on the NMDS plot.
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Relative abundance of 12 most abundant Firmicutes in Hot Rot™ outputs
from residence time experiments.

9 days

7 days

26 days

12 days

■

Lactobacillus 1

■

Lactobacillus- 2

Lactoba,cillus .3

lactobacillus 4

■

Turicibacter

■

unclassified Firmicutes

Lactobacillus 5

Cerasibacil:lus

■

Oceanobacillus

■

Lactobacillus-6

unclassified firmicutes 1

Clostrid iu m

Others

-

ti Lactobacillus 7

-

Figure 4. 7: Genus level relative abundance of 12 most abundant OTUs (based on the 16S rRNA sequence identity) within the phylum Firmicutes observed at port

4 material from different experiments . Sequences from repeats 1, 2 and 3 for each experiment were pooled to obtain these graphs.
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4. 3. 2 Recycle experiments

A total of 186811 sequences were obtained from 12 samples sequenced using
454 HTS for the recycle experiments . This resulted in an average of 15567
sequences per sample with an average Goods Coverage estimate of 99.1 %.
An average reduction of 67% in the total volume of waste was observed during
the recycle experiments.

Although temperatures greater than 55°C were not

observed in either of the recycle experiments, temperatures obtained ranged
between 35°C and 40°C.

This section reports these differences in compost

microenvironment observed as a result of seeding of the input communities
with material that has passed through Hot Rot™.

4. 3. 2. 1 Physical and Chemical properties

The two recycle experiments resulted in temperatures that were higher than
those observed during the residence time experiments or during the standard
operation of the Hot Rot™ (Average 40. 7°C for P4 Recycle 1, 41.3°C for P4
Recycle 2, Average 24.9°C for P4 residence time experiments).
The waste input during the recycle experiments was changed due to the
addition of a recycle. Therefore , the input ports were analyzed in detail along
with the outputs for the recycle experiments. In order to maintain comparability,
it was important to maintain the C:N ratio of the waste input into the Hot Rot™ .
Therefore, the average C: N ratio during the recycle experiments was 21 .7 for
RC1 and 24.7 for RC2 . This was very similar to the average input C:N ratios
obtained during the residence time experiments which was 23 .7.

The only

major difference was observed in the EC values of the organic matter in the
input ports which was 3.94 mS/cm (average) for the recycle experiments as
opposed to 3.05 mS/cm (average) for the residence time experiments . By the
time the material reached port 4, C: N ratio , pH and electrical conductivity, had
not attained values requ ired for mature compost (Figure 4.8). Howeve r, similar
to the residence time experiments , moisture was well with in the ideal range.
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Figure 4.8: C:N ratio , Moisture , pH and EC values averaged for different replicates of Port 4

and plotted against 9 day residence time experiment and recycle experiments. None of the
parameters achieved the values required by the Australian standards of compost, for
determining compost maturity i.e. C:N<20: 1, pH=6.5-8 , EC<1 . Error bars indicate standard
error.

The values for these parameters from the recycle outputs were compared to
the 9 day residence time outputs using one way ANOVA.

No significant

differences were found in the C:N ratios , pH, electrical conductivity or moisture
content of the output material between the residence time outputs and the
recycle experiment outputs.
Table 4.2:

One way ANOVA results obtained using the freely available software TANAGRA,

showing the comparisons of the physical and chemical parameters of compost between Port
4's of recycle and 9 day residence time experiments.

Physical parameter

Fisher's F stat

p-value

C:N ratio

0.454

0.80

pH

3.39

0.04

Moisture

3.05

0.05

Electrical Conductivity

2.66

0.07
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4. 3. 2. 2 Microbial community analyses

When viewed on a scatter plot (NMDS), the port 4 samples from the two
recycle experiments clustered together and were distinct from the port 4
samples of any of the residence time experiments (Figure 4.9). The microbial
communities established during the two recycle experiments were found to be
significantly different from those of the residence time experiments (AMOVA,
p<0.001 ).

Therefore, both input and output communities of the recycle

experiments were examined in detail in order to determine the effect of adding
a recycle on the output microbial communities.

26 days
- - - - - - - - - - - - - - - - -0;&-+ - - - -- - - -- - - - - - - - - -

26 days
♦

- - - - - - - - - - - - - - - - - - -H,6- + - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - -11,4- 1 - - - - - ~ ~ - - - - - - - -
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d
7 ays
7 days~
J2 days
- - - - - - - - , - , . . . ~ - - - - - ------ - - - --<·•_ _ , _ _ - - - - - - -1-days . 2 ays
-0.8

9 days

-0.4

-0.2

0.2

0,6

0.4

9 days

Recycle 1
♦

• 9 days
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------------ - - - - - - - - - - - -

♦
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------------------t6 --- -------------------------------------------------------------
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9 days
♦

I
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Figure 4.9:

NMDS plot of the 16S rRNA based microbial communities from outputs of the

residence time experiments and those of the recycle experiments. NMDS stress=0 .190881 ,
2

R =0 .847380. The NMDS axes were generated using a distance matrix calculated at a 97%
similarity level , with the Yue and Clayton similarity coefficient. The distance between two points
is directly proportional to the Syc values for the two samples . Moreover, the samples closer to
each other have similar proportional abundance of the shared OTUs than samples further apart
on the plot. The samples are labelled with the experiment number followed by port number.
Residence time samples=

, Recycle experiment samples= ♦.
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The addition of partially composted product presumably has an effect on the
input communities in Hot Rot™ during the recycle experiment. Therefore, both
the input and output communities of the recycle experiments were analyzed in
detail.

As observed during the residence time experiments , Firmicutes

dominated the input (78% in RC1 and 92% in RC2 inputs) and output (99% in
RC1 and 97% in RC2) communitie$ during the recycle experiments.

Further

investigation of the phylum Firmicutes was therefore conducted at both the
ports.
During the standard operation of Hot Rot™ with a 9 day residence time , the
input community within the phylum Firmicutes had a high relative abundance of
the species Lactobacillus amylovorus (Lactobacillus_ 1) (56%) followed by

Lactobacillus_4 (22%).

This dominance of Lactobacillus amylovorus was

maintained throughout the process and the output community consisted of 49%

Lactobacillus amylovorus along with a large number of low abundance taxa.
During the

recycle

experiments,

communities was highly diverse.

the

overall

composition

of the

input

Lactobacillus amylovorus remained the

dominant species at the input port during both the experiments (26% in RC1
and 50% in RC2). However, the uncommon species during RC2 , were affected
by the addition of compost communities that had passed through further stages
of decomposition.

This was evidenced by the presence of Lactobacillus

acidipiscis (Lactobacillus_2) at an average of 20% in the inputs of the RC2
experiments.

Lactobacillus acidipiscis was a bacterium that had a relatively

high abundance in the heaps. Both Lactobacillus amylovorus and Lactobacillus

acidipiscis decreased in abundance during the composting process that
followed . Instead , a completely different species , Lactobacillus_6 increased in
relative abundance as the material moved to port 4 of Hot Rot™ during both
the recycle experiments (55% in RC1 and 60°/o in RC2). BLAST results did not
shed any more light on the identity of this taxon. Secondly, an OTU that was
identified as Oceanobacillus using BLAST became abundant as the material
moved from port 1 to port 4 during the recycle experiments (12% in RC1 and
11 % in RC2). Therefore , the addition a recycle to the Hot Rot ™ inputs affected
both the input and the output microbial communities detected in the Hot Rot ™
organic matter during the recycle experiments .
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Figure 4.10: Genus level relative abundance of 13 most abundant OTUs (based on the 16S rRNA sequence identity) in the phylum Firmicutes . Taxa represent
inputs and outputs of 9 day residence time and recycle experiments obtained by pooling sequences from repeat 1, 2 and 3 for Ports 1 and 4.
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4. 3. 3 Physical parameters vs microbial communities

Sequence data from port 1 and port 4 of the different residence time
experiments was pooled in order to determine the relationships between the
change in the OTUs with the highest relative abundance at these ports and the
physical parameters (see Chapter 2, Section 2.4.4.4.d).

About 15 of these

OTUs cluster close to the EC of the material (green cloud).

The 12 most

abundant OTUs as seen in figure 4.7 have been given the same background
colour.

The remainder of the OTUs do not cluster close to any other

physiochemical parameter measured during this study, excepting a couple of
OTUs that cluster with the pH (purple cloud).

Lactobacil/us amylovorus

(Lactobacillus_ 1) that dominates the 7, 9 and

12 day residence time

experiments , lies separately, away from every other OTU and physiochemical
parameter measured on the plot.
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Figure 4.11: NMDS based bi-plot of the most abundant OTUs that are differentially expressed

between Port 1 and Port 4 and are highl y abundant in the dataset, calculated at a distance of
0.03 using the sequence clusters from 16S rRNA sequences . For the phys ica l parameters , the
NMDS axes were generated using a distance matrix calculated at a 97 % simil arity level , w ith
the Yue and Clayton similarity coefficient.

The distance between two parameters is directly

proportional to the actual change for the two parameters , so that the samples closer to each
other are more similar to each other than samples further apart on the plot.

The physica l

parameters are depicted as coloured circles (except EC wh ich is a red triang le) and the OTUs
as blue diamonds.
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4. 3.4 Pathogens

Pathogens represented 3. 77% of the total processed 454 HTS sequences
obtained from the residence time and recycle experiments.

The OTUs that

belonged to any of the genera listed in Appendix 1 were selected and tabulated
in Table 4.3.

Representative sequences from each of these OTUs were

obtained and classified to the species level using BLAST when possible .
During the recycle experiments , no growth was seen on the MacConkey plates
from the material at port 4.

This was concordant with the 454 data for the

residence time experiments , in which pathogens were reduced to below
detection limits (<1 bacteria per gram of compost).
The OTUs that were included in the analysis belonged to the list of pathogenic
genera based on PATRIC (Appendix 1). However, ~35% of these OTUs when
classified to the species level did not fall under pathogenic categories.
Therefore , using genus level taxonomic identity to identify pathogens leads to
overestimation of the number of pathogenic species inhabiting compost.
Next, the decision was made to determine the relationship between the
pathogens and the compost parameters that are known to be able to effect
microbial community composition in composts and soils .

The variables of

interest included pH , electrical conductivity, chemical composition (P1 and P2) ,
C/N and moisture.

A scatter plot (NMDS) was constructed that included the

pathogenic OTUs and the physical parameters as described in Section
2.4.4.4.d, Chapter 2.
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NMDS based bi-plot of the most abundant OTUs that have been assigned a

taxonomy that belongs to a family of known pathogenic bacteria. These were calculated at a
distance of 0.03 using the sequence clusters from 16S rRNA sequences.

For the physical

parameters , the NMDS axes were generated using a distance matrix calculated at a 97%
similarity level , with the Yue and Clayton similarity coefficient.

The distance between two

parameters is directly proportional to the actual change for the two parameters . This is to
enable the representation of the samples closer to each other to be more similar to each other
than samples further apart on the plot.

The physical parameters are depicted as coloured

circles and the pathogens as blue diamonds .

Interestingly, a few strains from the genus Clostridium (common soil pathogen)
cluster separately and closer to the C: N ratio of the waste and pH of the
material (yellow cloud , Figure 4.12) . Members of the gram positive families
Streptococcus and Staphylococcus (human pathogens) , and the gram negative
families Enterobacteriaceae and Pseudonocardiaceae, cluster closer to the
physical parameters of moisture and the compost chemical structure (P1 ).
Curiously, the highly abundant taxa in the residence time and recycle
experiments , cluster closer to EC of the material (Figure 4.11 ). However, very
few of the pathogenic OTUs follow the same pattern (Figure 4.12).

These

observations suggest that different groups of bacteria in compost relate
differently to the physio-chemical structure of the waste material that is being
composted .
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Table 4.3: Table representing the most abundant pathogenic species in Hot Rot™ based on genus level classification , sorted in order of decreasing abundance

