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ABSTRACT

The Leanyer Sanderson Wastewater Stabilisation Ponds were built in 1972
and are the largest in Northern Australia. Before this study, the knowledge of
pond bacteria was limited to the culturable Escherichia coli and enterococci.
Unfortunately, a focus on these bacteria misses the majority of resident pond
bacteria, their responses to the tropical environment, and the dynamics of
important bacteria like nitrogen cyclers.

My primary research objectives were to (1) identify the microbial community
composition in the ponds; (2) identify the genes and microbes responsible for
pond nitrogen cycling; and (3) investigate how the microbial community
responds to desludging. To address objectives (1) and (2), 288 wastewater
samples were collected at the inlet, middle and outlet of Sanderson Ponds 1,
2 and 5 in the morning (6 am) and afternoon (1 pm) during the early wet and
dry seasons. For objective (3), 96 samples were collected in a similar manner
from Leanyer Pond 2 before desludging and then one week, six months, and
12-months after. Measurements included both in situ physico-chemistry and
microbial DNA (or RNA). I used 16S rRNA gene sequencing to determine the
bacterial community composition and Functional Gene Array to determine the
activity of nitrogen cycling genes.

I found that bacteria typically associated with the human gut are replaced by
environmental bacteria as effluent progresses through the ponds and that
III

desludging improves the removal of faecal bacteria and nitrogen. The study
determined where and how nitrogen is removed from the pond system. For
each pond, I identified a unique fingerprint of faecal and environmental
bacteria-indicators that can be used for pond management and for developing
new tests for human faecal pollution in the environment. Thus, I demonstrated
that DNA-based detection methods can provide powerful and cost-effective
monitoring tools that can be used both by wastewater managers and
environmental regulators.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 The importance of microbes in wastewater treatment
Wastewater treatment is a critical biotechnological process used worldwide to
remove contaminants (chemical and biological) before the water returns to the
environment with minimum impact (Hybská et al., 2020; Schimann et al., 2012;
Terada et al., 2011; Xia et al., 2018; Zhang et al., 2020). Regardless of the
plant-type, microorganisms (bacteria, archaea and algae) are responsible for
converting or removing contaminants like nitrogen and phosphorus. Hence,
the functional robustness and efficiency of a wastewater treatment pond are
primarily dependent on the composition and activity of the microbial population
(Ashworth and Skinner, 2011; Mara, 2004; Terada et al., 2011; Wagner et al.,
2002; Xia et al., 2018).

During treatment, bacteria utilise oxygen so that they can consume wastewater
contents as food (Mara, 2004). Operators can measure the amount of
consumed of oxygen to gain an overview of the waste concentration
(expressed as either ‘Biochemical oxygen demand’ or ‘Chemical oxygen
demand’). However, because of the complex bacterial and chemical
composition of wastewater, measuring sewage strength alone is insufficient to
characterise wastewater (Mara, 2004).

During efficient wastewater treatment, extensive bacterial nitrogen cycling and
subsequent nitrogen removal mainly occur at the beginning of the treatment
process, followed by: a 4-6 log unit reduction in faecal coliforms; 2-4 log unit
reduction of faecal viruses; and 100% removal of parasites (Shuval and Fattal,

1

2003). Typically, with regards to pathogen removal, operators evaluate pond
sanitation by measuring surrogate bacteria, Escherichia coli (E. coli) and
enterococci because they are present in large numbers and are quick, easy
and cheap to enumerate (Ali et al., 2020; Rochelle-Newall et al., 2015).
However, although faecal bacteria, viruses and parasites are important
surrogates for assessing pathogen removal, they are poor proxies for some
enteric pathogens and provide limited information on other bacterial groups
treating the wastewater (Mara, 2004).

Appropriate management of municipal waste is essential. For example, if a
waste removal system is suboptimal (e.g. does not remove pathogens, BOD
or N and P nutrients below the recommended ANZECC levels), the release of
effluent into waterways has the potential to cause human health problems
(Mantilla-Calderon et al., 2019; Rochelle-Newall et al., 2015; Zacharia et al.,
2019). Therefore, wastewater pond infrastructure and treatment methodology
are considered critical for the elimination of bacterial, viral and protozoan
pathogens, and to stabilise the nitrogen removal processes (Aw and Rose,
2012; Dias et al., 2017; Li et al., 2018; Nielsen, 2017; Terada et al., 2011; Von
Sperling, 2005).

Pathogen, faecal indicator bacteria (FIB) and parasite removal data highlight
the inexpensive and efficient sanitation capacity of wastewater stabilisation
ponds (WSP) when operating under optimal engineering conditions. There are,
however, times when WSP performance is suboptimal, such as, during heavy
rainfall events, overload, or after operating for decades without adequate
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routine repair and maintenance like desludging (Zacharia et al., 2019). Little
data exists on tropical wastewater pond indigenous microbiology, the ecology
of pathogens and the impact on these bacteria of seasonal extremes typical of
the wet-dry tropics (Al-Gheethi et al., 2018; Parsai et al., 2019; Li et al., 2018;
Rochelle-Newall et al., 2015; Wagner et al., 2002). Currently, operators draw
most of their information about the microbiology of tropical ponds from
temperate treatment systems (Ali et al., 2020; Rochelle-Newall et al., 2015).
This approach, leads to many fundamental questions about the microbes in
tropical ponds, including: which microbes are dominant; what is the fate of
faecal bacteria from inlet to outlet; or which microbes drive the conversion of
ammonia and nitrates to nitrogen gas?

1.2 Evidence and mechanisms for treating domestic sewage using
Wastewater stabilisation ponds
Human faeces are a source of many pathogens and parasites, and the
presence of raw waste polluting waterways or water supplies can have serious
health consequences (Grönlund, 2019; Maïga et al., 2009; Mantilla-Calderon
et al., 2019; Mara, 2004; Zhao et al., 2020). Treating wastewater adequately
before release into the environment is of paramount public health importance.
In many urban water schemes in Australia, treated water from waste
stabilisation ponds is discharged into marine environments and freshwater or
tidal creeks. Discharged effluent can adversely impact recreational waters,
which affect people directly or indirectly when swimming or harvesting seafood
(Australian Guidelines for Effluent Management, 1997; Gibb et al., 2016;
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Padovan et al., 2017). In many inland areas in Australia, the receiving waters
are rivers and waterways that become the water source for downstream
drinking water supplies. Therefore, we use sewage treatment methods to
remove pollutants and prevent human disease outbreak and environmental
stress associated with waste discharge (Li et al., 2018; Mantilla-Calderon et
al., 2019; Zhao et al., 2020). Domestic sewage is mainly treated by
biological/chemical methods like activated sludge, membrane bioreactors and
moving bed biofilm reactors, as well as, natural methods like WSPs,
constructed wetlands, aerated lagoons, and aerated rock filters (Krzeminski et
al., 2019; Mara, 2004). WSPs are used globally for partial (secondary or
tertiary) and in some cases, the only wastewater treatment. In Australia, over
600 treatment plants include ponds as part or all of the nutrient removal and
disinfection processes, particularly in smaller towns and rural areas (Stratton
et al., 2015). Because of their extended retention times, WSPs can be more
effective at removing intestinal parasites and nutrients than conventional
chemical wastewater treatments (Al-Gheethi et al., 2018; Dias et al., 2017; Liu
et al., 2020; Maïga et al., 2009; Mara, 2004; Von Sperling, 2005).

While one main aim of WSPs is pathogen reduction, very few studies quantify
or qualify the efficacy of disinfection of specific pathogens with research-focus
shifting towards measuring pathogen removal of newer treatment technologies
or contemporary WSP designs (Al-Gheethi et al., 2018; Liu et al., 2020). Many
early studies have measured successful disinfection of faecal coliforms in
stabilisation ponds (Bolton et al., 2010; Botero et al., 1997; Brissaud et al.,
2005, 2003; Rångeby et al., 1996; Reinoso et al., 2011). For example, Von
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Sperling (2005) examined coliform removal in 186 facultative and maturation
ponds around the world. This study found that the ponds receiving raw sewage
removed 98% of coliforms, attributed to long hydraulic retention times.
Similarly, evidence has indicated that stabilisation ponds remove protozoan
cysts (e.g. Giardia), helminth eggs, bacterial pathogens like Vibrio cholerae,
Campylobacter jejuni and viruses like norovirus genogroups I and II (Bouhoum
et al., 2000; da Silva et al., 2007; Grimason et al., 1996, 1993; Oragui et al.,
1993; Stott et al., 2003; Wéry et al., 2008). A study of a Moroccan stabilisation
pond also showed that Giardia cysts and Ascaris eggs were prevalent in the
influent but were not detectable in final effluent (Amahmid et al., 2002). The
wastewater stabilisation pond environment also effectively removed other
pathogenic protists like Cryptosporidium parvum (Bouhoum et al., 2000;
Grimason et al., 1993; Reinoso et al., 2011; Wéry et al., 2008). Thus, because
of their effective pathogen removal, WSP systems are a popular choice for
wastewater treatment (Liu et al., 2020; Mara, 2004). However, recent evidence
has demonstrated that neglecting pond up-keep can notably compromise
efficiency (Zacharia et al., 2019).