Cells

in

green

indicate

the

species

that

are

not

even

pathogenic

though

they

belong

to

a

genus

that

contains

pathogenic

Class

Order

Family

Genus

Species with BLAST

Gammaproteo bacteria

Enterobacteriales

Enterobacteriaceae

unclassified

Enterobacterasburiae

Actinobacteria

Actinomycetales

Pseudonocarcli aceae

unclassified

Saccharopolyspora rectivirgu/a

Gammaproteobacteri a

Pseudomonada/es

Pseudomonadaceae

Pseuclomonas

Pseudomonas pertucinogena

Prof eobac t eria

Gammaproteobacteri a

Pseudomonadales

Pseudomonadaceae

Pseudomonas

Pseudomonas psychrophila

Firmicutes

Bacilli

Bacillales

Staphylococcaceae

Staphylococcus

Staphylococcus nepalensis

Firmicutes

Bacilli

Bacillales

Staphylococcaceae

Staphylococcus

Staphylococcus sciuri

229

Proteobacteria

Gammaproteobacteria

Pseudomonadales

Pseudomonadaceae

Pseudomonas

Pseuclomonas pe,tucinogena

24

Proteobacteria

Gammaproteobacteri a

Pseudomonadales

Pseudomonadaceae

Pseudomonas

Pseudomonas pertucinogena

13137

Firmicutes

Bacilli

Bacillales

Staphylococcaceae

Staphylococcus

Staphylococcus xylosus

10654

Proteobacteria

Betaproteobacteri a

Burkholderiales

Burkho/deriaceae

Burkho/c/eria

Burkholderia ambifaria

Firmicutes

Bacilli I

Lactobacillales

Streptococcaceae

Streptococcus

Unculturecl bacterium

Firmicutes

Clostridia

Clostricliales

Clostridiaceae

C/ostriclium

Uncultured bacterium

226

Actinobacteria

Actinobacteria

Actinomycetales

Corynebacteriaceae

Corynebacterium

Corynebacterium variabile

2715

Prof eobac teri a

Gammaproteobacteria

Pseudomonadales

Pseuc/omonadaceae

Pseudomonas

Pseudomonas chlororaphis

30

Actinobacteria

Actinobacteria

Actinomycetales

Corynebacteriaceae

Corynebacterium

Corynebacterinea e

9860
9876

Proteobacteria

Gammaproteobacteri a

Enterobacteriales

Enterobacteriaceae

unclassified

Erwiniaaphidicola

Proteobacteria

Gammaproteo bacteria

Ent erobac teriales

Enterobacteriaceae

Yersinia

Ewingel/aamerica na

99 18

Proteobacteria

Gammaproteobacteri a

Enterobacteriales

Enterobacteriaceae

unclassified

Serratiasp

8611

Proteobacteria

Gammaproteobacteri a

Enterobacteriales

Enterobacteriaceae

unclassified

Enterobacterasburiae

336

Proteobacteria

Gammaproteobacteri a

Pseudomonada/es

Pseudomonadaceae

unclassified

Pseudomonas pseudoalcaligenes

Firmicutes

Bacilli

Bacilla/es

Staphyiococcaceae

Staphylococcus

Staphylococcus conclimenti

Proteobacteria

Gammaproteobacteri a

Pseudomonadales

Pseudomonadaceae

Pseuclomonas

Pseudomonas putida

Proteobacteria

Gammaproteobacteri a

Pseudomonadales

Pseudomonacfaceae

Pseudomonas

Pseuclomonas fulva

Proteobacteria

Alphaproteobacteria

Rhizobiales

Brucellaceae

unclassifiecl

Pseudochrobacterium glaciei

Actinobacteria

Actinobacteria

Actinomycetales

Corynebacteriaceae

Corynebacterium

Corynebacterium freneyi

Firmicutes

Clostridia

Clostridiales

unclassified

unclassified

Uncultured bacterium

Proteobacteria

Gammaproteobacteri a

Enterobacteriales

Enterobacteriaceae

unclassified

Pantoea anthophila

Proteobacteria

Gammaproteobacteri a

Pseudomonadales

Pseudomonadaceae

Pseudomonas

Pseuclomonas mendocina

Prat eobac t eria

Gammaproteobacteri a

Pseudomonadales

fvloraxellaceae

Acinetobacter

Acinetobacter radioresistens

Phylum

OTU

3 Proteobacteria
4 Aclinobacteria
71 Prot eobac teria
1586

13256
584

7696
1591

13508
9960
10553
456
758
1605
11447
208
9869

'

species.
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4.4 Conclusions
One of the objectives of this study was to characterize the compost m1croenvironment, when organic matterwas decomposed using an in-vessel type
system working both optimally and sub-optimally.

In Chapter 3, Hot Rot™

communities during its standard operating conditions (9 day residence time,
temperatures <55°C) were thoroughly described.

This chapter explores the

effects of two sets of manipulations that were made to the standard working
conditions of Hot Rot™. These involve varying the residence time of the material
in-vessel and seeding the input communities with composted material.

Volume

and odor reduction was achieved in all experiments, however, as was the case
under standard operating conditions, temperatures > 55°C were not observed
within the vessel. Further, neither of the experiments resulted in mature compost
based on the physiochemical parameters measured in this study. Pathogens were
effectively removed in each of the residence time and recycle experiments even
though high temperatures were not achieved.

454 HTS enabled us to thoroughly characterize the microbial communities
inhabiting the Hot Rot™ System during these experiments.

It was observed that

regardless of the diversity of the input material, the outputs of the Hot Rot™, for a
particular experiment were highly similar. A survey of the microbial communities
present during both the residence time and recycle experiments shows that

Firmicutes dominates both the input and the output communities at the level
phylum.

Within the phylum Firmicutes, Lactobaci/lus is the genus that has the

highest relative abundance during the two sets of experiments discussed in this
chapter.

However, differences in the microbial community structure were

observed at the taxonomic level species.

Different Lactobacil/us species were

seen to dominate the Hot Rot™ outputs during the 9 day residence time, the 26
day residence time and the recycle experiments. The recently described genera

Turicibacter and Oceanobacil/us were also consistently detected in the Hot Rot™
outputs during the residence time and recycle experiments.
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.

A correlation was observed between the most abundant and differentially
expressed taxa and the EC of the material. Results show that the dominant OTU
(Lactobacill us amylovorus ) during the standard operation of Hot Rot™ does not

cluster with any of the physical parameters, while the genera that are removed
from the system cluster with EC, moisture and pH. On the other hand, pathogenic
OTUs

although

not

highly

abundant,

have

different

clustering

patterns.

Interestingly, EC does not cluster with any of the pathogenic genera during any of
the experimental conditions
The changes in microbial communities observed when small changes were made
to the Hot Rot™'s operation indicate that Hot Rot™ has the potential to be highly
manipulated. Fully mature compost could not be achieved even though a variety
of manipulations were made to the Hot Rot™.

This suggests that varying the

operational conditions of Hot Rot™ is not enough to achieve high temperatures or
stable compost within the vessel.

An unavoidable variation to the input of Hot

Rot™ however resulted in high temperatures inside the vessel.

Hot Rot™ was

monitored during this time and the resulting changes observed in the microbial,
physical and chemical properties of compost during the high temperature process
are reported in the chapter 5.
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Chapter 5: Comparison of Hot Rot™ microbial communities under
thermophilic temperatures in-vessel and in heaps

5.1 Introduction

Under a range of different operating parameters that included variation in
residence time and the addition of recycle, organic matter being composted
using Hot Rot™ experienced a large reduction in volume (See Chapter 3, 4 ).
However, in-vessel temperatures did not exceed 55°C, which is required for
pasteurization.

Therefore, it was assumed that these conditions were sub-

optimal for Hot Rot™.
A breakdown of Hot Rot™ led to the university's waste stream being
outsourced.

Upon recommencing operation, animal bedding could no longer

be added to the input mix. As a consequence, the composition of the waste
input into Hot Rot™ was altered and high temperatures were observed inside
the vessel.

Additionally, Hot Rot™ outputs from its standard operating

conditions were allowed to obtain temperatures >55°C and mature in heaps
after exiting the system.

This was necessary to ensure compliance of the

composting process with the standards (AS4454, 2003). The in-vessel organic
matter and the heaps were sampled extensively as they passed through their
respective high temperature phases.

Microbial community composition of

compost was analysed using 454 HTS in addition to its physical and chemical
properties. The data obtained were used to answer the following questions:
1

How do the microbial communities in heaps compare with those
observed in compost when high temperatures are achieved in Hot Rot™?

2

How do the microbial communities observed in Hot Rot™ outputs during
its standard working conditions compare with those found during the
optimally working Hot Rot™ (high temperatures)?

3

What are the relationships between the differentially abundant microbial
taxa between port 1 and port 4 of the optimally working Hot Rot™ and
the physiochemical parameters of compost?

4

How do the physiochemical parameters of organic matter at port 4 of Hot
Rot™ obtained during high temperature conditions compare to the values
expected from mature compost?
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5.2 Methods

Microbial

communities

observed

both

in-vessel

and

In

heaps,

when

temperatures >55°C were obtained in compost, were characterized and
compared in this chapter. This section briefly describes the experimental setup
and sampling regimes used for both these experiments . It is followed by the
details of the sequencing

and

sequence-processing

protocols used to

characterise the microbial communities inhabiting the organic matter and to
analyse the physio-chemical parameters relevant to these experiments.

5. 2. 1 Experiments
5. 2. 1. 1 High temperature experiment (Hot Rot™)

A breakdown of Hot Rot™ led to the diversion of waste produced on campus to
local contractors. When it resumed operation, animal bedding could no longer
be added to the Hot Rot™ inputs due to contractual obligations with the new
provider.

C:N ratio of the inputs was however maintained as during the

standard operation of Hot Rot™ (Table 5.1 ). The r~sidence time of the material
in-vessel was 9 days and high temperatures were consistently obtained in Hot
Rot™.
Table 5.1 : Hot Rot™ inputs during the high temperature (HT) experiments.

SOP=Standard

Operating Procedure .

added
HT

Bin
Capacity

Food Waste

No. of bins added
during SOP of Hot
Rot™
1

No. of bins
the
during
experiment
1

Animal Bedding

2

0

240 litres

Wood Chip /Garden Waste

1/2

2 + 1/2

240 litres

Waste type

120 litres

Hot Rot™ was sampled extensively during the high temperature experiments.
Duplicate samples were taken from different points at each port according to
the sampling strategy shown in Figure 5.1 . Tvvelve duplicate samples were
collected in this manner and these samples were sequenced using 454 high
throughput sequencing.
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Figure 5.1: Sampling strategy for the High Temperature experiment. Duplicate samples were

collected from each port (represented by a yellow square) and sequenced using the 454 High
Throughput Sequencing strategy.

5.2.1.2 Heaps
According to the recycling protocol used by the ANU Green, the outputs from
the Hot Rot™, working at its standard working conditions were cured before
being used as an amendment in the university gardens and grounds.

During

3
this experiment two 1m heaps were created. When temperatures >55°C were

obtained, the heaps were turned and the process was repeated three times
(See Chapter 2, Section 2.2.3.5 for details). After each turn, different layers of
each heap were sampled as shown in Figure 5.2 (same as Figure 2.5, Chapter
2). Twelve duplicate samples were collected from each heap in this manner
resulting in a total of 48 heap samples.

One out of each set of duplicate

samples was sequenced using pyro-sequencing technology.

After the heaps

cooled down (~3 weeks), three two kilogram samples were sent to an
independent testing laboratory in Sydney (Sydney Environmental and Soil
Laboratory, SESL, Sydney, Australia) in order for them to be assessed against
the Australian Standards of Composting and to determine the level of maturity
of the final compost product.
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Sampling strategy for heaps . Heaps were made from the Hot Rot™ output and

turned three times (AS4454 , 2003) . Each of the layers 1, 2, 3 and 4, represented by purple ,
brown , green and blue were sampled after every turn.

5. 2. 2 Analyses
5. 2. 2. 1 Physio-chem ical parameters and compost maturity

A variety of parameters can be used to assess the level of maturity of the
composted product.

Five of these parameters were chosen to be measured

during thsi study. These include temperature, moisture, pH, EC and C:N ratio
of the material at port 4 of Hot Rot™. For this purpose, the samples were dried,
-

ground, weighed and measured for their pH , EC, moisture and C:N ratio. The
values thus obtained were then compared with those expected from the
Australian Standards of Composting (AS4454, 2003) to determine the maturity
of the material coming out of Hot Rot™.
NIRS analysis was performed on the ground samples that produced the
chemical signature of each sample and was reduced using PCOA to generate
two axes P1 and P2 that represent most of the diversity within the samples.
The physical and chemical parameters along with the two principal coordinates ,
P1

and P2 , were used in statistical analyses to determine how these

parameters change with the differentially abundant genera as the material
moves from port 1 to port 4 of Hot Rot™.

5. 2. 2. 2 Microbial community analyses

All the samples collected according to the strategies shown in Figure 5.1 and
5.2 were sequenced using the 454 HTS.

The sequences generated by the

HTS of these samples were pre-processed as described in Chapter 2, Section
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2.4.4.4. The processed sequences were used to generate OTUs. All statistical
analyses were based on the relative abundance of these OTUs in each sample .
Statistical analyses were carried out using the sequence count for each OTU
as the abundanc e value of bacterial communities in a sample . Based on these
abundanc e values , Chao , Ace , Inverse-Simpson and Shannon evenness
indices (MOTHUR ) were used to investigate how the diversity inside the vessel
changed as decomposition progressed.

NMDS was performed to determine

the differences between the microbial communities detected in the organic
matter at port 4 of Hot Rot™ during the high temperatu re experime nts and
those detected during the non-optimal working conditions of Hot Rot™.
resulting axes were plotted on scatter plots .

The

Statistically, AMOVA was

performed using the distance matrices generated to construct the NMDS plots
in order to determine the significance of the differences or similarities between
samples . Taxonom y information at the level phylum was then used to explore
the differences in the microbial composition between samples responsible for
the clustering patterns as seen on the scatter plot. The composition of different
phyla was evaluated separately to determine the genus level diversity for each
sample.

Similar analyses were done for the heap communities in order to

determine how the communities in heaps differ from those in the vessel at
higher temperatures . Metastats was performed to determine the differentially
abundant OTUs between port 1 and port 4 of Hot Rot™ . The relationships
between

the

differentially

abundant

OTUs

and

the

variation

of

the

physiochemical parameters as the material moves from port 1 to port 4 were
established (See Chapter 2, section 2.4.4.4.d for details).

5.3 Results

A total of 761 ,555 sequences were obtained using the 454 HTS technique from
the 45 samples co llected during the two high temperature experiments in the
Hot Rot™ recycl ing facility.

These included 24 samples from the in-vessel

experiment and 21 samples from the heaps . This resulted in an average of
16923 sequences obtained per sample with an average goods coverage
estimate of 99.3% . An average reduction of 67% was observed int the volume
of organic waste during the high temperature experiment.

Using these data ,
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this section first describes how the overall community diversity during the two
high temperature experiments relates to the diversity observed in Hot Rot™
during its standard operation and the recycle and residence time experiments
using a NMDS plot (Fig 5.3). The samples representing the high temperature
experiment in-vessel clustered separately from the samples from the nonoptimal working conditions of Hot Rot™ and were significantly different from
each other (p<0.001 using AMOVA). The samples from the high temperature
experiments from Hot Rot™ were also significantly different from the samples
collected from heaps when high temperatures were being observed.
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Figure 5.3:

NMDS plot of the 16S rRNA based microbial communities from different ports of

the Hot Rot™ during different experimental conditions and the heaps .
2

R =0 .79 .