In general, a waste stabilisation pond system consists of a facultative pond(s),
where raw sewage enters the system, followed by one or more maturation
ponds (Agunwamba, 1993; Ashworth and Skinner, 2011; Bouza-Deaño and
Salas-Rodríguez, 2013; Sheludchenko et al., 2019; Von Sperling, 2005). Raw
sewage passes slowly through each pond until discharged as treated water
(Agunwamba, 1993; Ashworth and Skinner, 2011; Bouza-Deaño and SalasRodríguez, 2013; Mara, 2004; Von Sperling, 2005; Zacharia et al., 2019).
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Facultative ponds are normally 1.5-2m deep to allow for aerobic and anaerobic
sewage digestion and to promote algal growth (Ashworth and Skinner, 2011;
Liu et al., 2020; Stott et al., 2003; Stratton et al., 2015). Along with digestion,
their primary role is to remove biochemical oxygen demand (BOD) and nutrient
levels from the incoming sewage. Maturation ponds are shallow (<1.5m),
aerobic, and designed to promote low organic loads and an abundance of
algae. Their oxygen-rich waters and high pH from photosynthetic algal
activities accelerate pathogen removal from the effluent before releasing into
the environment or further treatment for water recycling (Ashworth and Skinner,
2011; Liu et al., 2020; Mara, 2004; Stratton et al., 2015). Some environmental
conditions within these ponds are catalysts for pathogen decay, including:
temperature; particulate concentration and size; high pH; high dissolved
oxygen levels (DO); salinity; and sunlight (Agunwamba, 1993; Al-Gheethi et
al., 2018; Ali et al., 2020; Ashworth and Skinner, 2011; Bell et al., 2009; BouzaDeaño and Salas-Rodríguez, 2013; Curtis et al., 1992; Green et al., 2011;
Kreader, 1998; Liang et al., 2012; Liu et al., 2020; Mara, 2004; RochelleNewall et al., 2015; Savichtcheva et al., 2005; Von Sperling, 2005). Flocs of
settling solids are also an important removal mechanism for faecal bacteria
attached to their surfaces (Mara, 2004). Thus, several natural processes help
treat sewage in WSPs.

Sunlight, in particular, effectively deactivates culturable bacteria via direct DNA
damage from UVA and UVB exposure. However, diurnal variations of physical
factors including DO, pH and the presence of light-absorbing constituents (e.g.
photosynthesising organisms) affect the efficiency of this process (Al-Gheethi
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et al., 2018; Boehm et al., 2009; Davies and Evison, 1991; Davies-Colley et
al., 1994; Dias et al., 2017; Green et al., 2011; Gutiérrez-Cacciabue et al.,
2016; L. Liu et al., 2020; Maïga et al., 2009; Sinton et al., 1999; Von Sperling,
2005). In the presence of light, factors like DO and pH can act as exogeneous
photo-sensitisers for pathogens, making them more susceptible to photooxidation (Al-Gheethi et al., 2018; Curtis et al., 1992; Davies-Colley et al.,
1994; Maïga et al., 2009). The amount of light penetrating through the water
column is also vital because it controls the levels of oxygen produced from
photosynthesising algae that can also deactivate pathogens in WSPs (Curtis
et al., 1992; Davies and Evison, 1991; Davies-Colley et al., 1994; Liu et al.,
2020; Maïga et al., 2009; Mara, 2004). Subsequently, more pathogens are
removed during the day than at night, especially during the warmest months
(Ali et al., 2020; Maïga et al., 2009).

1.3

Harmful

microbes

potentially

found

within

suboptimal

wastewater effluent
There are many microbes associated with faecal waste, which are important
when the likelihood of exposure to these microbes is high (Amahmid et al.,
2002; Zahedi et al., 2018). Two main ways expose people to faecal bacteria:
through contaminated drinking water, and contact through activities in
recreational water bodies. Potentially harmful organisms include a large
variety of bacteria and cyanobacteria, with some identified as faecal indicator
bacteria (FIB) for water quality monitoring. Thus, understanding the removal
of these microbes from wastewater stabilisation ponds is crucial. Because, if
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there is a breakdown in treatment, wastewater ponds can release harmful
microbes into nearby waterways. (Australian Drinking Water Guidelines |
NHMRC, 2011; Guidelines for Managing Risks in Recreational Water, 2008,
as summarised in Table 1.1).

Table 1.1 Microbes associated with poor water quality
Group

Microorganism

Main exposure source

Reference

Bacteria

Acinetobacter

Water, sewage, soil

World Health Organisation (2017)

Leptospira

Water

World Health Organisation (2017)

Tsukamurella

Water, sewage, soil

World Health Organisation (2017)

Aeromonas

Drinking water

Australian Drinking Water Guidelines | NHMRC
(2011); Aw and Rose (2012); Ye and Zhang
(2011)

Burkholderia pseudomallei

Soil and muddy water

Australian Drinking Water Guidelines | NHMRC
(2011); Kaestli et al., (2019)

Campylobacter

Water and food

Australian Drinking Water Guidelines | NHMRC
(2011); Guidelines for Managing Risks in
Recreational Water (2008); Devi et al. (2019)

Klebsiella

Widespread
environmental organism

Legionella

Agyeman et al. (2020); Australian Drinking Water
Guidelines | NHMRC (2011)

Water aerosols

Australian Drinking Water Guidelines | NHMRC

Opportunistic infections

Australian Drinking Water Guidelines | NHMRC

(2011); Lawrence et al. (2016)

Mycobacterium

in susceptible people
Pseudomonas aeruginosa

Water, sewage, soil

(2011); Robertson et al. (2018)

Australian Drinking Water Guidelines | NHMRC
(2011); Guidelines for Managing Risks in
Recreational Water (2008); Henderson et al.
(2018)

Salmonella

Food and water
contaminated with faecal

Shigella

Australian Drinking Water Guidelines | NHMRC
(2011); Guidelines for Managing Risks in
Recreational Water (2008); McWhorter and

matter

Chousalkar (2020)

Water contaminated with

Australian Drinking Water Guidelines | NHMRC

faecal matter

(2011); Guidelines for Managing Risks in
Recreational Water (2008); Deer and Lampel
(2010)

Vibrio

Water bodies

Australian Drinking Water Guidelines | NHMRC

Strains ingested

Australian Drinking Water Guidelines | NHMRC

(2011); Ralph and Currie (2007)

Yersinia

(2011); Stanger et al. (2018)

Clostridium (e.g. Clostridium

Food and water bodies

Guidelines for Managing Risks in Recreational
Water (2008); Lim et al (2018)

perfringens)
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Escherichia coli

Water bodies (Faecal
indicator bacteria)

Staphylococcus aureus

Guidelines for Managing Risks in Recreational
Water (2011)

Water bodies

Guidelines for Managing Risks in Recreational

Water contaminated with

Janzon et al. (2009)

Water (2011)

Helicobacter pylori

faecal matter
Toxic

Cyanobacteria (blue-green

Present in all natural

cyanobacteria

algae)

waters

Microcystis

Water bodies

Australian Drinking Water Guidelines | NHMRC
(2011)

Guidelines for Managing Risks in Recreational
Water (2011)

Anabaena

Water bodies

Guidelines for Managing Risks in Recreational

Water bodies

Guidelines for Managing Risks in Recreational

Water (2011)

Planktothrix (Oscillatoria)

Water (2011)

Water bodies

Guidelines for Managing Risks in Recreational

Water bodies

Guidelines for Managing Risks in Recreational

Anabaenopsis

Water bodies

Guidelines for Managing Risks in Recreational

Nodularia

Water bodies

Guidelines for Managing Risks in Recreational

Water bodies

Guidelines for Managing Risks in Recreational

Nostoc

Water (2011)

Hapalosiphon

Water (2011)

Water (2011)

Water (2011)

Aphanizomenon

Water (2011)

Lyngbya

Water bodies

Guidelines for Managing Risks in Recreational

Water bodies

Guidelines for Managing Risks in Recreational

Water (2011)

Cylindrospermopsis

Water (2011)

Schizothrix

Water bodies

Guidelines for Managing Risks in Recreational

Water bodies

Guidelines for Managing Risks in Recreational

Water (2011)

Umezakia

Water (2011)

Raphidiopsis

Water bodies

Guidelines for Managing Risks in Recreational
Water (2011)

Until recently, water quality monitoring has focused on measuring levels of E.
coli and enterococci (or FIB) because they are abundant and the tests
developed for these bacteria are inexpensive and easy to use (Wen et al.,
2020). However, some studies indicate that FIB levels contribute little to our
knowledge of source contamination because they are not human-specific, and
only some strains are pathogenic. Additionally, their concentrations may not
reflect that of pathogens (Al-Gheethi et al., 2018; Boehm et al., 2009; Sauer et
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al., 2011; Shanks et al., 2013; Wen et al., 2020). The presence of many
sediment-adapted Enterococcus strains suggests that resuspension can
increase microbial loads in the water column (Anderson et al., 2005; Harwood
et al., 2005). Similarly, while E. coli are enteric, evidence suggests that they,
like enterococci, can persist and possibly grow in the environment, especially
in tropical ecosystems that provide ideal habitats for E. coli (e.g. nutrients,
warmth and moisture). Their persistence and growth in the environment pose
serious drawbacks for the use of these organisms as indicators of human
health risk (Al-Gheethi et al., 2018; Anderson et al., 2005; Harwood et al.,
2005; Ishii and Sadowsky, 2008; Jiménez et al., 1989; van Elsas et al., 2011;
Winfield and Groisman, 2003).

Furthermore, Harwood et al. (2005), found significant differences between the
average concentrations for indicator bacteria (faecal coliforms, E. coli and
enterococci) among their study sites in the sediment and water column for two
watersheds. They conclude that the lack of knowledge regarding pathogen
survival in sediments has a crucial connection to human health risks. The
authors suggest more direct measurements of pathogens are needed, but
pathogens are often present at low concentrations, and methods to isolate
pathogens from wastewater can be cumbersome. Due to the complex nature
of the factors influencing microbial populations, it is unlikely there will be a
simple solution for protecting human consumers from pathogenic outbreaks.
Thus, more research is needed to identify candidate bacteria that better
indicate human faecal pollution in the environment, especially in tropical
environments (Al-Gheethi et al., 2018).
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A substantial amount of research has focused on identifying bacterial
candidates as markers for municipal sewage because of the contamination
risk from untreated sewage harbouring pathogenic bacteria entering
waterways (Devi et al., 2019; Grönlund, 2019; Hamilton et al., 2006; Harwood
et al., 2005; Krzeminski et al., 2019; Liang et al., 2012; Mantilla-Calderon et
al., 2019; Sauer et al., 2011; Shanks et al., 2013). Presently, there are several
faecal indicator bacteria including E. coli, enterococci (Enterococcus spp.,
Enterococcus

faecium),

human-associated

Bacteroidales

and

HF183

Bacteroides (Al-Gheethi et al., 2018; Ellis et al., 2018; Feng et al., 2020;
Hamilton et al., 2006; Harwood et al., 2005; Liang et al., 2012; Sauer et al.,
2011; Shanks et al., 2013). Faecal indicators are valuable for identifying
waterways contaminated by human faecal pollution because they act as
surrogates for the presence of harmful pathogens. However, most of the
available faecal indicator research comes from temperate systems with little
data available for how these indicators behave in tropical environments
characterised by high rainfall/moisture and year-round warmth that provide
suitable conditions for their growth outside the digestive tract (Al-Gheethi et al.,
2018; Rochelle-Newall et al., 2015). Hence, there is a need for faecal
indicators that are relevant to tropical environments.
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1.4 Microbes involved in waste stabilisation pond nitrogen cycling
(N-cycling)
Similar to pathogen removal, N-cycling is another essential process within
stabilisation ponds because it is a process for removing high nitrogen levels
entering the system before releasing the effluent into waterways. Elevated
ammonia can be toxic to many aquatic species, and nutrients in the effluent
can result in algal blooms, which ultimately lead to poor water visibility, oxygen
depletion and possible toxin production from cyanobacteria. Several chemical,
physical and biological mechanisms are responsible for nitrogen removal in
WSPs. Pond designers expect most influent N to settle to the pond floor, be
released by N2O and NH3 gaseous emissions or to volatise into and N2 gas in
the facultative pond (Ma et al., 2019; Mayo and Abbas, 2014). Microbially
mediated

N-cycling

(simultaneous

nitrification-denitrification

activity)

contribute to nitrogen removal through to gaseous emissions of N2 (Jia et al.,
2019; Ma et al., 2019; Qiao et al., 2019; Reese et al., 2018). Dying resident
algae can also contribute to nitrogen settlement because, while alive, they take
up nitrogen for photosynthesis (Camargo Valero and Mara, 2007; Liu et al.,
2020; Mara, 2004). Molecular tools have not only revolutionised our
understanding of microbial ecology in wastewater systems but have allowed
us to revisit the ‘textbook’ groups of bacteria considered as N-cycling and find
the players responsible for the process (Aw and Rose, 2012; Daims et al.,
2016; Juretschko et al., 1998; Lee et al., 1999; Schramm et al., 1999; Wagner
et al., 2002, 1994; Wang et al., 2017). The presence or absence of microbes
involved in the nitrogen cycle are critical indicators of ecosystem health
(Perryman et al., 2011; Schimann et al., 2012; Terada et al., 2011; van
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Bruggen et al., 2019). Early research on N-cycling communities focused on
terrestrial environments and indicated that the specific roles of microbes in Ncycling are complex (Wawrik et al., 2012). Subsequent wastewater research
into the relative contributions of different microbes involved in each N-cycling
step, support these findings of complexity (Bucci et al., 2020; Huang et al.,
2020; Jia et al., 2019).

1.4.1. Nitrifying microbes
It is vital to reduce the ammonia levels in wastewater ponds because the
compound is toxic to aquatic flora and fauna and can cause eutrophication in
receiving waters (Karri et al., 2018; Sangolkar et al., 2006; Terada et al., 2011;
Wagner et al., 2002). Nitrifiers, consisting of ammonia- and nitrite-oxidising
bacteria or archaea catalyse the oxidation of ammonia to nitrite and of nitrite
to nitrate, respectively (Bucci et al., 2020; Jia et al., 2019; Keerio and Bae,
2020; Ma et al., 2019; Terada et al., 2011; Wagner et al., 2002). These
microbes are extraordinarily slow-growing and recalcitrant to cultivation (Bucci
et al., 2020; González-Cabaleiro et al., 2019; Herrero and Stuckey, 2015;
Terada et al., 2011; Wagner et al., 2002). The role of nitrifiers for nitrogen
removal is central in wastewater ponds because most of the nitrogen in the
system is present in the form of ammonium, ammonia or urea (subsequently
hydrolysed to ammonia) (Ashworth and Skinner, 2011; Mara, 2004; Terada et
al., 2011; Wagner et al., 2002). However, it is common for the nitrification
process to break down in municipal wastewater ponds because these
microbes are sensitive to disturbances such as pH, temperature shifts, and
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excessive oxygen supply (Bucci et al., 2020; Herrero and Stuckey, 2015;
Terada et al., 2011; Wagner et al., 2002).

Using fluorescence in situ hybridisation (FISH) methods, an earlier study by
Wagner et al. (2002) challenged the view that Nitrosomonas europaea is the
model ammonia-oxidiser. They found that other ammonia-oxidisers were of
greater importance for converting ammonia to nitrate. Other research has
indicated that nitrosomonads (including Nitrosococcus mobilis) have more
significant roles in ammonia oxidation within wastewater treatment ponds than
nitrosospiras (Daims et al., 2001; Wagner et al., 2002). They found that the
most

frequently

detected

groups

belonged

to

the Nitrosomonas

europaea/Nitrosomonas eutropha-lineage, the Nitrosococcus mobilis-lineage,
and the Nitrosomonas marina cluster. The detection of a high number of
different ammonia-oxidising groups within the phylum Betaproteobacteria
consequently led to the view that wastewater ponds are capable of harbouring
a diversity of ammonia-oxidisers (Bucci et al., 2020; Capone, 2018; H. Daims
et al., 2001; Huang et al., 2020; Juretschko et al., 1998; Wagner et al., 2002).

Similarly,

molecular

methods

also

challenged

the

traditional

view

that Nitrobacter spp. are the main nitrite oxidisers for wastewater systems.
Since the application of molecular methods, our understanding of nitrite
oxidisers has evolved from the viewpoint that a single bacterial species
performed the step, to realising that many bacteria can perform this role (Bucci
et al., 2020; Capone, 2018; Daims et al., 2016; Holger Daims et al., 2001;
Gieseke et al., 2001; Jia et al., 2019; Purkhold et al., 2000). Arguably our
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confidence in Nitrobacter spp., being the sole nitrite oxidiser, came into
question when Wagner et al. (1996) were unable to detect Nitrobacter using
FISH. Besides, Daims et al. (2016) discovered that the genus Nitrospira are
‘comammox’ bacteria, meaning that they perform complete nitrification of
ammonia to nitrate. However, research now indicates that the alpha, beta,
delta,

and

gamma

clades

of

the Proteobacteria, as

well

as

in

the Nitrospira genus, can contribute to nitrite oxidation (Capone, 2018). Thus,
we do not fully understand how many bacteria and archaea are involved in the
nitrification pathway, or which ones are the most significant contributors. This
understanding could be assisted by direct measurements of the N-cycling
genes that are responsible for this process.

1.4.2. Anammox bacteria
The conversion of nitrite, also known as the nitritation-anammox pathway, has
become a key focus for studying nitrogen removal from wastewater systems
(Baeten et al., 2019; Li et al., 2018; Terada et al., 2011). Removal via the
nitritation-anammox pathway requires less energy (needs low levels of oxygen
and organic carbon) than nitrate-nitrite oxidation; thus, it is considered a ‘shortcut’ for nitrogen removal (Rittmann and McCarty, 2001; Li et al., 2018; Terada
et al., 2011). The anammox pathway is also preferable to the traditional nitrate
process because it also reduces sludge and volatile solid production (Mara,
2004; Terada et al., 2011). However, because it is not possible to isolate an
anammox bacterium using traditional culturing methods, scientists have
needed to use molecular methods such as 16S rRNA or functional gene arrays
to detect these bacteria (Qiao et al., 2019; Terada et al., 2011). Thus, culturing
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difficulties challenged early information for anammox bacteria because the
bacteria were slow-growing and had low activity levels.