NMDS stress=0.21 ,

The NMDS axes were generated using a distance matrix calculated at a 97%

similarity level , with the Yue and Clayton similarity coefficient. The distance between two points
is directly proportional to the 8yc values for the two samples , so that the samples closer to each
other have similar proportional abundance of the shared OTUs than samples further apart on
the plot. The samples are labelled with the experiment name followed by port number. S and
W , stand for summer and winter samples . Residence time experiments are represented by red
diamonds , recycle by blue diamonds , heaps by green diamonds and high temperature
experiment by yellow diamonds .
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5.3. 1 High Temperature experiment

5.3.1 1 Community structure and composition based on OTUs

During the high temperature experiment, the changes In the microbial
community composition, as the material moved from port 1 to port 4, were
investigated using the 454 HTS data(Table 5.2).

The first key question that

was answered was; how does the richness and diversity of the microbial
communities inhabiting the organic matter change with respect to the changes
in the temperature .

Secondly, the changes in the abundance of microbes

belonging to different taxonomic groups as the material moved from port 1 to
port 4 of Hot Rot™ was explored.

Finally, comparisons were made between

the microbial communities detected in Hot Rot™ organic matter during optimal
and sub-optimal conditions.
During the high temperature experiment, the temperature increased from port 1
to port 2 (52°C in Port 1, to 51.3°C in Port 2).

There was a commensura te

increase in the richness estimates based on Chao and Ace indices and
evenness of the community based on the Shannon evenness index and the
Inverse Simpson index. With an increase in temperature , the number of OTUs
observed in the organic matter increased and the relative abundance of the
OTUs present became more even .

These observations suggest that the

number of metabolically active thermoph iles increased with increase in
temperature s from port 1 to port 2 . However, by the time the material reached
port 3, the temperature s increased further and exceeded 55°C . At this stage ,
the

richness

increased

but

evenness

decreased ,

suggesting

that

temperature s >55°C lead to removal of some abundant microbes , and the
addition of others than can survive in these temperature s. The temperature of
the material at port 4 dropped to 43°C and both richness and evenness
decreased further.

This decrease in both richness and evenness as the

temperature decreases would indicate the inability of a robust microbial
community to re-appear after the compost passes through the thermophil ic
phase.
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Table 5.2 Table showing the change in average values of various observed and calculated parameters as the material moves from port 1 to port 4 in
Hot Rot ™ during the high temperature experiment. Calculated observations are made using the reduced data set: Port: gives the numbers of port from

1 to 4, Temp : Temperature , GC : Goods Coverage estimate , Obs: number of observed OTUs(OTU=O perational Taxonomic Unit) calculated at a distance
of 3% in MOTH UR for 16S rRNA reads representing the microbial diversity of organic matter at different points in Hot Rot™, lnvS : Inverse Simpson
diversity estimate , ShE : Shannon evenness index. Figures in brackets are 95% confidence intervals.

Port

Temp

CN

Moisture

pH

EC

Obs

GC

Chao

Ace

lnvSimpson

ShE

23.9

57.5%

4.75

2.4

202.67

99%

288.4 7 (250 .70-356.26)

319.07 (283.53-371 .02)

2.86 (2.80-2.93)

0.31

Port 2

50 .2
51.3

32.8

49.6%

5.2

1.8

254.17

98%

328.37 (296.69-384.66)

329.32 (302.12-372.67)

9.74 (9.21-10.3)

0.59

Port 3

55 .97

41 .6

41.9%

5.6

1.5

262 .17

98%

339.72 (306 .97-396.54)

341 .74 (313.43-385 .77)

6.96 (6.66-7 .29)

0.52

Port 4

42 .93

34 .6

43.2%

5.8

1.5

189.33

99%

238 .66 (215.59-282 .51)

237 .92 (219.04-269.0 7)

4. 73 (4.61-4.86)

0.49

Port 1
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Next, the changes in the relative abundance of OTUs belonging to different
taxonomic groups, as the material moved from port 1 to port 4 were compared
(Figure 5.4 ).

In Hot Rot™, as the material moved from port 1 to port 3 the

temperature of the organic matter increased roughly from about 50°C to 56°C.
This increase in temperature resulted in a decrease in the relative abundance of
OTUs representing the phylum Firmicutes and Proteobacteria.

Firmicutes

decreased in relative abundance from 69% to 29% and Proteobacteria fell from 26%
to 6%.

Conversely, OTUs representing the phylum Actinobacte ria increased in

relative abundance from 1% at port 1 to 8% at port 3. A high relative abundance
of OTUs belonging to the phylum Deinococcu s-thermus (27%) was also observed
at port 3 along with taxa belonging to unknown phyla (26% ).

By the time the

material reached port 4, temperatures dropped to below 50°C and Firmicutes once
again became the most abundant phylum.

A mix of Proteobacteria(6%),

Actinobacte ria (4%), Unclassified phylum (6%)and Deinococcu s-thermus (2%)

made up the remainder of the microbial community at the output.
A variety of phyla were present at different ports of Hot Rot™ 1n varying
abundance during the high temperature experiment but Firmicutes was the phylum
that dominated most ports.

In comparison to the sub optimal conditions,

there

-

were three major differences in the microbial communities as the material moved
from port 1 to port 4 during the high temperature experiment, within the phylum
Firmicutes (Figure 5.5).

In the first instance, various species of the genus Ureibacillus dominate the ports 2,
3 and 4 during the high temperature experiment as opposed to various species of
the genus Lactobacillus which dominated the non-optimal processes (Chapter 4,
Figure 4.5).

For example, Lactobacillus_ 1, had a high relative abundance at all

ports of Hot Rot during the non-optimal experiments. During the high temperature
experiment, the same OTU had a relative abundance of 75% at the input port.
However, it was quickly lost as the material moved to port 2. On the other hand,
Ureibacillus experienced a consistent increase and its relative abundance

increased from 2% in port 1 to 56% in port 4.
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Relative abundance of different phyla from port 1 to 4 of Hot Rot™ during the
high temperature experiment

Port 4

Port 3

Port 2

Port 1

I

I

■

■

Actinobacteria
Proteobacteria

■

Bacteriodetes
■ Unclassified

Cyanobacteria
Chloroflexi

■

Firmicutes
Deinococcus-Thermus

Figure 5.4: Phylum level relative abundance of the OTUs (based on the 16S rRNA sequence identity) across ports obtained by pooling sequences from
repeat 1, 2 and 3 for each port. Up to 25% of the taxa in some ports could not be assigned taxonomies at this level during the high temperature

experiment.
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Secondly, the phylum Firmicutes was more heterogeneous during the high
temperature experiment as compared to the non-optimal working conditions of the
Hot Rot™.

Within the phylum Firmicutes , during the non-optimal working

conditions of Hot Rot™ , 4 (26 day residence time) to 14 (9 day residence time)
different Lactobacillus species made up about 90% of the microbial population at
port 4.

During the high temperature experiment, 70% of the within

phylum

diversity was represented by about 25 different OTUs that had a similar relative
abundance at port 4 (Port 3, Figure 5.5).
Lastly, a reference sequence could not be found for a number of OTUs during the
various experimental conditions.

The number of such unclassified OTUs found

during the high temperature experiments was significantly higher as compared to
the outputs from the non-optimally working Hot Rot™.

During the high

temperature experiment, at port 3, about 27% of the OTUs could not be classified
at the level phylum. On the other hand , during the standard operating conditions ,
the number of OTUs that could not be assigned a taxonomy at the phylum level
was ~5% .
Metastats was performed on the microbial communities found in the organic
matter at port 1 and port 4 of Hot Rot™ during the _high temperature experiment.
The metastats results corroborated the observations made from the pie charts
(Figure 5.5).

Lactobacillus_ 1, along with a few other Lactobacillus species were

shown to decrease in abundance between port 1 and 4.
Ureibacillus and

some

Bacillus

species

increased

in

On the other hand ,
relative

abundance.

Correlations were then established between the change in the differentially
abundant taxa with the changes in the physiochemical parameters of the organic
matter (see section 2.4.4 .4.a for method) (Figure 5.6) . The scatter plot suggests
that the taxa that decrease in relative abundance (red diamonds) as the material
moved from port 1 to port 4 cluster closer to the physical parameters of EC and
moisture , while the ones that increase going from port 1 to port 4 (yellow
diamonds) , cluster closer to the C:N ratio and the chemical composition of the
waste (Figure 5.6).
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Relative abundance of 15 most abundant Firmicutes in Hot Rot™ outputs
from high temperature experiments.

P·o rt 2

Port 1

Port 4

Port 3

■ Lactobacillus 1

■ Ureibacillus 1

■ Ureibacillus 2

■ Unclassified 1

■ Ureibacillus 3

■ Unclassified 2

■ Ureibacillus 4

Geo bacillus

■ Ureibacillus_S

Ureibacillus 6

Unclassified 4

Unclassified 5

Figure 5.5:

Tepidimicrobium_ S

Lactobacillus

■ Bacillus

■ Unclassified 3

Others

Genus level relative abundance of 15 most abundant OTUs (based on the 16S rRNA sequence identity) in the phylum Firmicutes across Ports 1

through to 4 from different experiments . Sequences from repeats 1,2 and 3 for each experiment were pooled to obtain these graphs. Since the top 15 OTUs made
up only about 70% to 85% of the total abundance in the Ports , the rest of the OTUs were pooled and classified as "Others" and are represented in light blue in the
pie charts .
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Figure 5.6:

NMDS plot of the 16S rRNA based microbial commun ities that are differentially

expressed between Port 1 and Port 4 of the Hot Rot™ when high temperatures are being
2
achieved in the vessel. NMDS stress=0 .14, R =0 .86 . The NMDS axes were generated using a
distance matrix calculated at a 97% similarity level , with the Yue and Clayton similarity
coefficient. The shared information for the differentially expressed OTUs was used to generate
this distance matrix. The distance between two points is directly proportional to the 8yc values
for the two samples , so that the samples closer to each other have similar proportional
abundance of the shared OTUs than samples further apart on the plot. The OTUs are labelled
with their genus level class ification . The labels with a "+" at the end increase in proportional
abundance from Port 1 to Port 4.These OTUs are also represented by yellow diamonds . The
OTUs which decrease in abundance from Port 1 to Port 4 are represented by red diamonds .
Numbers 1 to 35 represent the rank of each OTU in a decreasing order of abundance .

5. 3. 1. 2 Physical and Chemical indicators of maturity

The physical and chemical parameters of the organic matter during the
composting process at the port 4 of Hot Rot ™ during the high temperature
experiment were different from those observed in Hot Rot ™ when it was
working sub-optimally. As shown in Figure 5.7, pH and moisture values of the
organic matter at port 4 of Hot Rot™ during the high temperature experiment
fell within the ideal range .

The EC of the output was significantly lower in
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comparison to the various sub-optimal processes. However, it did not achieve
ideal values of EC required by the standards (<1 mS/cm) for unlimited use.
The input C:N ratios were similar for the sub-optimal and optimal experiments
(average C:N for ?RT is 25.4, 26RT is 22.6, RC2 is 24.7, HT is 23.6). However,
C:N ratio of the material at port 4 of the high temperature experiment (average
C: N ratio of 34: 1) was significantly higher than expected from mature compost
(<20: 1). This value was also considerably higher than the C:N for the material
observed at the port 4 of the residence time (average C: N of 25: 1) and recycle
(average C:N of 23: 1) experiments.

Upon close inspection, it was found that

the increase in the C: N ratio of the material was largely a consequence of the
reduction of the nitrogen content of the material as it moves from port 1 (1.86)
to port 3 (1.02) and then increased slightly at port 4 (1.13). As shown in table
5.2, the microbial diversity of the material increases from port 1 to port 3 and
then falls slightly at port 4. Therefore, the loss of nitrogen could be a result of
(1) a highly diverse and metabolic microbial community and (2) ammonia
volatilisation due to high temperatures in Hot Rot™.
Average temperatures of 43°C were observed in the material at port 4 of Hot
Rot™ during the high temperature experiments, suggesting that the material is
self-heating and therefore not stable.

The Hot Rot™ output from the high
-

temperature experiments, therefore, needs to cool down and mature further
before it could be used as an amendment.
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Figure 5.7: Figure showing the variation in physical parameters achieved by the Hot Rot™ outputs when high temperatures were achieved
e experiment. "After
to those when the material was achieving high temperatures in heaps . "High Temp" : stands for port 4 of Hot Rot™ during the high temperatur
for these parameters
turn 1, 2 and 3" : represent the pooled samples after each turn during the high temperatur e experiment. The final column shows the values
required by the Australian standards of composting to be achieved every time the compost is to be tested for maturity.
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5.3.2 Heaps
The results received from an independent testing laboratory in Sydney stated
that the final compost from heaps (after three turns followed by maturation for
three weeks) was high quality, stable; Grade A compost that could be used for
agricultural and landscaping purposes.
Prior to sending these samples away, the heaps were monitored and sampled
as they passed through cycles of temperatures >55°C. This section deals with
the changes in microbial community in the heaps as the material passes
through the high temperature cycles.

It also compares and contrasts the

communities observed in heaps with those that are achieved in Hot Rot™ as a
consequence of high temperatures.
The scatter plot (Figure 5.3) showed that the heap samples clustered
separately not only from the recycle and the residence time experiment outputs,
but also from the high temperature outputs. In order to determine the microbial
groups that contribute to this difference, the classified OTUs were viewed as
pie charts (Figure 5.8).

Differences were observed _in the distribution of

microbial communities, at the level phylum. Firstly, the phylum Cyanobacteria
that has not been previously reported in composting systems was consistently
present during in-vessel composting at lower temperatures, and in the input
ports during the high temperature process. This phylum was not observed at
all in the heaps.