1.4.3. Denitrifying bacteria
Another group of microorganisms critical to N-cycling are denitrifying bacteria,
which convert the products of nitrification (nitrite and nitrate) into nitrogen gas,
nitric oxide or nitrous oxide, and thus, remove nitrogen from sewage (Bucci et
al., 2020; Di Capua et al., 2019; Juretschko et al., 1998; Terada et al., 2011;
Tian and Yu, 2020; Wagner et al., 2002). Similar to nitrification bacteria, most
early identification and enumeration attempts of denitrifiers used cultivation
approaches (Wagner et al., 2002). Denitrification rates, like pathogen removal,
are impacted by the combination of water retention time, depth and nitrogen
loads (Bucci et al., 2020; Di Capua et al., 2019; Kaushal et al., 2008; Kjellin et
al., 2007; Perryman et al., 2011; Seitzinger et al., 2006; Terada et al., 2011;
Von Sperling, 2005). Additionally, the benthic organic matter and sediment
grain size and texture also influence nitrate reduction to either nitrogen or
nitrous oxide gases (Arango et al., 2007; Bucci et al., 2020; Inwood et al., 2007,
2005; Nancharaiah et al., 2017; Perryman et al., 2011; Pinay et al., 2000;
Terada et al., 2011, 2011; Tian and Yu, 2020; Vidon and Hill, 2005).
Denitrification rates are highest for benthic sediments with coarse particles and
high water flow compared to sediments dominated by fine particles of mixed
sizes and low flow (Perryman et al., 2011). Rates are lower in fine particle
sediments because of the low flow under these conditions reduces the delivery
of electron donors and acceptors needed for the process (Perryman et al.,
2011). Denitrification is also strongly influenced by hydraulic residence time
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because it increases the potential for reactions to occur between dissolved
water solutes and organisms in the sediment (Bucci et al., 2020; Kaushal et
al., 2008; Perryman et al., 2011). However, recent work investigating the
relationship between denitrifying communities and the activated sludge
environment shows that associations between denitrifier abundance and
nitrogen concentrations are complex. For example, measurements of the nirS
gene and nitrogen chemistry found that some denitrifiers were positively
correlated with increasing N while others were negatively correlated (Zhang et
al., 2019). Further, the authors found no significant correlation between the
abundance of the denitrifying nirS gene and N-removal. Thus, the authors
conclude that more work is needed using different denitrification genes like
nosZ, narG and nirK to resolve the relationship between denitrifying
communities in wastewater treatment ponds (WWTP) and N concentrations
(Zhang et al., 2019).

1.5 Techniques, old and new, for studying the biology and ecology
of microorganisms within wastewater
Our view of the microbial ecology of wastewater has dramatically changed with
the application of molecular tools (Gibb et al., 2016; Newton et al., 2015;
Terada et al., 2011; Tian and Wang, 2020; Wagner et al., 2002; Ye and Zhang,
2011). Recent studies show that wastewater viral and bacterial communities
share species little in common with those identified in the human gut
(Krzeminski et al., 2019; Liu et al., 2020; McLellan and Eren, 2014; Tian and
Wang, 2020). Molecular data have also forced us to challenge early models of
important N-cycling bacteria based on culturable bacteria. Studies showed
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these cultured microbes were minor players for enhanced nitrite oxidation and
denitrification in wastewater (Daims et al., 2016; Wagner et al., 2002), recent
ecological studies of wastewater systems demonstrate significant diversity in
functional groups of bacteria (Barnes et al., 2020; Louca et al., 2018; Wagner
et al., 2002).

Recent findings highlight the importance of identifying in situ microbes within
a wastewater pond like those responsible for nitrification and denitrification.
Doing so would avoid the addition of the ‘wrong’ bacteria ( e.g. bacteria that
may not be able to compete with the autochthonous microbes) and subsequent
failure of the system (Abeysinghe et al., 2002; Wagner et al., 2002). Wagner
et al. (2002) stress the importance of understanding the relationships between
the stability of a critical pond function (e.g. nitrogen cycling) and the diversity
of the group responsible for the process. The authors suggest that
wastewaters are more likely to fail if they have low functional redundancy.
Failure occurs because there are only a few bacteria that perform the same
function, compared to wastewaters with high functional redundancy (i.e. high
diversity of bacteria performing the same function). Therefore, if higher
diversity causes process stability, then it would be essential to modify plant
conditions to encourage an increase in the diversity of functionally important
bacterial groups (Wagner et al., 2002). Thus, research efforts have focused on
identifying methods that enhance our understanding of the diversity of
microbial populations that exist in the environment.
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In the past, scientists used culture-based methods to identify microbes.
However, these methods are limited by the requirement to use many different
media types for different targets, non-specific growth from non-target species,
and the inability to detect uncultivated species (Aw and Rose, 2012; Green et
al., 2011; Kotu et al., 2019). Another problem with culture-based techniques is
called “the great plate count anomaly” by Staley and Konopka (1985). The term
refers to the large discrepancy arising between direct microscopic counting
and the numbers of bacteria that can be enumerated from environmental
samples using plating methods (Aw and Rose, 2012; Kotu et al., 2019).
The microarray is another method to detect pathogens in environmental water
samples quantitatively (Aw and Rose, 2012; Fang et al., 2018; Feng et al.,
2020; Lee et al., 2008). This procedure uses high density immobilized nucleic
acids (e.g. genomic DNA, cDNA or oligonucleotides) in an ordered 2D matrix
that allows the simultaneous investigation of thousands of genes in a single
assay via nuclear acid hybridization (Aw and Rose, 2012). While this method
was developed back in the early to mid-1990s, it was initially impractical due
to the lack of sequence information for many pathogens, problems with nonspecific binding and low detection limits, as well as requiring a substantial
amount of labour-intense manual processing (Aw and Rose, 2012; Feng et al.,
2020; Thanthrige-Don et al., 2018). Although some of these shortfalls are still
applicable today, microarray technology has advanced due to the rapid growth
of 16S rRNA gene databases (Aw and Rose, 2012; Fang et al., 2018; Feng et
al., 2020; Wawrik et al., 2012).
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Quantitative real-time polymerase chain reaction (qPCR) is an improvement
on conventional PCR since it has higher sensitivity and specificity, as well as
a faster rate of detection. Because there is no post-PCR analysis, there is a
reduced risk of carryover contamination and a capability to give quantitative
results (Aw and Rose, 2012; Bradshaw et al., 2016; Green et al., 2011;
Mantilla-Calderon et al., 2019; Rajapaksha et al., 2019; Terada et al., 2011;
Wagner et al., 2019). However, as with microarray technology, qPCR is also
limited to known sequence information and requires investigators to select a
range of pathogens expected in the assay, which prevents the detection of
novel pathogens (Aw and Rose, 2012; Fang et al., 2018; Rajapaksha et al.,
2019; Terada et al., 2011; Wagner et al., 2019).

Dramatic improvements in sequencing technology have resulted in new
advances in studying microbial communities. With the introduction of Next
Generation Sequencing (NGS) technologies like Roche 454 and Illumina, and
the ability to multiplex, investigators can now receive a million reads (up to
1000 bases) per 23-hour sequencing run from multiple samples. Thus, has
consequently revolutionized the study of the microbial ecology of
environmental samples (Aw and Rose, 2012; Fang et al., 2018; Kotu et al.,
2019; Rajapaksha et al., 2019; Wagner et al., 2019; Ye and Zhang, 2011).
Unlike PCR and microarray techniques, NGS is not limited by known sequence
information, which allows researchers to detect novel species including
pathogens (Fang et al., 2018; Kotu et al., 2019; Wagner et al., 2019). Thus,
the sequencing approach has the potential to address multiple etiologies,
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thanks to the capacity to produce rapid, large data sets at a reduced cost (Aw
and Rose, 2012).

Although highly informative and accessible, sequencing has some limitations
(Nannipieri et al., 2020). For example, sequencing short DNA fragments can
lead to a limited taxonomic resolution for the identified bacteria (Earl et al.,
2018). Another limitation is that sequencing DNA does not discriminate
between live and dead bacterial cells. Consequently detected DNA
quantification might not be proportional to the number of living cells. (Deere et
al., 1996; Green et al., 2011; Keer and Birch, 2003; Li et al., 2017; Masters et
al., 1994; Meyer et al., 2019; Terada et al., 2011; Wagner et al., 2002).
However, investigating the prevalence of RNA in addition to DNA since RNA
detects metabolically active cells and is usually degraded rapidly as the cell
ceases activity can address this issue (Li et al., 2017; Liang et al., 2012;
Terada et al., 2011; Wagner et al., 2002). Therefore, the combination of DNA
and RNA information will allow a functional assignment of the detected
bacteria to determine the most critical groups for biological nutrient removal in
wastewater ponds (Liang et al., 2012; Meyer et al., 2019; Reese et al., 2018;
Terada et al., 2011; Wagner et al., 2002).

1.6 Thesis objectives and hypotheses
In the wet-dry tropics of the Northern Territory (Australia), domestic
wastewater is predominantly sanitised via waste stabilisation ponds.
Wastewater is often passed through a compacted earthen pond (or pond
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series) before the effluent is released into a receiving environment, recycled,
or sent to another treatment facility. This sewage treatment method is
particularly popular in remote communities due to their low maintenance
requirements (Agunwamba, 1993; Ashworth and Skinner, 2011; Bouza-Deaño
and Salas-Rodríguez, 2013; Liu et al., 2020).