While the communities within the Hot Rot™ (high and low

temperature experiments) were dominated by the phylum Firmicutes, the
communities in the heaps, were more evenly distributed at the level phylum .
After the first turn , the material in heaps consisted of similar proportions of
Firmicutes (32%) , Actinobacteria (31 %) and Proteobacteria (32%). After three
turns, the phylum Firmicutes increased slightly in relative abundance and made
up about 41 % of the total population .

Actinobacteria and Proteobacteria

suffered decreases as the material passes through three cycles of thermophilic
temperatures.

After passing through three cycles of high temperature , the

organic matter in the heaps consisted of Bacteroidetes (8% ), Firmicutes (41 % ),
Proteobacteria (23%) and Actinobacteria (17%) .

11 % of the final microbial

population could not be classified even at the level phylum . As before , the
diversity of the major phyla was explored further.
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In the heaps, the community diversity within the phylum Firmicutes was similar
to that seen in the high temperature outputs . It consisted of a large number of
OTUs , all of which were similarly represented (data not shown) .

However,

none of the Lactobacil/us (residence time, recycle experiments) or Ureibacillus
(high temperature experiment) OTUs that dominated the in-vessel process
were abundant in the heaps and about 70% of the most populous OTUs in the
heaps were unclassified. Similar trends were seen in the phylum Bacteroidetes
and Proteobacteria.

Actinobacteria on the other hand, had two dominant

genera, Saccharomonospora viridis (decreasing from 63% to 17%, from turn 1
to 3) and Thermobifida fusca (increasing from 4% to 36% from turn 1 to 3)
which are known to be involved in the breakdown of recalcitrant substrates at
higher temperatures but are not abundant in the vessel.
Therefore, the heap communities were diverse not only at the phylum level , but
a very high diversity was seen within each phylum as well. These observations
suggest that the in-vessel communities work differently to those in the heaps,
an observation that needs to be validated by through independent studies in
the future.
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Relative abundance of OTUs in heaps at the level, Phylum, each time
the heaps were turned

■

Actinobact eria

■

Proteobacteria

1

Figure 5.8:

·r uirnl 3

·r u1rn. 2

·r u1rn11
■

Bacteroid·'etes

Unclassified

■

Firm icutes

Phylum level relative abundance of OTUs (based on the 16S rRNA sequence identity) in the heaps obtained by pooling all

sequences from Layer 1,2,3 and 4 from each heap, after every turn .
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5. 3. 3 Pathogens during the high temperature experiment and heaps
The pathogen numbers in the in-vessel system and in the heaps after each turn
were determined as described in Chapter 2, section 2.4.4.4.

During the high

temperature experiment, no growth was observed on the MacConk ey plates from
any of the port 4 samples. The major difference in pathogen survival between the
high temperature experiment and various sub-optimally working conditions that
were trialled was seen in the input ports.

The high temperatures, made it

impossible for the pathogens to survive even during the highly nutrient rich input
phase of Hot Rot™. By the time the waste reached port 4, the relative abundance
of pathogenic bacteria was reduced to less than 0.1 bacterial cells per gram of
compost.

In terms of the type of bacteria that survived the longest during the

composting process, Clostridium was the major genus followed by Mycobacterium
and Flavobacterium. Although the number of bacteria surviving the sub-optimally
working Hot Rot™ was slightly higher (1-2 bacterial cells/gram), the type of
bacteria that survived the process were very similar.

Excepting Burkholderia, a

genus that survived most of the sub-optimal processes -and was not seen in the
high temperature experiment, all other microbes that survived composting process
in both optimal and sub-optimal conditions were the same.
In the heaps, pathogen re-population was observed in the top most layer of both
the heaps. Once this heap was turned, the pathogen numbers decline and after
turn 3, were reduced to below detection limits. Even though pathogen reduction is
achieved in both heaps and in the vessel, it should be noted that the kind of
pathogenic microbes detected in the vessel were different from the ones in the
heaps that get re-populated by pathogenic genera. For example, the genus that
survives the longest in the heaps in Pseudomonas as opposed to genera like
Clostridium and Flavobacterium that are seen to survive the sub-optimal in-vessel
processes.

These observations indicate that that a different mechanism of

pathogen deactivation might be at play in heaps and in the vessel.
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5.4 Conclusion
The microbial communities in Hot Rot™ in-vessel composting system were shown
to be sensitive to changes in its residence time and to the addition of a recycle
(Chapt er 4 ). Howev er, these changes failed to generate thermo philic temper atures
Instead , changing the Hot Rot™ inputs led to high
and mature compost.
temper atures inside the vessel.

Deep sequencing enabled us to thoroug hly

characterize the bacterial microflora of Hot Rot™ during this high temper ature
experiment. This information allowed for a comparison of these commu nities with
the in-vessel commu nities of a sub-op timally working Hot Rot™ and the ones that
inhabit the heaps. It was also made possible to determine how the microbial
commu nities that are differentially abunda nt in the input and output ports are
affected by the physical parameters measur ed in the study.
The results of the statistical analyses show that the microbial commu nities that
bring about decomp osition at temper atures >55°C inside a vessel are highly
distinct from the communities found in the heaps when high temper atures are
obtained. This difference could arise because of various reasons. One of the
reasons behind the significant difference between the commu nities found in the
two systems could be the constant turning of the in-vessel waste leading to an
-

aerobic environ ment that would favor certain thermophilic microbes over others .
Interesting patterns emerged from the correlation plots constructed based on the
differentially abunda nt OTUs and the physiochemical parameters measured during
the high temper ature experiment. It was observed that the OTUs that decrea se in
relative abunda nce as the material moves through the Hot Rot™ cluster closer to
the EC and moisture content of the organic matter.

Conver sely, the OTUs that

increase in relative abunda nce from port 1 to port 4 are highly correlated to the
C: N ratio and the chemical composition of the material.
A large numbe r of OTUs detected in the heaps and found in the organic matter
during the high temper ature experiments could not be classified. This further
supports the observation that a large proport ion of the compos t commu nity that is
involved in decomposition both in the traditional heap systems and the more
recent in-vessel style systems remains unknown .
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Finally, both the richness and evenness of the compost in the Hot Rot™ increased
with increase in temperature. These results indicate that high temperatures in the
vessel, promote a highly diverse and metabolically active thermophilic community
that replaces the equally active mesophilic community in the inputs. Despite the
presence of a highly diverse microbial community within the vessel, the C:N ratio
of the in-vessel compost did not reach values required from stable compost.
In conclusion, chapters 3 and 4 characterized the composting process during the
standard operation of the system and after experimental manipulations of its
operating conditions. This chapter (Chapter 5) analysed the microbial and physiochemical composition of organic waste when high temperatures were being
achieved in-vessel.

Together the three chapters thoroughly examined the

microbial and physio-chemical composition of organic matter under both optimal
and sub-optimal working conditions of Hot Rot™, therefore achieving the objective
of the research. The following chapter, discusses the implications of the variations
in the microbial community composition of Hot Rot™ during its various working
conditions on the efficiency of composting. The discussion also touches upon the
need for more independent studies like the current one to validate these findings
and build on the knowledge gained from the deep sequencing of the microbial
-

consortia found during the composting process in a large scale in-vessel type
system.
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CHAPTER 6: DISCUSSION

The objective of the research presented in this thesis is to improve the current
knowledge about the structure and composition of the microbial communitie s in
compost in a large scale in-vessel type system. The composting system studied
was the Hot Rot™ in-vessel continuous composting system and the microbial
communitie s were characterized using the 454 HTS technology.

An integrated

analysis of the microbial communities in the organic matter and its corresponding
physiochemical parameters was also performed.
This chapter discusses the findings of the research and their implications for
current understanding of the processes that occur during large scale in-vessel
decomposit ion of organic waste.

6.1 Reasons for using the 454 HTS pyre-sequencing system in this study
This is the first study using pyro-sequencing to evaluate microbial community
succession in organic matter cornposted in a large scale, in-vessel system. The
characterization of the microbial communitie s using 454 HTS technology is the
foundation of this thesis.

The use of massively parallel sequencing approaches

(454 , lllumina, Ion torrent) generates a large amount of sequence data when
compared with other methods. Additionally , better assessmen ts of diversity can
be obtained using these methods because they do not rely on culture-based
techniques which, because they are highly selective, may suffer from a lack of
sensitivity.

Pyro-sequencing is also

traditional techniques.

quicker and less labour intensive than

Consequen tly, well-accepted methods such as culturing ,

cloning , molecular fingerprinting and the use of microarrays that have been used
previously for characterisation of the microbial diversity in complex environments
are gradually being replaced by methods based on direct pyro-sequencing of
environmental DNA or RNA (Roesch et al. , 2007 ; Urich et al. , 2008 ; Lauber et al. ,
2009).
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The results of studies using direct pyro-sequencIng reveal greater microbial
diversity than expected within both known and unknown taxa (Roesch et al. , 2007) .
The information generated using this technique has increased our knowledge of
microbial diversity, functions and interactions in many different environments .
Knowledge about microbial diversity in the fields of medicine , geology, mining , soil
science and oceanology (Edwards et al. , 2006 ; Sogin et al. , 2006 ; Huber et al. ,
2007 ; Roesch et al., 2007; Andersson et al. , 2008; Dethlefsen et al. , 2008 ;
McKenna et al. , 2008 ; Lauber et al. , 2009; Dominguez-Bello et al. , 2011 ; Singleton
et al. , 2011) has increased immensely due to the use of this technology.

Pyro-

sequencing has also been used in the diagnosis of infectious diseases (Jordan et
al. , 2005 ; Luna et al. , 2007 ; Nakamura et al. , 2009; Raoultm et al. , 2009). This
technique also opens up potential new areas of research on microbial function and
interactions.
In recent years there has been a growing interest in the dynamics of microbial
populations during the composting process and towards a greater understanding
of their importance to the process . Studies of bacterial -communities in compost
from around the world suggest that there is a wide spectrum of taxonomic diversity
and that this evolves during the various phases of the composting process (Beffa
et al. , 1996; Alfreider et al. , 2002; Ryckeboer et al. , 2003).
The methods that have been used to determine the structure of microbial
communities in compost include culture based methods (Ryckeboer et al ., 2002),
TRFLP (Tiquia and Michel Jr, 2002) , PLFA (Klamer and Baath , 2006) , DGGE
(Salvador Pedro et al. , 2001 ; Cahyani et al. , 2003) and SSCP (Peters et al. , 2000) .
These methods however, do not provide a comprehensive assessment of how the
microbial communities change in a composting system , for two main reasons .
Firstly, fingerprints

generated

from

samples

containing

complex

microbial

communities can be difficult to interpret due to a large number of bands . Secondly,
in most cases it is difficult to identify the microbes to lower taxonomic levels (i.e.
genus and species) as these methods do not generate sufficient sequence
information.
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More recently, micro-arrays (COMPOCHIP , (Franke-Whittle et al. , 2005 ; FrankeWhittle et al. , 2009)), cloning and Sanger sequencing have been used to analyse
microbial diversity during various stages of large- and small-scale composting
processes (Hultman , 2009 ; Sundberg et al. , 2011 ). The decision to use the 454
HTS system in this study was based on the fact that it can generate much more
detailed

information

on

microbial

diversity

and

interactions

in

complex

environments than other methods mentioned above.
Previous studies have investigated compost microbial communities ; however the
scope of their research has been limited . Partanen et al. (2010) , obtained 1500
16S gene sequences using DNA cloning and sequencing during the active early
phases of composting in the broadest study of a large scale composting system to
date. In the current study, the use of 454 pyro-tag high throughput sequencing
allowed us to generate 1,508,552 partial sequences representing V1 to V3 hypervariable region of the 16S gene from 87 different samples.

From this sequence

set, roughly 1.1 million sequences were used for analyses after processing and
screening for chimeras and PCR artifacts. To our knowledge , this is the first study
in the field of compost microbiology that enumerates the microbial succession in a
full scale in-vessel composting system using the 454 high throughput sequencing
-

technique.

Therefore , the elucidation of the bacterial community structure

performed in this study is more extensive , detailed and accurate than any other
study of this type in the field of composting .

6.2 Factors limiting the estimation of microbial diversity using the 454 HTS
pyro-sequencing system to amplify the 165 rRNA gene

One of the goals of the current research is to address shortfalls

in

our

understanding of the microbial communities that exist in compost as a step
towards better control of composting systems and more cons istent production of a
high quality product.

The first step was to study the changes in the microbial

communities present in a large scale composting system used to process food
waste , animal bedding and garden waste produced at the ANU campus .
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The use of the 16S gene as a molecula r marker gives rise to a possible limitation
in this study. The quantitative data generated by the 454 HTS method must be
analyzed conservatively, for the reasons summarized in this section .
The different survival strategies of microorg anisms is partly reflected in the number
of copies of the rRNA gene that they possess. Microbes that can respond faster to
environmental changes typically possess a higher number of rRNA gene copies
(Klappenbach et al. , 2000). Therefor e , a simple count of the number of individual
sequences does not provide a complete ly accurate estimate of population sizes ,
because the population of microbes that have a higher copy number is
overestimated.

Richness estimates based on the 16S rRNA data possess this

limitation as copy numbers are not considered in this analysis. Having said this ,
information and research on copy number is a work in progress and only a small
dataset is available for comparisons.

Based on the currently available micro-

organisms in the rrNDB database , Bacteroid etes (copy number range 1 to 7) and
Firmicutes (copy number range 1 to 15) have an average copy number of 3.27 and
6.78 respectively (as on 18/02/2013, http://rrndb.mmg.msu .edu/).