This thesis focused on the microbiology of the Leanyer-Sanderson wastewater
stabilisation ponds (LSWSP), the largest pond system in Darwin (Northern
Territory, Australia). The system has operated for over 30 years, servicing over
46,000 people (Ashworth and Skinner, 2011). The ponds comprise two ‘mirror
image’ 5-pond systems that are supplied with raw sewage from the Casuarina
and Sanderson trunk sewers (Figure 1.1A). Sewerage is split between the two
systems into a pond series starting with a facultative pond followed by four
maturation ponds for effluent polishing (Figure 1.1A). Each day, the ponds
discharge approximately 8 megalitres of treated effluent into Buffalo Creek
(Figure 1.1B) during the dry season, and approximately 12 megalitres during
the wet season (Ashworth and Skinner, 2011). The ponds are routinely tested
for FIB levels, nutrients (nitrogen and phosphorus species), biochemical
oxygen demand (BOD), total organic carbon, total suspended/volatile solids,
alkalinity species, as well as, standard physico-chemistry parameters like pH,
DO, turbidity and conductivity.

Focusing on culturable FIB and physicochemical measurements misses the
majority (>99%) of unculturable wastewater bacteria and their relative
abundance as they progress through the pond system. It also fails to detect
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their responses to different environmental cues, physico-chemical changes
and disturbances. FIB and physicochemistry measurements provide no
information about the identity of nitrogen cycling communities that drive N
removal for the LSWSP. Furthermore, how pond and nitrogen cycling microbes
respond to tropical conditions is unknown. Current pond data combined with
evidence from temperate WSP systems indicate that bacterial abundance can
change between ponds, season and with changing water conditions including
oxygen and pH levels. To address these knowledge gaps, I took direct
measurements of DNA and RNA from wastewater and used 16S rRNA gene
sequencing and functional gene array (targeting N-cycling microbes),
calculated if taxa/genes were indicator candidates for sewage effluent using
the IndVal equation (Dufrêne and Legendre, 1997), and combined with routine
FIB and physicochemical measurements to address the following objectives
(O) and associated hypotheses (H) to:

O1.

Identify the unknown pond bacteria and a suite of sewage effluent
indicators relevant for tropical waste pond systems that could be used
alongside conventional testing in a routine monitoring program.
H1.1 The bacterial diversity profile will significantly change between
ponds.
H1.2 The bacterial community will significantly change between the wet
and dry seasons and faecal bacteria will decrease after pond 1.
H1.3 The changing bacterial community will be significantly correlated
to changing wastewater DO and pH levels.
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H1.4 A suite of faecal indicators and N-cycle microbes selected from
the entire bacteria community will satisfy the IndVal” criteria and
can be used in receiving water monitoring.

O2.

Measure wastewater DNA and RNA to identify the microbial genes
associated with the nitrogen cycle including nitrogen removal.
H2.1 Multiple gene variants will contribute to N-cycle steps.
H2.2 N-cycle functional communities will differ significantly between
season and pond.
H2.3 Changing N-cycling communities are correlated with changing Nchemistry.
H2.4 N-cycle genes are expressed.
H2.5 WSP N budgets can be informed by N-cycle genes.

O3.

Determine how the bacterial community respond to pond desludging
and how this intervention affects pond performance.
H3.1 Desludging a pond will increase the removal of faecal bacteria and
N.
H3.2 Improved N and faecal bacterial removal will occur immediately
after the desludged pond is brought back into operation.
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Figure 1.1 2020 Google Earth images Ó (Maxar Technologies) of the LSWSP in the
Northern Territory, Australia. A Close-up of the five-pond Leanyer (left) and
Sanderson (right) systems. White arrows indicate the direction of sewage flow. B
proximity of the LSWSP to the northern suburbs and Buffalo Creek that flows into the
Darwin Harbour.
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1.7 Thesis structure
In this thesis, the general introduction is followed by five experimental chapters,
two of which are also published papers. The general discussion re-evaluates
the current monitoring methods in light of the thesis findings. It provides a
series of recommendations to ultimately develop a new multi-focal tool to
provide operators with an accurate and rapid assessment of pond function.
The five experimental chapters are:
1. Bacterial diversity assessment in wastewater using denaturing gradient
gel electrophoresis as a reliable and inexpensive tool to inform
sampling: a pilot study (unpublished; poster presented at the 2nd Water
Research Conference, Singapore, 2013)
2. New Pond—Indicator Bacteria to Complement Routine Monitoring in a
Wet/Dry Tropical Wastewater Stabilization System (published in Water,
A. Rose, A. Padovan, K. Christian, M. Kaestli, K. McGuinness, S.
Tsoukalis, K. Gibb, 11, 2422; doi:10.3390/w11112422, 2019)
3. The diversity of nitrogen-cycling microbial genes in a waste stabilisation
pond reveals changes over space and time that cannot be predicted by
changing nitrogen chemistry (published in Microbial Ecology, A. Rose,
A. Padovan, K. Christian, J. van de Kamp, M. Kaestli, S. Tsoukalis, L.
Bodrossy, K. Gibb, https://doi.org/10.1007/s00248-020-01639-x, 2020)
4. Wastewater nitrogen budgets can be resolved by complementary
functional gene and physicochemical methods (published in the Journal
of Water Process Engineering, Vol. 29, A. Rose, N. Munksgaard, M.
Kaestli, L. Bodrossy, J. van de Kamp, S. Tsoukalis, L. Bodrossy, K.
Gibb, pp.1-10, Copyright Elsevier, 2019)
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5. Desludging a tropical wastewater pond changes the microbial
community and improves pond function (submitted to Environmental
Research; under review)

Because of this thesis structure, there is some inevitable repetition. Where
possible, such repetition was avoided. Brief descriptions of each paper and the
order in which they are presented in this thesis are outlined in subsections
1.7.1 – 1.7.5.

1.7.1 Bacterial diversity assessment in wastewater using denaturing gradient
gel electrophoresis as a reliable and inexpensive tool to inform sampling: a
pilot study
Chapter 2 addresses the first objective and hypothesis H1.1. The chapter
describes a pilot study to assess bacterial community diversity within (inlet,
middle, outlet, surface, benthic) and between ponds in the Sanderson
treatment chain to inform the best sampling strategy. A simple and relatively
quick approach using denaturing gradient gel electrophoresis (DGGE) was
used to observe how the bacterial diversity changed throughout the Sanderson
system, to identify diversity ‘hotspots’, and where the bacterial composition
significantly changed. The results provided a system-wide diversity ‘snapshot’
were used to make decisions about how to focus the sampling effort for more
detailed studies.
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1.7.2 New Pond—Indicator Bacteria to Complement Routine Monitoring in a
Wet/Dry Tropical Wastewater Stabilization System
Chapter 3 is published in the journal Water (Rose et al., 2019b) and also
addresses the first objective and hypotheses H1.2-4. This paper describes the
bacterial community from the Sanderson ponds and tracks specific taxa
through the treatment chain over a two-year period. Together with physicochemical data, assessments were made on how the changing bacterial
composition was influenced by time (year, season, time-of-day) and space
(pond number, location). Further, whether bacterial community changes can
be predicted by measuring the routine water quality variables (general physicochemistry, nutrients, suspended solids, BOD, TOC and alkalinity). A unique
suite of indicator bacteria were identified that could be targeted in future to
complement traditional FIB monitoring.

1.7.3 The diversity of nitrogen-cycling microbial genes in a waste stabilisation
pond reveals changes over space and time that cannot be predicted by
changing nitrogen chemistry
Chapter 4 focuses on the ecology of nitrogen cycle communities to better
understand the process of nitrogen removal in the Sanderson pond system
(Rose et al., 2020). This chapter answers the second objective and
hypotheses H2.1-4. by identifying and describing changes within the microbial
community. Microbial communities for each step of the nitrogen cycle is
identified using a new technology the functional gene array (FGA). This
information was used to determine if the whole N cycle could be microbiallymediated in the pond system and identify potential functional redundancy. This
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should indicate the level of resilience of the pond system to disturbances like
high rainfall or pond desludging. In addition, to identifying the microbial N cycle
community, a subset of samples are analysed for gene expression to
determine which of the identified N cycling community are ‘active’.

1.7.4 Wastewater nitrogen budgets can be resolved by complementary
functional gene and physicochemical methods
Chapter 5 is published in the Journal of Water Process Engineering, which
further explores nitrogen removal and nitrogen budgets by complementing
stable isotope and gas emission data with molecular analysis (Rose et al.,
2019a). The paper also addresses the second objective and hypothesis H2.5.
Chemical analysis of the pond system shows a nitrogen budget deficit of ~47%
for the system. Although N2 gas cannot be directly measured by gas-emission
instruments, I measured gene presence and activity from the denitrifying and
anammox bacterial communities to provide evidence of active N2 gas emission
from the ponds. The application of a multidisciplinary approach also resolved
how it was possible for daytime denitrification and anammox to occur in
downstream maturation ponds when the oxygenated conditions should have
inhibited these processes.

1.7.5 Desludging a tropical wastewater pond changes the microbial community
and improves pond function
Chapter 6 answers the third objective and hypotheses H3.1-2. The chapter
focuses on the Leanyer pond system, as during the course of this PhD, one of
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the Leanyer ponds was desludged (bottom sediment removed). This provided
a unique opportunity to use bacterial community analysis coupled with
physico-chemical data, to understand the impact of desludging on pond
function (Rose et al., under review). To investigate how the bacteria and water
quality responded to desludging, water samples were collected one week
before, and again one week, six months and twelve months after desludging.

After the above papers, the general thesis discussion briefly highlights new
and unexpected findings and evaluates current monitoring methods in light of
the results. A series of monitoring and future research recommendations follow
and form the foundations for building a new multi-focal assessment tool that in
future, could become a rapid and targeted evaluation for pond function.
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2.1 Abstract
Our long-term aim was to study the microbial ecology of five wastewater
stabilisation ponds to identify and track pathogens and bacteria involved in
nitrogen cycling. There are no existing microbiology data for these ponds. We
needed cost-effective tools to obtain a census of bacterial diversity within and
between ponds. These data could be used to determine sampling effort. For
example, we could design sampling regimes that were more intensive in areas
of heterogeneity, and less intensive in areas of homogeneity. Denaturing
gradient gel electrophoresis (DGGE) proved to be a cost-effective tool. We
used DGGE and physicochemical data to design a sampling regime and to
address our prediction that the bacterial community in the facultative pond is
heterogeneous, and diversity in the four maturation ponds is homogeneous
and similar to the outflow at the facultative pond. As predicted, the bacterial
community composition in the facultative pond was heterogeneous, and the
community at the outflow was similar to the bacterial community in maturation
pond 2. Contrary to our prediction, the community in pond 5 was
heterogeneous and while the inlet in pond 5 was similar to ponds 3 and 4, the
rest of pond 5 was different from all other ponds. RELATE analysis indicated
that these variations in diversity were weakly, but significantly correlated to the
physico-chemistry measured (0.198; p= 0.002; 999 permutations). The
approach not only provided insights into an unexpected pattern of diversity,
but also underpinned the sampling regime for the remainder of the work. That
is, subsequent sampling will be confined to ponds 1, 2 and 5, and within-pond
sampling will be confined to inlets, the middle of the pond and outlets.
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2.1 Introduction
Before sewage effluent can be released from wastewater stabilisation systems
the level of coliforms in water must be reduced (Belila et al., 2011; Grant et al.,
2012). However, to improve sanitisation generally, including pathogens, it is
important to have a comprehensive understanding of the microbial ecology
within the wastewater system (Belila et al., 2011). Sampling needs to be
representative of the bacteria present to make sure downstream management
decisions are appropriate (Lennon, 2011; Smeti et al., 2013; Zarraonaindia et
al., 2013). Since microbial population dynamics are greatly influenced by the
surrounding environmental conditions, such as temperature, dissolved oxygen,
pH and salinity, it is important to include these variables (Lennon, 2011; Smeti
et al., 2013; Zarraonaindia et al., 2013). A range of molecular methods have
been applied to characterise wastewater microbial communities, including:
ribosomal intergenic spacer analysis (Fisher and Triplett, 1999), fluorescent in
situ hybridization (Diaz et al., 2003), clone libraries (Otawa et al., 2006), and
more recently, terminal- restriction fragment length polymorphism (Lefebvre et
al., 2010; Belila et al., 2011) and denaturant gel gradient electrophoresis
(Moura et al., 2009). However, some of these techniques are laborious,
expensive and have a slow turnaround time, making them unsuitable for
obtaining a rapid pond-scale overview of the dominant microbial community
(Belila et al., 2011).

In this study, we applied denaturing gradient gel electrophoresis (DGGE) along
with in situ physico-chemistry to gain insight into the environment and resident
bacteria of a waste stabilisation system. DGGE was chosen because it is a
53

simple, low cost, method that provides a ‘snapshot’ of the dominant bacterial
community structure in an in situ water sample (Muyzer et al., 1993; Moura et
al., 2009; Neilson et al., 2013). This method is often applied to studies of mixed
microbial communities; however, little emphasis has been placed on its use in
wastewater stabilisation ponds (Muyzer et al., 1993; Gilbride et al., 2006;
Moura et al., 2009; Neilson et al., 2013). Specifically, DGGE has been used
for monitoring microbial diversity to: Identify community composition (Muyzer
et al., 1993; Moura et al., 2009); measure population shifts (Ferris and Ward,
1997); and observe bacterial succession over time (McCaig et al., 2001;
Gilbride et al., 2006). Additionally, with its rapid processing time, DGGE makes
an ideal tool, coupled with in situ physico-chemistry, to inform sampling in
larger studies involving more expensive assays such as microarray or
pyrosequencing (Moura et al., 2009; Zarraonaindia et al., 2013).

The wastewater stabilisation pond system we studied relies on natural
processes for removal of pathogens, bacteria and nutrients and is located in
the wet-dry tropics of northern Australia. This system comprises five ponds (a
facultative pond followed by four maturation ponds) and provides domestic
wastewater services for a population of approximately 46,000 people
(unpublished data, Power and Water Corporation, 2011). Other studies have
shown most of the bacteria are removed in the first facultative pond (Sperling,
2005; Reinoso et al., 2008). Based on this, our hypothesis was that the
bacterial community composition in the facultative pond was heterogeneous.
Further, we hypothesized that the remaining four (maturation) ponds were
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homogeneous within and between the ponds, and similar to diversity at the
outflow of the facultative pond.

To test these hypotheses, we used DGGE analysis along with in situ physicochemistry to investigate the inherent bacterial diversity in the ponds of a
complex hydrological and physicochemical environment. In addition, the
objectives of this study were to: (a) identify sampling locations and intensity for
an in situ study of the microbial community structure of a wastewater
stabilisation pond system; (b) gain a basic overview of the physico-chemistry
in the pond system; and (c) locate diversity hotspots to target for further
investigation.

2.2 Materials and Methods

2.2.1 Sample sites, physico-chemistry measurements and collection of waters
for DGGE analysis
Water samples were collected from a five-pond wastewater stabilisation
system in Darwin, Northern Territory, Australia. The system consists of one
facultative pond followed by four maturation ponds. One-litre samples were
collected from 24 locations within the system at surface and benthic locations
as outlined in Figure 2.1 (48 samples). Surface and benthic water depths were
chosen to collect aerobes in the oxic first 10 cm of the water column and
anaerobic bacteria in the potentially anoxic waters of the last 10 cm. Samples
were labelled according to their location within each pond as either inlet,
middle of the pond, side/middle of the pond or outlet. In situ measurements of
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dissolved oxygen (DO), conductivity, temperature and pH were collected
simultaneously at each location and depth using a HYDROLAB® Quanta®.

Figure 2.1 Pond schematic showing sampling locations around the stabilisation
system, n=48.

2.2.2 DNA extraction
Water samples were left to settle overnight at 4°C, before filtering 100 mL
through 0.45 µm filters (Pall Corporation). Filters were stored at -20°C and
DNA was extracted using the PowerWater DNA Isolation Kit (MoBio), following
the manufacturer’s protocol.
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2.2.3 Amplification of the 16S rRNA gene
The variable V9 region of the bacterial 16S rRNA gene was amplified by PCR
using 0.4 µM of primers 1055f and 1406R (Ferris et al., 1996) and 1´
SAHARATM Mix (Bioline, Taunton, MA, U.S.A) containing SAHARATM DNA
polymerase, magnesium chloride and dNTPs, and approximately 1 µL
template DNA. A GC clamp was added to the reverse primer (Muyzer et al.,
1993) to improve band resolution. Amplification reactions were performed in a
thermocycler (Pacific Laboratory Products, Blackburn, Vic, Australia) using the
following touchdown cycling parameters: 94°C/5 min, 11 cycles of 94°C/1 min,
53-43°C/1 min at 1°C per cycle and 72°C/3 min; 20 cycles of 94°C/1 min,
43°C/1 min and 72°C/3 min; followed by a final extension of 72°C/10 min.
Three µL of each sample were subjected to electrophoresis to observe the
quality and yield of the PCR products. PCR assays were in triplicate and
pooled prior to DGGE analysis.

2.2.4 DGGE gel separation
Fifteen µL of the pooled amplicons were separated by gel electrophoresis with
anti-smile spacers on a 6% (w/v) polyacrylamide gel with a 50%-70%
formamide and urea denaturing gradient in 1´ TAE buffer (40 mM Tris, 20 mM
acetic acid, 1 mM EDTA, pH 8.5). Electrophoresis was at 75 V for 17 h at 60°C
(INGENY phorU System, Ingeny International BV, GP Goes, Netherlands).
The gel was stained using SYBR® Gold (Invitrogen GmbH, Karlsruhe,
Germany) and then photographed using a Kodak Gel Logic 100 Imaging
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System. A presence/absence matrix was generated for bands on the DGGE
gels via visual examination.

2.2.5 Statistical analysis of the bacterial community composition and in situ
physico-chemistry
The bacterial community composition from DGGE gels and in situ physicochemistry were analysed using PRIMER-E Ltd V6 PERMANOVA+ (Primer-E
Ltd, Plymouth, UK). Data were normalised, a resemblance matrix generated
based on Bray-Curtis similarity, and the results were graphed using principal
coordinate ordination (PCO) for DGGE band numbers and distance based
redundancy axis PCO (dbRDA) for the relationship between the physicochemistry and bacterial community. RELATE measured the correlation
between biological and physico-chemical data and distance-based linear
models were used to identify which variables were responsible for correlation
between the two data sets.

2.3 Results

2.3.1 Microbial diversity within wastewater stabilisation pond system
The number of bacterial species was estimated from the number of different
size bands on the DGGE gel (Figure 2.2). No difference in species numbers
was measured between surface and benthic water samples collected at each
site, where data showed the bacterial community was relatively uniform within
each pond regardless of location, except for Ponds 1, 2 and 5 where the inlet
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was clearly distinguishable from the rest of the pond (Table 2.1 and Figure 2.3).
Based on these estimations, diversity was highest in the first (facultative) pond
(63 species), some bands disappeared through the first maturation pond
(second pond) and the lowest number (31 species) was measured in the
middle and outlet sites of the final pond 5 (Table 2.1 and Figure 2.3).