However , this

information is derived from only 35 strains in the phylum Bacteroid etes and 280 in
the phylum Firmicutes . Until such time that the entire 16S gene can be sequenc ed
using high throughp ut techniqu es , it is not possible to identify taxa to a level that
would allow for an accurate prediction of copy number prediction , unless culture
based methods are used . In summary , all current data that are generated using
16S metagen omics suffer from this bias.
The second point to consider relates to the fact that some species of
microorganism are known to contain multiple and distinct copies of the 16S gene .
For example , the genome of Aeromon as veronii may contain up to six copies of
the 16S rRNA gene that differ by up to 1.5% among themselv es (Janda and
Abbott , 2007).
Therefore , the use of this technolo gy is not entirely accurate for diversity estimates
of microbial populations because of intra-gen omic heterogeneity of the 16S rRNA
gene within certain microbial genera.

For higher accuracy in the estimation of

microbial commun ity composition and diversity using the 16S gene , more data is
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required.

Until this occurs, the interpretation of findings must allow for possible

variations in 16S rRNA gene copy number between microorganisms present in
compost.

6.3 Distinctive features of the Hot Rot™ composting system
One important aspect of this study is that it considers a large scale composting
system and elucidates the features that differentiate large scale facilities from
small-scale and laboratory-scale systems. Systems for the large scale production
of compost must be able to deal with large volumes of waste of varying volume
and type because, in the real world, organic wastes differ from day to day and
according to the season . A capacity for high throughput and minimal generation of
nuisances, such as leachate and odor, are requirements of commercial large scale
composting systems.

The Hot Rot™ system was chosen for use in this study

because large scale composting facilities of this type have not previously been
studied. There are relatively few studies of large scale composting systems and
these have mainly focused on the windrow method of operation, which is partly
anaerobic (lnsam et al., 1996; Hellmann et al., 1997; Hassen et al., 2001 ).
The Hot Rot™ system has a unique design and two principal features that
distinguish it from traditional composting systems.

The first of these features

relates to the heating and aeration of the compost mass , which is assured in the
Hot Rot™ system by the constant moveme nt of the central tine-bearing shaft. In
the standard operation of the Hot Rot™, system the material is turned up to 24
times per day, resulting in thorough mixing of the waste and an evenly heated and
aerated mass. This avoids a significant problem of traditional systems , where the
temperature and aeration of the mass is uneven (so-called ,edge effects '), leading
to difficulty in assuring a homogenous and high quality final product.
The Australian standards address this issue by requiring the material to be mixed
during the thermophilic phase of composting (AS4454, 2003), to ensure the
homogeneity of the microbial communities and the compost product.
The frequent turning of the material in the Hot Rot™ system had a beneficial effect
in terms of this study. During the preliminary stages of this study, DGGE profiles
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of the microbial populations were analyzed in samples taken from different depths
in the vessel at a single sampling port. Three samples were collected per port,
resulting in a total of 12 samples for each replication and 36 samples per
experiment.

There was no significant difference in the DGGE fingerprints of

samples taken from different depths at a single port, indicating that the turning
leads to a uniform distribution of the microbial population in each port.

This

benefitted the experimental design as the number of samples collected per port
was reduced to two, leading to a 1/3 reduction in the total number of samples
collected and a corresponding reduction in cost and effort.
The second important feature of the Hot Rot™ system is the artificial aeration of
the

mass.

Biochemical

reactions

that take

place

during

decomposition of organic matter generate water, heat and CO2.

the

microbial

In traditional

systems, the CO 2 reacts with water and other gasses to generate acids that lower
the pH of the waste being composted. Water dissolves the soluble nutrients and
gasses and generates leachate that can have adverse effects for the environment
(Schrab et al., 1993; Krogmann and Woyczechowski , 200D).
In Hot Rot™, however, air injected from the bottom of the vessel helps to eliminate
excess moisture and CO2, which is removed from the vessel via an exhaust
stream . Throughout this study, the moisture of the compost mass was always
found to be within the ideal range , whether the Hot Rot™ was working optimally or
sub-optimally.

This

overall

consistency

aided

the

interpretation

of the

experimental results as reduced variability provides more statistical power to the
analyses.
It is concluded that the use of the Hot Rot™ system to compost organic matter
resulted in a well mixed and uniform matrix with an ideal moisture level, thanks to
the unique turning and aeration features of the system.
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6.4 The effects on the diversity and composition of microbial communities
under conditions of optimal and sub-optimal operation of the Hot Rot™
system

The use of 454 HTS enabled the collection of detailed information about the
prevalence and diversity of the microbial communities during various working
conditions of the Hot Rot™ . At the ANU Green recycling facility, the organic waste
was allowed to decompose in the Hot Rot™ vessel. The composted material that
exited the Hot Rot™ was then cured in heaps before it was used as a soil
conditioner in the ANU gardens and grounds .

For compliance with Australian

composting standards , an in-vessel composting facility must be able to maintain
temperatures >55°C inside the vessel for >5 days (AS4454 , 2003).

Standards

also state that when composting is being performed using the windrow system , the
heap should achieve temperatures greater than 55°C for more than two weeks
and turned 5 times. These temperature conditions were used as the benchmark
when evaluating the composting process at the composting facility.

However ,

compliance with the Australian standards (in what may be described as an
'optimal' composting process) does not guarantee a stable or mature compost
Rather, the standards have the objective of ensuring that the final

product.

product is safe - i.e. does not contain pathogens of public health or phyto-sanitary
concern.
When

animal

bedding was

included

in the waste stream , pasteurization

temperatures (>55°C) were not achieved in the Hot Rot™ vessel.

This was

observed during standard working conditions and during experiments on residence
time and recycling.

The Hot Rot™ system was considered to be working sub-

optimally when pasteurization temperatures were not reached within the vessel.
Therefore , the outputs from these working conditions of Hot Rot were cured further
in a heap in order to maintain optimality of the compost ing process .
On the other hand , temperatures >55°C were achieved in Hot Rot ™ when animal
bedding no longer formed a part of the inputs. Pasteurization temperatures were
also achieved when the outputs form Hot Rot ™ operating under standard
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conditions were cured in heaps. These two conditions were considered to be the
optimal working conditions for the composting process in the Hot Rot™ recycling
facility.
Hot Rot™ was extensively monitored and sampled during the various optimal and
sub-optimal working conditions and the characteristics of the microbial commu nity
are analyzed in detail in this section.

6.4 .1 Microb ial commu nities and dynami cs of organic waste at the point of input to

the Hot Rot™s vstem

The results of the analysis of the input microbial commu nities in organic material at
the point of input to the Hot Rot™ system led to five major conclusions , which are
listed and briefly discussed below.
Under varying experimental conditions, material at the Hot Rot™ input port
supported a rich but uneven ly distributed microbial community. The presence of
many rare OTUs in the fresh waste that was being added to Hot Rot™ contributed
to the richness of the microbial community. The low evenne ss can be attributed to
the domina nce of one OTU (Lactob acillus amylovoriJs). Howev er, the evenne ss of
the microbial commu nity increased as the material passed through port 2 and port
3, reflecting an increase in relative abunda nce of the more commo n OTUs and the
loss of the rare ones. A highly diverse and relatively evenly distributed microbial
commu nity was detected at the final port of the Hot Rot™.
Within the phylum Firmicu tes , Lactobacil/us amylov orus was the domina nt species
at the input port, in all experiments (60% in residence time 9 days , 28% and 54%
in RC1 and RC2 and 75% in high temper ature experiment).

This Lactoba cillus

strain produces an extracellular amylolytic enzyme , which can fermen t amygdalin ,
cellobiose , esculin , fructose , galactose , glucose , maltose , mannose , salicin , starch ,
sucrose , and trehalose . Some strains can fermen t mannitol and lactose as well
(Nakamura, 1981 ). It has been found during the initial composting phases of a
variety of composting systems in various studies (Endo and Okada , 2007 ;
Watana be et al. , 2008). Ideally, a nutrient rich environment, should allow a variety
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of species to thrive.

However, the nutrient rich environm ent in Hot Rot™ along

with a specific set of physiochemical conditions seems to give Lactobac illus
amylovor us an advantage over species that are more selective.

During the recycle experiment and the high temperat ure experiment, the
composition of the input material of Hot Rot™ was altered.

During these

experiments, a variety of less abundan t taxa were present in the material at the
input ports that were not observed during the rest of the experiments.

For

example, when recycled material from the heaps was added to the Hot Rot™
inputs,

Lactobac illus_2

(Lactobacil/us

acidipiscis)

had

an

average

relative

abundan ce of 22% at the input port. This bacterium was relatively abundan t in the
heaps. Therefore, during the recycle experiments, there was an alteration of the
input microbial commun ity that reflects the microbial composition of the material
that was seeded into Hot Rot™.

Although Lactobac illus amylovor us was the

dominan t OTU during the high temperat ure experiments, the second most
common OTU belonged to the genus Ureibacillus: a group of thermophilic microorganisms. This genus was rarely observed in the input material during the rest of
the experime nts and its presence is possibly the result of high temperat ures at the
input port (average temperat ure at input port = 50°C).

It was concluded that the

alteration of the input material led to a change in the physiochemical composition
(i.e. temperat ure during high temperature experiment and EC during recycle
experiments) of the material at the input port which in turn increased the relative
abundan ce of less common taxa in the organic matter within the Hot Rot™ system
at the input port.
As a result of the modifications to the inputs , changed electrical conductivity
values were observed during both recycle and high temperature experiments. The
average EC at input for recycle experiments was 3.62 mS/cm as compared to 2. 74
mS/cm during the residence time experiments .

During the high temperat ure

experiments , the animal bedding was not part input waste stream . The average
EC of the material at the inputs during the high temperature experime nt dropped to
2.3 mS/cm. The different EC values in these experiments were reflected in the
variations in the microbial communities observed in the material at port 4 of Hot
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Rot™ . Some possible explanations for these differences are discussed in the next
section (Section 6.4.2).
Although the phylum Firmicutes dominated the microbial community at the input to
the Hot Rot™ system, a variety of other phyla were observed, including
Bacteroidetes, Proteobacteria and Cyanobacteria.

Cyanobacteria was the only

phylum to be assigned a taxonomy with less than 80% certainty . Bacteria from the
phylum Cyanobacteria have not been previously reported in compost studies.
Therefore, the 454 HTS of the compost organic matter is aiding in the detection of
microbial communities that have not previously been reported in compost.

6. 4. 2 Microbial composition and dynamics of organic matter at port 4 of Hot
Rot TM: sub-optimal conditions

Based on the 454 HTS sequencing results , various observations were made about
the microbial community composition of the compost inh~biting the organic matter
at port 4 of the Hot Rot™ system when it was working sub-optimally. This section
discusses these observations in the context of our prior knowledge about compost
microbial communities.
Based on the NMDS results it was concluded that regardless of the diversity of
inputs , the microbial communities inhabiting

replicate samples from

each

experimental treatment were in most cases similar to each other. On this plot, the
points representing the microbial community composition of port 4 samples from a
specific experimental treatment, clustered close to each other.

However , the

different experimental treatments clearly had an effect on the microbial populations
in the material at port 4 as demonstrated by the clustering patterns of points
representing outputs from different experiments. This effect was most pronounced
in the clustering patterns of the port 4 samples from the 26 day residence time
experiment and the recycle experiments (Figure 4. 9, Chapter 4 ).
The metastats results showed that although it was highly abundant, Lactobacillus
amylovorus significantly decreased in relative abundance from port 1 to port 4.
However , various OTUs increased in relative abundance as the material moved
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towards port 4 during both the residence time and recycle experime nts . Two of
these OTUs were identified to the taxonom ic level of genus as ; Turicibac ter and
Oceanob acillus.

The third OTU was identified as belonging to Lactobac il/us

acidipiscis. Oceanobacil/us was first isolated from deep sea sedimen t collected at

a depth of 1050 m on the lheya Ridge (Lu et al. , 2006). It has since been detected
in a fed-batch type in-vessel system of composting (Watana be et al. , 2008) .
Turicibac ter was recently found in a study that determin ed the effect of turning on

the microbial consortia of compost in a laboratory scale in-vessel type system
(Fidero et al. , 2012).

However , prior to this study Turicibac ter was known as a

strictly anaerobi c bacterium with optimal temperature range 25-46°C. It has also
been detected in the gastrointestinal tracts of humans and some animals
(Bosshard et al. , 2006 ; Kishimoto et al. , 2006 ; Cufv et al. , 2011 ).

Lactobac illus

acidipisc is is able to grow at temperat ures of 25 to 37°C but not at 15 or 42 °C. It

has been isolated previously from fermented fish and swine manure pits
(Tanasup awat et al. , 2000 ; Whittle et al. , 2003) .
Commun ities

of

Turicibac ter,

Oceanob acillus

and

Lactobac illus

acidipisc is

increased in abundan ce during the residence time and recycle experiments.
These taxa are halophilic and alkalophilic.

Lactobac il/us acidipisc is does not

tolerate extreme pH conditions but can grow in 10-12% NaCl (Tanasup awat et al. ,
2000).

Oceanob acil/us is a highly halophillic and alkalophilic bacterium and the

same is true for Turicibac ter (Lu et al. , 2006).
As the material moved from port 1 to port 4 , the average EC increased from 2.74
mS/cn1 to 3.92 mS/cm during the residence time experiments . This effect was
more evident when the inputs were seeded with compost that had already passed
through the Hot Rot™ vessel (i.e . the recycle experiments). The average EC of
the material during the recycle experiments increased from 3.62 mS/cm at the
input ports to 4.12 mS/cm at the output ports. These observations suggest that
the accumulation of salts during in-vessel composting exerts a positive selection
pressure for halotolerant species .
With the exception of the 26 day experiment, the port 4 microbial communities
were highly similar when the residence time of the material inside the system was
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7, 9 and 12 days. Lactobacil/us amylovor us was the taxon with the highest relative
abundance at each of the ports during these experiments. However , the relative
abundance of this genus decreased as the material moved to port 4 and , on
average , about 7 different Lactobacillus species increased in relative abundance
(Figure 4.8, Chapter 4 ).