Table 2.1 DGGE band numbers for each site and depth.
Site / Pond
number

No. DGGE bands
Surface Waters

Benthic Waters

Inlet 1

63

63

Inlet 3

63

63

Side/Middle

60

60

Middle 1

58

58

Middle 2

58

58

Outlet

58

58

Inlet

58

58

Side 1

59

59

Side 2

61

61

Middle 1

60

60

Middle 2

60

60

Outlet

59

59

Inlet

44

44

Middle

44

44

Outlet

44

44

Pond 1

Pond 2

Pond 3

Pond 4

59

Inlet

44

44

Middle

44

44

Outlet

44

44

Inlet 1

43

43

Side 1

37

37

Side 2

32

32

Middle 1

34

34

Middle 2

34

34

Outlet

31

31

Pond 5

Figure 2.2 DGGE gel showing representative samples from the inlet, middle and
outlet sites from the surface waters of ponds 1 to 5.
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Three main clusters of similar communities were evident based on DGGE
bacterial community profiling (Figure 2.3). The first cluster consisted of water
samples from the facultative pond (1) and the first maturation pond (2). In pond
1, the inlet sample could be distinguished from pond 1 and 2 water samples.
The second cluster consisted of water samples from Pond 3 and Pond 4, which
completely overlap (Figure 2.3), and the inlet of Pond 5. The third cluster
consisted of the remaining water samples from Pond 5, the middle, outlet and
sides (Figure 2.3).

Standardise) Samples) by) Total
Resemblance:) S17) Bray) Curtis) similarity

PCO2)(18.2%)of)total)variation)

20

Pond%number

10

I

Pond)1
Pond)2
Pond)3
Pond)4
Pond)5

I I
MM I
O O
OM
M I O
I

Similarity
I3 I1
I3 I1
M1 S1 M1 S/M
S2 M2 S/M M2
M1
I
M1
S2
M2
O I
M2
O
S1 O O

0
S1
S1

!10

M1 M1
M2
M2

S2

!20

80

S2

O O

!30

!20

!10
0
PCO1)(80.9%)of)total)variation)

10

20

Figure 2.3 PCO of bacteria diversity represented by presence/absence of bands on
the DGGE gel. N=48. Clusters represent water samples with greater than 80%
similarity. Where sample site in the three clusters (moving from left to right) represent
an increase in species numbers. I= inlet; S= side; M= middle; S/M= side middle; O=
outlet.
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2.3.2 Relationship between physico-chemistry and bacterial community of the
wastewater stabilisation ponds
The majority of water samples separated into two distinct groups: the
facultative and first maturation ponds; and the remaining maturation ponds
(Figure 2.4). Overall, the physico-chemistry was weakly but significantly
correlated to the bacterial community composition (0.198; p= 0.002; 999
permutations). However, while all physico-chemical variables measured,
explained the relationship between the bacteria and their surrounding
environment, 63.6% was explained by variation in DO and pH (Figure 2.4).
Typically, the waters in these ponds had low conductivity and DO levels circa
0.5 EC and 0.5 mg/L respectively, and were neutral to slightly alkaline
(between 7-7.3). The temperatures were mainly between 24-25°C.

dbRDA2+(1.1%+of +f itted,+0.7%+of +total+v ariation)

Resemblance:+S17+Bray+Curtis+similarity

10

Pond%number
pH

0

Pond+1
Pond+2
Pond+3
Pond+4
Pond+5

Temperature

S1I OI O
MO O
M1 I S2M M
I
I
DO
S2
M2 O I O
M1

M2

Conductivity%%%%%%%%%%%%%%%

M1

SM SM
S1S2 S1
I M1 M2 M1 M2 I1
S2
I
M2 O
O
I1
M I3 I3 M1
O
O
S1
M2

!10
!30

!20

!10
0
10
dbRDA1+(99.6%+of+fitted,+63.6%+of+total+variation)

20

Figure 2.4 dbRDA PCO of in situ physico-chemistry and DGGE bands. N=48. I= inlet;
S= side; M= middle; S/M= side middle; O= outlet.
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2.4 Discussion
As predicted, the bacterial community composition in the facultative pond 1
was heterogeneous. This heterogeneity was largely driven by the bacteria
composition at the inlet, which was different from the rest of the pond. Bacteria
from the first maturation pond 2 were homogeneous as predicted, and were
similar to the outflow of facultative pond 1. However, and unexpectedly, the
composition in pond 2 was not homogeneous when compared to the other
three maturation ponds. The bacterial community in maturation ponds 3 and 4
were not similar to the other ponds but they were strikingly homogeneous
within each pond and to each other. Contrary to our prediction, the composition
in pond 5 was heterogeneous but interesting patterns emerged; the inlet in
pond 5 was similar to the bacterial community in ponds 3 and 4, but the rest of
pond 5 was homogeneous and different from all other ponds.

Based on band estimates from the DGGE gels, almost all of the reduction in
bacteria species occurred between the inlet of the facultative pond and the
outlet of the first maturation pond (Table 2.1). Similarly, in a coliforms study,
98% are removed in the first facultative ponds (Sperling, 2005) and although
we did not track specific indicators, our whole-of-community ‘snapshot’
appears to support at least a reduction in diversity within the facultative pond.

In this pond system, the high pH and DO at both the sides and outlet of the
first maturation pond, and possibly the elevated temperatures at the inlets of
the facultative pond, may be associated with the reduction in bacterial diversity.
In other aquatic systems, elevated temperatures, high pH and DO reduce
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bacterial survival (Curtis et al., 1992; Mara, 2003; Savichtcheva et al., 2005;
Sperling, 2005; Okabe and Shimazu, 2007; Bell et al., 2009; Green et al.,
2011; Liang et al., 2011). The decline in bacterial diversity through the ponds
may also be due to UV exposure and other natural removal processes such
as predation and nutrient starvation, resulting in cell decay (Davies-Colley et
al., 1994; Boehm et al., 2009; Sperling, 2005; Maïga et al., 2009; Green et al.,
2011).

We have shown that bacteria community assessment using cost effective and
rapid DGGE has provided a ‘snapshot’ of bacteria community composition in
these ponds. We also have preliminary evidence that ponds with complex
water chemistry resulted in greater microbial diversity. These data have
provided sufficient initial microbiological information upon which to design
sampling for subsequent experiments. However, it is important to note that
DGGE should only be used as a preliminary indication of the microbial
community present, since it does not discriminate between viable and inactive
cells, has potential band artefacts and only represents dominant species
(Neilson et al., 2013; Zarraonaindia et al., 2013). Also, since a single sample
in time does not account for small- and large-scale temporal variations, such
as diurnal and seasonal variations in the environment (that may influence
bacterial community structure), repetition of sampling events is required
(Zarraonaindia et al., 2013), but this is true of any method.

The bacterial community profiles identified within each pond has led us to
design a sampling regime in which ponds 1, 2 and 5 are the focus for questions
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relating to initial changes in the pond community, as well as water quality prior
to release to the environment. The data have also been useful for choosing
sampling locations and numbers within the ponds. The low variability of
microbial communities within ponds means sampling can be confined to the
inlet, middle and outlet of each pond.

2.5 Conclusions
DGGE is a rapid and affordable method to assess microbial diversity in a
wastewater system. This study showed the merit of measuring bacterial
community composition at multiple locations within and between stabilisation
ponds to capture large-scale patterns of diversity. This pilot study using DGGE
coupled with physico-chemistry provided a ‘snapshot’ view of bacterial
community composition and a basic understanding of environmental
conditions within the system, making for sound sampling decisions. We found
that the bacteria in the facultative pond were heterogeneous and the
community at the outflow was similar to that in the second pond. The
residential bacteria in the last pond (5) was also heterogeneous in that the inlet
in pond 5 was similar to ponds 3 and 4, but the rest of pond 5 was
homogeneous and different from all other ponds. As a result, subsequent
sampling will be confined to the inlet, middle and outlet of each pond and
sampling will focus on ponds 1, 2 and 5.
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3.1 Abstract
Bacteria monitoring is a critical part of wastewater management. At tropical
wastewater stabilization ponds (WSPs) in north Australia, sanitation is
assessed using the standard fecal indicator bacteria (FIB) Escherichia coli and
Enterococci. However, these bacteria are poor surrogates for enteric
pathogens. A focus on FIB misses the majority of pond-bacteria and how they
respond to the tropical environment. Therefore, we aimed to identify the
unknown pond bacteria and indicators that can complement E. coli to improve
monitoring. Over two years, we measured the bacterial community in 288
wastewater samples during the wet and dry seasons. The WSP community
was spatially and temporally dynamic. Standard pond-water physicochemical
measures like conductivity poorly explained these community shifts.
Cyanobacteria represented >6% of the WSP bacterial population, regardless
of sample timing and location. Fecal bacteria were abundant in the first pond.
However, in downstream ponds, these bacteria were less abundant, and
instead, environmental taxa were common. For each pond, we identified a
bacterial fingerprint that included new candidate bacterial indicators of fecal
waste and processes like nitrogen removal. Combining the new indicators with
standard FIB monitoring represents a locally relevant approach to wastewater
monitoring that facilitates new tests for human fecal pollution within tropical
climates.
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3.2 Introduction
A key goal for a wastewater utility is efficient and cost-effective sanitation. In
the tropics, wastewater stabilization ponds (WSPs) are favored because they
remove enteric pathogens using a simple hydraulic design without chemical
intervention [1]. These systems rely on natural processes like sunlight
disinfection, coupled with long hydraulic retention times to treat raw influent [2].
In essence, WSPs have few financial overheads, are low maintenance and do
not require specialist staff for operation [3]. However, before the construction
of a WSP, utilities need to consider whether the site can accommodate the
system’s large spatial footprint and mitigate undesirable cyanobacterial
blooms and sludge build-up in the ponds [1,4]. Sludge-filled ponds are
inefficient because they are prone to ‘dead zones’ (pockets of stagnant/anoxic
water) and treatment short-circuiting when exposed to wind shear [5].