These observations indicated that a prolongation of

residence time of the material in Hot Rot™ (from 7 to 12 days , a 77% increase)
does not change the microbial community composition of the port 4 material. The
similarity in the microbial communities was consistent with the clustering patterns
seen on the NMDS plots.
With respect to the findings of the 26 day experiment, the points representing the
microbial communities in the organic matter at port 4 clustered separately on the
NMDS plot. The 26 day residence time offers a 158% increase in the residence
time from 7 days to 26 days. The OTU abundance data showed that during the 26
day residence time experiment, the microbial communities at the Hot Rot™ port 4
were dominated by Lactobac illus acidipiscis (Lactobacillus _2, relative abundance
72% at port 4 ). The high proportional increase of this species during the residence
time of 26 days could be due to the increase in EC of the material as it moved
from port 1 to port 4.

The average EC during the 26 day residence time

experiment increased from an average of 2.96 mS/cm to 3.98 mS/cm.

This is

consistent with the finding that the EC did not increase significantly in the
experiments where the transit time was 12 days or less (average EC at port 4 of
?day experiment was 3.31 mS/cm , at port 4 of 12 day experiment was 3.24
mS/cm).
The reason for undertaking the recycle experiments was to investigate the already
demonstrated usefulness of this technique in improving the overall composting
process (Sundberg , 2005 ; Sasaki et al. , 2006). When recycle material is added to
an in-vessel system , two aspects must be considered ; the physiochem ical
properties and the inherent microbial communities in the organic matter that is
added to the input.

When adding recycled material , the composition of the

microbial communities depends on the level of maturity of the organic matter
(Sasaki et al. , 2006). At port 1, Lactobac illus_4 was detected during RC1 (39%)
and Lactobacillus acidipiscis was found during RC2 (20% ).

These two species
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had a high relative abundance at port 1 along with Lactobacillus amylovorus
during the recycle experiments (Section 6.4.1 ). However, by the time the material
reached port 4, a different Lactobacillus strain, Lactobacillus_6, increased in
relative abundance. The relative abundance of this OTU increased from 11 % at
the input port to 55% at the output ports during RC1 and from 8% to 60% during
RC2. This taxon could not be further identified using BLAST. These observations
led to two conclusions about the composting process during the recycle
experiments. First, the addition of recycled material changed the composition of
the microbial commun ity and the physiochemical properties of the organic matter
(e.g. EC) such that the microbial communities observed at port 4 were distinct
from those observed during all the other experiments under sub-optimal operating
conditions.

Second, the degree of maturity of the recycled material that was

added did not have a significant effect on the microbial communities at the output
of Hot Rot™.
species found.

During both recycle experiments, Lactobacillus_6 was the dominan t
This finding is consistent with the conclusions of other research

that point to the value of adding recycled material to help to optimize operation of a
composting system.
An unexpected finding was that operating temperatures > 55°C could not be
achieved when compost was inoculated with partially decomposed organic matter.
This is contrary to the findings of previous research performed on a small-scale invessel system and on a windrow system. In both of these systems , the addition of
mature compost provided for a quick transition from mesophilic to thermophilic
conditions (Sundberg , 2005; Kato and Miura, 2008).

The contrast between the

results in the present and previous studies highlights the fact that results from one
type of composting system cannot be extrapolated to a different system.
The addition of a recycled material led to a greater reduction in the C: N ratios in
the Hot Rot™ composting process , as compared to the high temperature
experiment, and is discussed in detail in Section 6.4.
The relationships between the microbial communities that exist in Hot Rot™
organic matter during the sub-optimal composting processes and the physiochemical parameters of the waste were established using the relative abundance
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During the sub-optimal

measures of OTUs based on the 454 HTS data.

processes (temperatur es <55°C), the highly abundant OTUs were most closely
associated with (i.e. cluster closer to) the EC than with any other physiochem ical
parameter. These include the abundant OTUs that both increase and decrease in
relative

abundance

(Figure 4.11,

Chapter 4 ).

Interestingly ,

Lactobacillu s

amylovorus (Lactobacill us_ 1), which is most common at the input port and at all
stages in the 7, 9 and 12 day residence time experiments , does not cluster with
any of the physiochem ical parameters.

The relative abundance of the dominant

OTU (Lactobacill us amylovorus ) during the suboptimal processes was observed to
be unrelated to the changes in any of the physiochem ical parameters measured
during the course of this study. This is surprising, because it is known that the
physiochem ical parameters are both a determinan t and a result of the microbial
communitie s that exist in Hot Rot™. This finding could be explained by assuming
that the species that is the least effected by the changes in the physiochem ical
parameters is able to survive the longest in the Hot Rot™ system.

6.4.3 A comparison of the microbial composition and dynamics of organic matter
in heaps with those in the in-vessel system operating optimally (temperatur es >
55°C)

A variety of micro-organ isms has been found during the different phases of
composting (defined with respect to temperature ) in various composting systems.
Using DGGE, Takaku et al. (2006), found a variable abundance of Firmicutes at all
stages of the composting process.

Ryckeboer et al. (2002), using culture based

methods , found that Bacillus and Lactobacillu s (phylum Firmicutes) were highly
abundant during the early stages of the composting process. However, Strom et
al (1985) reported the presence of Bacillus only at the thermophilic stages of the
composting process.
thermophilic

stages

Bacteroidet es has also been reported to increase at the
of

composting

(Ryckeboer

et

al. , 2003)

along

with

Actinobacte ria (Fergus, 1964 ), Bacillus (Blanc et al., 1997) and Thermus (Beffa et
al., 1996).

153

High temperatures (>55°C) were observed during in-vessel composting using the
Hot Rot™ vessel and in heaps during the present study. However, there are three
main differences between these two systems.

(1) Heaps are highly anaerobic

whereas in Hot Rot™ the compost mass is aerated using air injection. (2) Heaps
were turned only three times during the four week period that the high
temperatures were observed , while the organic matter in Hot Rot™ was turned up
to 24 times per day during the 9 day residence in the vessel. (3) A greater degree
of control (for example, over moisture and temperature) can be exerted over
organic matter inside an enclosed vessel than in heaps , which are outdoors and
exposed to ambient conditions.
As observed from the NMDS plots , the microbial communities that exist during the
high temperature conditions in vessel and in heaps were very different (Figure 5.3,
Chapter 5) . The differences in the clustering patterns of the samples from the high
temperature experiment and the heaps reflected the microbial community
composition at the phylum level. Except for the samples taken from port 3, the invessel communities were dominated by Firmicutes at all- stages and this phylum
had a relative abundance of 83% at port 4. In contrast, the microbial communities
in heaps were highly diverse. The microbial composition of the heaps after the
final turn was Firmicutes (41 % ), Actinobacteria ( 17% ), Proteobacteria (23% ),
Bacteroidetes (8%) and unknown phyla (11 %).
The reasons for these differences are thought to relate to differences in the
physio-chemical environment of compost in the two systems. Compost in the Hot
Rot™ in-vessel system is a dynamic and highly aerobic environment, including at
the thermophilic stages, thanks to the regular turning. Firmicutes, which dominate
the high temperature conditions in-vessel , are known to produce endospores ,
which allows them to survive a variety of extreme environmental conditions
(Ludwig et al. , 2009). On the other hand, Bacteroidetes and Proteobacteria that
are common in heaps but not found in the vessel are predominantly non-spore
forming bacteria.

These are presumably better suited to the heap environment

(Garrity et al., 2005; Whitman et al., 2009).

This is because the composting

environment in heaps is not as harsh (lesser turning and no artificial aeration) as
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compared to the in-vessel system, reducing the selective pressure for survival and
the need to form spores.
During

the

high

temperature

experiment,

within

the

phylum

Firmicutes,

Lactobacillus amylovorus was highly abundant at port 1 (75%) , but was replaced

at port 2 by a diverse thermophilic community.

This is contrary to previous

research which suggests that high temperatures can lead to loss of diversity
during the composting process (de Bertoldi et al. , 1983; Strom , 1985).
thermophilic

community

comprised

Geobaci/lus and Tepidimicrobium .

bacteria

from

the

genera

The

Ureibacillus ,

These are Gram positive , mostly aerobic

strains that are thought to be important in composting , based on the results of
studies using 16S rRNA metagenomics (Takaku et al. , 2006; Zverlov et al. , 2010) .
Geobacil/us spp , for example is one of the first recognized thermophilic a-amylase

producing bacteria. It is a thermo-glucosidasius strain that has hydrolytic activity
in the presence of starch, gelatin, and pullulan , and produces acid from adonitol,
cellobiose, inositol, and D-xylitol (Nazina et al., 2001 ). The microbial community in
the heaps could not be classified to sub-phylum level for-the most part and more
than 70% of the OTUs could not be assigned a genus-level taxonomy.
During the optimal composting process (temperatLJres >55°C in-vessel), it was
observed that the OTUs that decreased in abundance from port 1 to port 4 in Hot
Rot™ clustered with EC and moisture.

On the other hand, the OTUs that

increased in abundance from port 1 to port 4 cluster closer to the C: N ratio and the
chemical composition of the waste (Figure 5.6, Chapter 5). These observations
show that the clustering patterns of microbial communities and the physiochemical
parameters in Hot Rot™ organic matter during the optimal and sub-optimal
processes (Section 6.4 .2) are different. However, the EC seems to play a role in
both processes. This result is not surprising , as prior research has shown that the
microbial communities in waste are highly correlated to the physiochemical
parameters of the organic matter. For example , it has been shown that in a large
scale system , when the initial pH is low, there is an inhibition of the thermophilic
microbiota leading to an extended initial mesophilic phase (Sundberg et al., 2004).
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Although certain patterns of clustering were established, no clear conclusions
could be drawn about the relationships between the physic-chemical parameters
measured in this study and specific microbial communities due mainly to the
complexity of these interactions. Nevertheless, these clustering patterns provide
guidance on the physical and chemical parameters that should be studied in the
future.

This type of information should provide a better understanding of the

interactions between microbial communities in organic matter during the various
phases of composting and the interactions of these communities with the
physiochemical parameters in a large scale in vessel system. Parameters such as
pH and moisture have been shown to be important in influencing the growth of
microbial communities in heap style systems (Tiquia et al. , 1998; Sundberg et al. ,
2004 ). The present study provides strong evidence for the importance of including
additional parameters , such as EC , when studying in-vessel systems.

6.4.4 Addressing gaps in our understanding of microbes in compost
In considering the results of the 454 High Throughput Sequencing of compost, it
was evident that reference sequences could not be found for many OTUs and
therefore these microbial populations could not be classified.

Unclassified taxa

represented both abundant and rare organisms. Fof example, 27% of the 30 most
abundant

taxa

present

during

the

standard

working

conditions

(temperatures<55°C, 9 day residence time) could not be classified to the genus
level.

This study highlights the need for more research on the taxonom ic

composition of microbial communities in compost in order to understand the
process of decomposition.
The microbial communities in compost have not been studied in any depth when
compared with established knowledge of the microbial communities that inhabit
the human body.

A survey of recent literature showed that in the human

gastrointestinal tract, the fraction of OTUs that could not assigned to a phylum was
2-12% (Nam et al. , 2011) and 2-20% of microbes could not be classified up to the
genus level (Claesson et al. , 2009).

In the present study, 5-27% of the OTUs

detected in compost could not be classified to the phylum level and 60% of the
OTUs could not be assigned a genus level taxonom y. In this context , scientific
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knowledge of microbes in the compost environment is similar to that for soil, where
a recent study found that about 30% organisms could not be classified at the level
phylum (Yang et al., 2012) using the same culture dependent techniques as used
in this study.
While there are many studies of compost microbiology (Waksman, 1932; Browne,
1933; Finstein and Morris, 1975; de Bertoldi et al., 1983; Ryckeboer et al., 2003;
Hultman, 2009), much remains to be learned about the kind of microbes that are
involved in the decomposition of waste to produce compost and their interactions.
The present study adds to this knowledge, in particular by providing additional
taxonomic data that can improve understanding of microbial interactions in
compost and soil and contribute to new and better methods of addressing the
problems of waste disposal and soil degradation.

6.5 The efficiency of the Hot Rot™ system in inactivating pathogens

Compost that has not undergone a sufficient thermal treatment is likely to contain
pathogenic agents.

Human and plant pathogens are often abundant in organic

waste materials. They must be inactivated by an adequate thermal treatment and
the effectiveness of the process monitored on a regular basis (Vinneras et al. ,
2010).

In commercial applications, when a large amount of solid organic waste

must be composted efficiently, controlling the process and the quality of the end
product is both important and difficult.
The characterization of pathogens using the 454 data is challenging , as it is
difficult to classify OTUs to the species or genus level. In an attempt to address
this problem in the present study, the bioinformatics package MOTHUR was used
to assign a genus level taxonomy to the OTUs when possible.

The OTUs that

belonged to the genera that include pathogenic species were selected , based on
information in the free-access database PATRIC.

The more abundant of these

OTUs were assigned a species level taxonomy using BLAST where possible.

It

was found that of the OTUs that could be classified to the species level, about 35%
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were species that are not harmful to human , animal or plant health (Table 4 .3,
Chapte r 4 ). This phenomenon has been observed before. For exampl e , the
genus Clostridium, which contains pathogens commo nly found in soil , , has been
observed in various compos t system s (Partanen et al. , 2010). This genus has
more than 100 known species, of which less than 20 are pathog enic to human s or
domest icated animals (Ortega et al., 2012). The results of the present study
indicate that methods that rely upon sequen ce similarity to determ ine the pathogen
content of a sample overestimate the numbe r of pathogens in the given sample
(Ye and Zhang , 2011 ).

According to the European Commission health rules concerning animal byproducts not intended for human consumption (EuropeanCommission, 2002), the
Australian

Standa rds for composting

(AS4454,

2003) and

other compo st

standards from around the world (Hogg et al., 2002), the principal method of
ensuring sanitization during composting Is by applying an adequa te thermal
process with respect to both time and temperature. When evaluating the health
status of compos t produced during this study, it was expected that only the high
temper ature experim ents and heaps would produce pathogen-free compost.
However, pathogens were not detected in the Hot Rot™ outputs regardless of
whethe r high temper atures (>55°C) were achieved or not.

Even during sub-

optimal (<55°C) operation of Hot Rot™ , which includes the residence time and
recycle experim ents , pathogenic bacteria were reduced to below detection limits
as evidenced by the 454 data and by the lack of growth of faecal coliforms on
MacCo nkey plates.
Thermal treatme nt as a means to inactivate pathogens is largely based on
research conducted on traditional windrow systems (Jones and Martin , 2003).
Howev er, the microbial commu nity dynamics are different in the in-vessel and
heap systems. Based on the 454 HTS sequen ce data , it was clearly observed that
the microbial communities inhabiting the organic matter during both the optimal
and sub-optimal working of Hot Rot™ were different from those found in the heaps
(Figure 5.3, Chapte r 5) . This observation was also true for the pathogenic species
that were considered in this study. For example , as noted in Chapte r 5, the
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pathog ens that survive d for a longer time in the heaps were differen t from the
pathog ens found in the organic matter inside the vessel. The genus that survive d
for the longest time in the heaps was Pseudo monas as oppose d to Clostridium
and Flavoba cterium that survive d for the longest time in the in-vess el system . It
can be conclud ed that the inactiva tion of pathog ens is achieve d by differen t means
in the in-vess el system s and in the heap style compos ting system s.
Studies have shown that indigen ous mesoph ilic microflo ra in compos ted biosolid s
play an importa nt role in suppre ssing indicato r bacteria such as Salmonella (Sidhu
et al., 2001 ).

Anothe r study, using a laborat ory-sca le in-vess el type system

demon strated that the enteric bacteria in the compos ting system were not able to
survive the turning process regardl ess of the temper ature (Fidero et al., 2012). In
the Hot Rot™, the organic matter is turned and aerated regular ly.

The highly

aerobic environ ment and low temper atures give rise to a mesoph ilic microbi al
commu nity.

It may be that pathog ens cannot compet e efficien tly in this

metabo lically active commu nity.
In this study the data genera ted using NMDS showed that OTUs belongi ng to
differen t pathog enic genera display ed differen t clusteri ng

pattern s with the

physioc hemica l propert ies of the waste. This could provide some insights into how
pathog ens are inactiva ted in an in-vess el system .

For exampl e , membe rs of the

gram positive genera , Strepto coccus and Staphy lococcu s, some of which are
known human pathog ens (Steven s et al. , 1989; Bisno and Steven s , 1996; Lowy,
1998), cluster closer to the points represe nting the change in moistur e and
chemic al fingerp rint of the materia l.

Additio nally, some OTUs that belong to the

gram negativ e families Enterob acteria ceae and Pseudo nocard iaceae , (which
could not be classifie d to genus) display the same clusteri ng. On the other hand ,
a few OTUs classifi ed as the genus Clostridium (human , animal and plant
pathog en) (Ortega et al. , 2012) cluster separa tely and closer to the C:N ratio of the
waste and pH of the materia l.

None of the pathog enic genera were found to

cluster close to EC. This is unexpe cted , becaus e the most abunda nt OTUs found
in compos t during the sub-op timal and the optimal working conditio ns of Hot Rot™
clustere d closer to the EC with the excepti on of Lactobacillus amylov orus (Sectio n
6.4 .2 & Section 6.4.3).

These observa tions sugges t that the physioc hemica l
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parame ters

of

waste

have

distinct

specific

with

relation ships

microbial

commu nities , which is expected. Closer study of these differen ces could provide a
basis for specific treatme nts to selectiv ely remove pathog ens based on the
manipu lation of the physio- chemic al parameters.

This could have valuabl e

application in the field of veterina ry public health, where importa nt pathog ens of
human s and animals (e.g. Bacillus anthracis) can cause serious disease
outbrea ks through exposu re to contam inated soil and waste materials.
A further

importa nt conside ration

relates

to

the

risk

of post

process ing

contam ination of compos t with pathogens. One study conduc ted in USAqu antified
several pathog ens in point-o f-sale compos ts from 94 non-slu dge facilities
1
3
process ing 2.2 million m yea( of recycled green waste (Lemun ier et al., 2005;
Brinton et al., 2009). One compos t contain ed Salmonella, 28% had fecal coliform s

exceed ing the Environ mental Protection Agency sludge hygiene limits (1,000 MPN
g- 1 ), and 6% contain ed detecta ble Escherichia coli O157:H?. Sevent y percen t of
the compos t sample s were positive for Clostridium perfringens, but only 20% of
the sample s had levels more than 1,000 CFU/g. All sample s were positive for
1
fecal streptococci, and 4 7% contained 1,000 MPN g- .

A study of an in-vessel

compos ting system showed that mature bio waste compos ts may suppor t longterm survival of Salmonella serova r Enteritidis during- storage at room temper ature.
In this study, E. coli and L. monoc ytogen es survival was observe d only in 4-week old compos ts and never in older compos ts (Lemun ier et al. , 2005). These
observa tions , combin ed with the fact that pathog en suppre ssion was observe d
inside the Hot Rot™ vessel during the non-op timal process es , sugges ts a need to
analyze safety standar ds for compos t in detail.

Future studies that analyse the

pathogen removal process es in large scale in-vessel type system s need to be
conduc ted before the standards can be conside red sufficiently wide ranging to
cover all of the method s that are current ly being used for composting. Based on
the results presented in this section , we sugges t the use of end point testing of
compos t produc t to ensure the absenc e of pathog ens in mature compos ts , even
when the required time/te mperat ure regime has been followed.
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6.6 Physical and chemical parameters, compo st maturity and temperature

Australian Standards of compost define stable compost as compost that has at
least passed through the thermophilic stage, and biological decomposition of the
waste has occurred to a sufficient degree that the compost has beneficial value to
plant growth. Stabilized compost can be stored, handled and used without giving
rise to odour or self-heating problems, even if it should become wet.

"Mature

compost" on the other hand, can be defined as compost that exhibits lower levels
of phyto-toxicity and a higher degree of biological stability (AS4454 , 2003).
Compost quality is closely related to its maturity. Because of the wide variety of
organic wastes used to prepare compost and the diverse chemical and biological
changes that occur during composting, it is difficult to apply a single set of quality
parameters to all compost products. Due to the wide range of methods suggested
in literature, it is difficult to make a practical assessment of compost quality and
maturity in a consistent manner and the various methods used are not directly
comparable. It is difficult to know which method of assessment to use.
Based on the Australian Standards, AS445 4 , 2003, the present study used the
temperature time relationships of the organic matte~ to determine the optimal and
non-optimal working conditions of Hot Rot™.

When temperatures >55°C were

achieved in the vessel, the system was considered to be working optimally. An
optimal composting process however, does not ensure the production of a stable
or mature product. Therefore, C: N ratio, moisture, pH and electrical conductivity
were measured in the samples taken from port 4 and compared to the values
required by the Australian Standards for mature compost (AS4454 , 2003) .
In this study, the C:N ratio of the compost was used to assess the effectiveness of
the decomposition process under the experimental conditions. Before discussing
the results obtained , it is important to mention that there is considerable
disagreement in the literature about the ideal C:N ratio for compost output. A
study that surveyed the C: N ratios for a range of compost inputs and outputs
showed that, depending on the inputs, (C:N ration range 13 - 51 ), the C:N ratios
of the final product varied from 11 to 28 (Goyal et al. , 2005) . It can be concluded
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that the use of the C:N ratio alone may not provide an adequate indication of
compost quality.

Nevertheless, lacking better methods, C:N ratio is common ly

used to determine the maturity of compost. The use of the C: N ratio may be more
predictable when the input C:N ratios are known.
In the present study, the C:N of the input organic matter during various
These fall within the

experimental treatments ranged from 23: 1 to 24: 1.

acceptable range of C:N ratios that are required from organic matter for good
composting to take place (Cooperband, 2002). According to these input C:N ratios,
Hot Rot™ output should be able to produce a compost with an adequate C: N ratio
for mature compost ( < 20: 1).

The compost produced by the Hot Rot™ system

during various experimental conditions did not, however, attain a C:N ratio < 20: 1
as had been expected.
During the non-optimal composting processes, the C:N ratios of the organic matter
rose as the material moved to ports 2 and 3, then fell as measured at port 4.
During the recycle experiments, the average C: N ratio of the organic matter at
output was 23: 1. The lower C: N values of the output which were obtained with low
operating temperatures (30-40°C) suggest that seeding may lead to higher
decomposition rates. The average C: N of the output from the 26 day residence
time experiment was 21: 1, indicating that the maturation of compost continues to
when organic material is allowed to decompo se in the vessel for longer periods of
time. However, it is not practical to operate the Hot Rot™ under these conditions
(residence time of 26 days) as this would not allow for all of the organic waste
produced on campus to be composted using the system.
An average C: N ratio of 35: 1 was obtained when the system was operating at high
temperature (>55°C). The marked increase in the C:N ratio of the outputs in the
high temperature experiment was the consequence of a reduction in nitrogen
values as the material moves from port 1 to port 4.

This reduction In nitrogen

values could be the result of a metabolically active thermophilic community
present in the organic matter (see Section 5.3.1.2, Chapter 5). Another relevant
consideration is that the high temperatures inside the Hot Rot™ can cause the
volatilization of ammonia from organic matter (Juteau, 2006). Levels of ammonia
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were not measured in this study, so the contribution of volatilization to the
reduction of nitrogen levels cannot be confirmed.

Consequent to the loss of

nitrogen, the average C:N ratio of the organic matter at port 4 increased to 35:1,
as temperatures started to fall. A C: N ratio of 35: 1 is too high to allow for the quick
repopulation of compost with the mesophilic communities required for the efficient
decomposition of the remaining substrates (Ryckeboer et al., 2003).
although

a diverse thermophilic commun ity was

Therefore,

present during the high

temperature phase of the in-vessel process, conditions were not optimal and the
composting process was slowed down in the following phase.

This effect has

been reported with respect to traditional heap style composting processes (de
Bertoldi et al., 1983).

6.7 The rise of temperature in Hot Rot™: a function of the composition of
input matter?

This section discusses the reasons for the increase in operating temperature of
the Hot Rot™ when input materials were changed.

The only known difference

between the standard operating conditions of Hot Rot™ (temperature<55°C, 9 day
residence

time)

and

the

high temperature

operating

conditions

was the

composition of the input matter. The change in composition was a result of the
replacement of animal bedding with garden waste in the input to the Hot Rot™
system.
When the physic-chemical characteristics and structure of the animal bedding was
closely examined, three factors became apparent.

First, the animal bedding

consisted of aspen wood shavings, which gave the input material a fluffy, friable
structure that could be easily compacted. In comparison to wood chips or garden
waste, the presence of animal bedding would therefore change the moisture /
aeration balance in the organic waste. Second, aspen wood has been shown to
possess anti-microbial properties (Granlund and Cernohous, 2008),
which could lead to the inhibition of the thermophilic communities in the vessel.
Third, animal bedding contains dried urine and feces absorbed into the wood
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shavings and waste animal feed. Reflecting the presence of this organic material,
the average EC during the high temperature experiment inputs was 2.3 mS/cm as
opposed to 3.05 mS/cm during all of the non-optimal processes. The absence of
used animal bedding may have resulted in a lower EC.

Lower EC values

combined with a highly aerobic environment, a porous matrix and a near neutral
pH possibly led to increased microbial activity and high temperatures.

6.8 Limitations of this study

As part of this report, it is important to note some limitations that were identified
during the course of this research.
6. 8. 1 The effect of the animal bedding on the operating temperature of the Hot
Rot™
It was observed that, as a consequence of the removal of animal bedding, high
-

temperature conditions were achieved inside the Hot Rot™ system. As mentioned
in Section 6.7, there are various ways in which the animal bedding could have
affected the operation of the system. More information could have been obtained
by examining in more detail, the effect of adding "fresh" and "used" animal
bedding to the system during optimal operation.

If the operating temperature

decreased following the addition of used animal bedding as opposed to the use of
the fresh bedding, it could be concluded that the presence of animal excreta and
possibly feed was the variable that was causing the temperatures drop. However,
if the operating temperature following the addition of used and fresh animal
bedding to the system, it would be necessary to look more closely at the
mechanism affecting the temperatures.

It was not possible to pursue these

experimental options in the present study because the ANU stopped using aspen
sawdust.

The replacement bedding was shredded autoclaved paper (C: N 150-

200: 1) instead of wood shavings (C: N 100-500: 1).

Shredded paper is different

from wood shavings not only in its structure but also in its absorption properties
and nitrogen content

(Dickson et al., 1991 ).

Therefore, adding the shredded
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paper to the Hot Rot™ would have resulted in the introduction of multiple variables
to the process, the complete analysis of which was beyond the scope of this study.

6.8.2 Sequencing: the pros and cons of using RNA or DNA
Although RNA was extracted along with DNA from compost samples , it was not
utilized for HTS due to the costs involved. The use of RNA to generate reverse
transcribed cDNA for sequencing and estimation of community diversity could give
better insights into the activity of the microbial communities in a sample (Bremer
and Dennis , 1996).

The use of DNA to sequence amplicons means that

information is generated on dormant cells and spores , which are important in
composting , where high temperatures are observed .

The major drawback of

studies that use only DNA for the estimation of community diversity is that the
functionality of the cells is not estimated , as DNA from dead cells is not included
(Luna et al. , 2002). It would be valuable to undertake a study using paired RNA
and DNA extracts , which could help to could shed light on the functionality of
microbial communities , using RNA-based sequencing, while also collecting
information about the total microbial consortia from the DNA based analysis.

6.9 Conclus ions

In summary, this research achieves the stated goal, which was to characterize the
microbial populations and compost dynamics in a large scale in-vessel composting
system in order to improve current knowledge of the compost microbial ecology.
The findings of the experiments that were carried out represent new information in
five areas relevant to the objective of the study.
This study provides strong evidence for the proposition that the type of operating
system used for composting has a selective effect on the microbial communities in
the compost.

Based on the NMDS clustering patterns and the taxonomy

information, it was shown that the microbial communities present during the high
temperature phases of in-vessel composting were highly distinct from those
present in the heaps when similar temperatures were being experienced.
Based on the results obtained with the 454 HTS technique , it was shown that the
Hot Rot™ system could be manipulated via small changes in its operating
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conditions

to

produce

different

physiochemical

parameters

and

microbial

communities. To illustrate this point, the changes in the microbial succession of
organic matter in the Hot Rot™ composting system during optimal and sub-optimal
working conditions were thoroughly described.
This study also highlights the

importance of studying

compost microbial

communities in relation to the physic-chemical parameters of the waste material
and compost.

This thesis reports on some observed relationships between

physiochemical parameters and the abundan t microbes during optimal and suboptimal processes. However, these findings need to be validated through multiple
independent studies in the future.
It was observed that operating temperat ures >55°C in the Hot Rot™ vessel may
have delayed the decomposition process. Furthermore, pathogens were removed
during the Hot Rot™ composting process under both optimal (>55°C) and
suboptimal conditions.

Together, these observations raise questions about the

optimal nature of high temperature processing of compost and, in particular, the
use of thermal parameters (time/temperature) as a basis _to judge compost quality
i.e. the absence of pathogens. It is recommended that the Australian standard for
compost be revisited with respect to this point and consideration be given to
endpoint testing of compost as an alternative to or along with, thermal processing
for the determination of compost safety.
70% of the total OTUs generated using 454 HTS in this study could not be
assigned to a genus. This highlights the lack of taxonomic data available in the
field of compost and justifies the conduct of further studies on the microbiology of
waste and com post.

6.10 Scope for future research
This study presents a large number of avenues for directed research in the area of
commercial compost production systems of the in-vessel type. First, the detailed
taxonomic analysis presented in this study revealed some genera that had not
been reported previously in compost, such as Turicibacter and Oceanobacillus.
Some of these newly identified genera maybe important to the composting
process and they should be studied in detail.

Second, the detailed taxonomic
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analysis discovered a large numbe r of taxa that could not be assigned. This
highlights limitations in our current taxono mic knowledge about microbial
communities in soil and compost. Therefore more taxono mic studies need to be
conducted in this field before it is possible to sufficiently define the composition of
the microbial communities inhabiting compo st under controlled conditions. Third,
this study was performed using total DNA from various stages of the compost
process. In future, paired studies using both RNA and DNA could provide a large
amount of useful information about the metabolic activity of microbial communities
in compost.

A parallel experiment with the in-vessel system and windrow style

composting using the same input materials could provide useful information about
the differences in the microbial processes and interactions in the two systems.
Finally, the study of physical parameters and microbial communities in this
experimental work presented patterns of association that could form the basis for
more detailed research that could potentially provide more detailed and even more
valuable information on the control of a large scale composting process.
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APPENDIX 1
PATRIC
Suppleme ntary table 1: Pathogenic bacteria , representative species, diseases caused and the known temperature tolerances based on
(http://patric.vbi.vt.edu/) and pathogenic genera seen previously in compost (Ye and Zhang, 2011; Avery et al., 2012).
Species

Disease caused

Temperatu re range

Aeromonas veronii
Aeromonas hydrophi/a

Septicemia
Gastroenteritis

Max growth temp 40-55° In
compost: not known

1970

Acho/eplasm a axanthum,
Acholeplasm a eqiretale,
Acholeplusm a grunirlarum ,
Acholep/asm a hippikon, and
Acholeplasm ulaidlmii

Occurs in animals .
Associated with decreased fertility ,
reduced hatchability , conjunctivitis,
rhinitis , sinusitis , tenosynovitis , arthritis
and growth retardation . Frequently
occurs in combination with other
pathogens .

Not known

1919

Alcaligenes xylosoxidan s

Cystic fibrosis

No growth over 60°C
Destroyed over 55°
Behaviour in compost: unknown

Diarrhoea
Abdominal pain

Temperatur e range (15-42°C)
Behaviour in compost: not known

Cutaneous anthrax
Pulmonary anthrax
Gastrointestinal anthrax
Nausea , vomiting and diarrhoea

Spore formers
Longevity in soil
Survive composting

Genus

Reference

Aeromonas

(Merino et al. , 1995)

Genus
described
1980

Acholeplasm a

(lwoffi Ill , 1980)

Alcaligenes

(Roche et al. , 1991 ;
Holt et al. , 1994;
Rocher et al. , 1999)

I

Arcobacter

(Houf et al. , 2005 ;
Snelling et al. ,
2006)

1992

Arcobacter butzleri

Bacillus

(Krogstad and
Gudding , 1975;
McKillip, 2000 ;
Dworkin et al. ,
2006)

1872

Bacillus anthracis
Bacillus cereus

I
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Ideal temperature ranges 3537°C .
Behaviour in compost
environment: unknown

Borde tel/a

(Linnemann Jr and
Perry, 1977)

1952

Bordetella pertussis

Whooping cough

Borrelia

(Johnson et al. ,
1984)
(Al Dahouk et al. ,
2003)

1907

Borrelia burgdorferi

Lyme disease

1920

Bruce/la
Bruce/la
Bruce/la
Bruce/la

Burkholderia

(Jones et al. , 2001)

1993

Burkholderia ma/lei
Burkholderia cepacia
Burkholderia pseudomall ei

Glanders, Melioidosis, Pulmonary
infections in people with cystic fibrosis

Known to survive at a range of
temperatures , 4-45°C,
optimal growth temperature is 3742°c

Campylobacter

(Keener et al. ,
2004; JacobsReitsma et al. ,
2008)
(Manavi , 2006)

1963

Campyloba cter pylorii

Acute enteritis

Destruction at 55C in <1 min in
milk (Jacobs-Reitsma). Assume
destruction in compost

1945

Chlamydia trachomatis

Community-acquired respiratory
infection
Nongonococcal urethritis (NGU)
Lympho-granulomavenereum (LGV)
Trachoma
Inclusion conjunctivitis of the newborn
(ICN)

Bruce/la

Chlamydia

Brucellosis

abortus
canis
melitensis
suis

'
I

Chlamydophila
Clostridium

Comamonas

(Beeckman and
Vanrompay , 2009)
(Collins et al. , 1994;
Brown , 2000;
Wichuk and
McCartney, 2007)

1999

Chlamydophila psittaci

1880

Clostridium
Clostridium
Clostridium
Clostridium

(Abraham and
Simon , 2007)

1962

Comamonas testosteroni

botulinum
difficile
perfringens
tetani

Psittacosis
Botulism
Pseudomembranous colitis
Gas gangrene
Acute food poisoning
Anaerobic cellulitis
Tetanus
Bacteremia in both immunecompromised and healthy individuals.

Spore formers ,
Survived 100°C 2h (0.5 -log
increase in SSGW compost

Ideal growth temperature is 3037C
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Corynebacteriu
m
Enterobacte r

(Janda , 1998)

1896

Corynebact eriumdiphth eriae

Diphtheria

(Watanakunakorn
and Weber, 1989)

1960

Enterobacte raerogenes
Enterobacte r cloacae

Opportunistic infections

Growth range 4-44C

Enterococcus

(Brown , 2000 ;
Christensen et al. ,
2002)

1903

Enterococc us faecalis
Enterococc us faecium

Nosocomial infections

Survived extended composting at
55°C . Often inactivated >60°C)

Escherichia

(Avery et al. , 2012)

1919

Escherichia coli

Urinary tract infections (UTI)
Diarrhoea
Meningitis in infants
Traveller's diarrhoea
Diarrhoea in infants
Hemorrhag ic colitis
Hemolytic-uremic syndrome

Growth then die off. Approx 1-log
decrease SSGW in 8 weeks
Destroyed 45-55°C

Facklamia

(Facklam , 2001)

1997

Facklamia hominis,
Facklami aignava,
Facklamia sourekii,
Facklamia tabaciasalis ,
Facklamial anguida

Clinical strain very similar to
Streptococci , recently defined

The strains grew in 6.5% NaCl at
37°C but not at all at 10 or 45 °C.
Very sensitive to temperature
changes .
Compost dynamics not known .

Fra ncisel/a

(Mclendon et al. ,
2006 )
(Hirschmann and
Everett, 1979)

1947

Francisel/a tularensis

Tularemia

1917

Haemophilu s influenzae

Bacterial meningitis
Upper respiratory tract infections
Pneumonia , bronchitis
Peptic ulcer
Risk factor for gastric carcinoma and
gastric B-cell
lymphoma
Pneumonia , urinary tract infections ,
septicemia , ankylosing spondylitis , and
soft tissue infections

Optimal growth at 37 C, growth
ranQe 24 to 39C
Optimal growth at 35-45C

Haemophilus

I

Helicobacte r

Klebsiella(Pods
chun et al.
1998)

(Goodman and
Correa , 1995)

1989

(Podschun and
Ullmann , 1998)

1885

Helicobacte r pylori
'

Klebsiella pneumonia e

temperature range 35-45C
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Legionella

(Pravinkumar et al. ,
2010)

1979

Legionella pneumop hila

Legionnaire's Disease
Pontiac fever

Present in potting composts
Assume destruction at 43C
(Epstein et al 2003)

Leptospira

(Gaby , 1975)

1917

Leptospira interrogans

Leptospirosis

Destroyed in 2 days in municipal
sludge (Gaby , 1975)

Listeria

(Murphy et al. ,
2003)
(Morgan and
Macdonald , 1969)

1940

Listeria monocyto genes

Listeriosis

1896

Leprosy (Hansen's disease)
Tuberculosis

Mycoplasma

(Yang et al. , 2007a)

1929

Mycobac terium leprae
Mycobac terium tuberculosis
Mycobac terium ulcerans
Mycoplas ma pneumon iae

1-log decrease at 55C ,
2.2h(Mur phy et al , 2003)
Destruction 60C for 10 days

Mycoplasma pneumonia

NIA

Neisseria

(Kramer et al. ,
2006)

1885

Neisseria gonorrho eae
Neisseria meningiti dis

Non spore forming . Survival
temperature range 25 - 42 C

Pseudom onas

(Kramer et al. ,
2006)
(Pol icastro et al. ,
1997)
(Ceustermans et al. ,
2007)

1894

Pseudom onas aeruginos a

Gonorrhe a
Ophthalm ianeonato rum
Septic arthritis
Meningococcal disease including
meningitis
Waterhouse-Friderichsen syndrome
Pseudom onas infection

1916

Rickettsia rickettsii

Rocky mountain spotted fever

Very narrow temperature range of
25-38C . Sensitive to pH
Destruction 60C in 1Oh

Serra tia

(0 Callaghan et al. ,
2001)

1823

Serratiam arcescen s

Staphylococcus

(Fourti et al. , 2008 )

1884

Staphyloc occus aureus
Staphyloc occus epidermid is
Staphyloc occus
saprophy ticus

Mycobacterium

Rickettsia
Salmonella

I

1900

Salmonella enterica
I

Typhoid fever type salmonellosis
(dysentery , colitis)
Salmonellosis with gastroenteritis and
enterocol itis
Nosocomial infections

Coagulase-positive staphylococcal
infections , Infections of implanted
prostheses , e.g. heart valves and
catheters
Cystitis in women

Broad temperatu re range of 4-43C

Destruction during composti ng
(Fourti et al 2008)
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Meningitis and septicemia in neonates
Endometritis in postpartum women
Opportunistic infections with septicemia
and
pneumonia
Acute bacterial pneumonia & meningitis
in adults
Otitis media and sinusitis in children
Streptococcal pharyngitis
Scarlet fever
Rheumatic fever
Impetigo and erysipelas
Puerperal fever
NecRot™izing fasciitis
Infrequent pathogens . Mycetoma in
Humans and Plants

Some strains can survive at a
wide range of temperatures from
30-50 °C(Ma Y, Marquis RE .1997)

Treponem apallidum

Syphilis
Congenital syphilis

pH in the range 7.2 to 7.4,
temperatures in the range 30°C to
37°C and a microaerophilic
environment

Vibrio cholerae

Cholera

temperaute range of 20-30C.
Increased virulence between 2530 C

Bubonic plague
Pneumonic plague

Destroyed by paesturisation .
Assume destruction in composting
(Lovett et al , 1982)

Streptococcus

(Ma and Marquis ,
1997)

1884

Streptoco ccus agalactiae
Streptoco ccus pneumon iae
Streptoco ccus pyogenes

Streptomyces

(Wang et al. , 1989)

1943

S. somalien sis,
S. sudanens is,
S. caviscabi es,
S. acidiscab ies,
S. turgidisca bies and
S. scabies.

Treponema

(Nelson , 1948)

1905

Vibrio

(Hood and Ness ,
1982)

1854

I

Spore forming . Can survive a
temperature range of 0-50°C

'

Yersinia

(Lovett et al. , 1982)

1944

Yersinia pestis
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