The presence of Cyanobacteria in these systems also contributes to increased
suspended solids in treated effluent and additional expenditure for the removal
of these unwanted bacteria [4].

Fecal indicator bacteria (FIB) such as Escherichia coli, Enterococci and total
coliforms are common surrogates for human pathogens, and are used to
assess water quality and fecal disinfection in WSPs [6]. With our expanding
knowledge of bacterial communities in diverse environments like WSPs, it is
now possible to refocus our attention from a purely fecal-bacterial disinfection
perspective, to include how the ponds function in other roles like nutrient
cycling in the assessment of the performance of WSPs.
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Applying a whole community approach (WCA) to identify complementary
bacteria can ultimately lead to a diverse set of monitoring tools that accompany
standard FIB indicators. Using the WCA, we can examine the entire
wastewater community, which will improve our understanding of wastewater
bacterial communities, their dynamics and how they interact with biotic and
abiotic factors [7]. Expanding our bacterial inventory for sewage using the
WCA would inform utilities of which bacteria were significantly changing
throughout the pond system. Also, this method could show how climatic
conditions influence pathogenic and heterotrophic sewage bacteria, and what
that means for sanitation, nutrient removal and how frequently FIB and
nutrients are monitored [8]. For example, utilities could answer whether or not
the number of ponds is sufficient to cope with storm water by measuring if
sewage indicators are present in the receiving environment after rain [9].
Furthermore, information from a WCA can identify alternative indicators for the
presence of WSP sewage, improve the understanding of the pond function
(e.g., nitrogen removal) and determine whether including key WCA-informed
pathogenic and heterotrophic sewage bacteria with routine E. coli die-off can
strengthen WSP monitoring. Moreover, there is growing evidence which
suggests that suitable indicator species could also be included from multiple
non-fecal origins, since these ‘environmental’ bacteria significantly contribute
to sewage microbiomes [8,10,11]. Thus, while E. coli bacteria are the current
monitoring tool, there is a need to find complementary bacteria that reflect the
pond function.
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Cyanobacteria in WSPs can reduce effluent water quality in tropical regions
[4] and should be considered as part of a robust monitoring plan.
Cyanobacterial blooms can release toxins that create public health concerns
and kill aquatic animals, therefore utilities need to identify the correct
wastewater retention time for safe sanitation before ponds become a reservoir
for Cyanobacteria [12,13]. Warm, calm waters coupled with high solar radiation
and nitrogen and phosphorus nutrient concentrations present ideal conditions
for Cyanobacteria [14]. Since Cyanobacteria are abundant in calm waters, it is
likely these bacteria will be more common in ponds that are downstream of
other ponds receiving raw influent [4]. Studies in temperate regions show
significant seasonal influences on cyanobacterial numbers, but in the tropics
the seasonal effect may be subtle due to year-round warm temperatures and
high solar radiation [9,14].

Pond systems in the wet-dry tropics including north Australia may have
accelerated sludge build-up, water stagnation, short-circuiting and high
cyanobacterial populations [1,4,15]. These WSPs experience high seasonal
rainfall in the wet season, high rates of evaporation in the dry season along
with high solar radiation (UV) and warm air temperatures year-round [4]. In
particular, the dry season conditions of warm air temperatures and constant
UV exposure promote Cyanobacteria, the presence of suspended particles
and sludge build-up [15]. Therefore, monitoring tools need to account for the
array of year-round climatic and biological challenges that can affect bacterial
and chemical levels.

75

In this study we focused on a suburban WSP (Sanderson WSP), a multi-pond
system in the wet-dry tropics. Routine microbiological monitoring of this
Sanderson WSP is FIB enumeration (Escherichia coli, Enterococci and total
coliforms) [4], which means that other resident WSP bacteria represent a
‘black box’ [3,16]. Previous studies on this system indicate that the pond-water
chemistry and bacteria fluctuate both spatially and seasonally [4,17,18]. E. coli
decay data from chamber studies in the WSP indicate log removal [17], but
this does not shed light on the other bacteria that are performing nutrient
removal services or the overall performance of the system [16].

Because the bacterial ecology of the Sanderson wastewater treatment plant is
virtually unknown, this study will address two aims: to describe the bacterial
composition throughout the WSP and identify new indicators to complement E.
coli to improve monitoring.

In addition, we will test if routinely measured physicochemical parameters are
reflective of bacterial community change. As indicated above, space and time
are likely drivers of bacterial change in this wet-dry tropical WSP system.
Therefore, we expect the bacterial community to significantly change between
the wet and dry seasons and between the ponds.
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3.3 Materials and Methods

3.3.1 Study site
The Sanderson wastewater stabilization ponds (WSP) system comprises five
ponds (Figure 3.1). Pond 1 is a 2.4 m deep facultative pond which receives
raw influent. The remaining four ponds are shallow maturation ponds (Figure
3.1). Wastewater entering the Sanderson WSP is retained for an estimated 23
days before the treated effluent is released from the Pond 5 outlet. During the
wet season (November to April, Southern Hemisphere), the system is
expected to treat approximately 105 ML/day. In peak wet season (Summer,
January to March) there is monsoonal rainfall (total rainfall ~1024 mm), high
humidity, mean temperatures between 24.7–32 °C, and the highest wind
speeds of the year (~ 134 km/hr) [19]. The WSPs are managed to cope with
flooding and sewage dilution during monsoonal rainfall [4]. The dry season
(May to October), is characterized by lower humidity and rainfall (total rainfall
~270 mm), warm, sunny days and cooler nights (mean temperatures between
21.6–31.8 °C). Both the low rainfall and high evaporation (~7.1 mm/d) [19]
concentrate this WSP sewage.

3.3.2 Wastewater Collection
Wastewater samples (288) were collected in duplicate from ponds 1, 2 and 5
during the early wet (November and December) and dry (Winter, August and
July) seasons in 2012 and 2013 (total of four occasions). In a pilot study using
total bacterial fingerprinting (denaturing gradient gel electrophoresis), bacterial
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diversity was at its greatest in ponds 1, 2 and 5 (data not shown), so we
focused on these ponds. At each site, surface and benthic water depths were
sampled to target aerobes in the oxic top 10 cm of the water column and
anaerobic bacteria in the bottom 10 cm from each pond’s inlet, middle and
outlet. For each field campaign, samples were collected twice, once in the
morning (6–10 am) and again in the afternoon (1–5 pm) to target bacteria
associated with respiration and photosynthesis. In situ measurements of
dissolved oxygen (DO), temperature and pH were collected during sampling
using

a

HYDROLAB®

Quanta®

water

quality

instrument

(Hydrolab

Corporation®, Austin, TX, USA).

Figure 3.1 Pond schematic showing the sampling locations in facultative (Pond 1),
first maturation (Pond 2) and fourth maturation (Pond 5) ponds of the Sanderson
waste stabilization ponds (WSP) system. Estimated hydraulic retention times for each
pond are: 10 days (Pond 1); 7 days (Pond 2); and 1.5 days (Pond 5). Pond volumes
are: 114,576 m2 (Pond 1); 107,492 m2 (Pond 2); and 33,839 m2 (Pond 5).

78

3.3.3 Water Physicochemistry and Routine Fecal Indicator Bacteria (FIB)
Culture Measurements
To determine if changes in standard water chemistry are associated with
changes in microbial communities, we measured the same physicochemical
variables that are routinely measured by the WSP operators. Wastewater
samples of 1 L, 500 mL, 250 mL, 250 mL and 100 mL were collected for
nutrients, biological oxygen demand (BOD), total organic carbon (TOC), total
suspended solids (TSS)/total volatile solids (VSS), and alkalinity, respectively.
One liter of water was also collected for bacterial community analysis. All
samples were kept on ice during sampling. BOD was analyzed using the
standard method 5210* [20] by the Water Chemistry Laboratory, Department
of Primary Industry and Fisheries, Northern Territory (NT). TSS and VSS were
measured and calculated according to ‘Standard Methods for the examination
of water and wastewater’ [21]. Alkalinity was measured using an in-house Gran
method with burette-titration (0.1 N Hydrochloric acid). Alkalinity species were
determined

using

the

USGS

web-based

alkalinity

http://or.water.usgs.gov/alk/calculator. TOC analysis was according to the
American Public Health Association method, APHA 5310B Total Organic
Carbon [22] LabMark Pty Ltd. (Melbourne, VIC, Australia). Nutrient water
chemistry was also analyzed by LabMark using unfiltered 1 L wastewater
samples stored at −20 °C before analysis. Flow injection analysis (FIA) was
used to determine ammonia, nitrate, nitrite and orthophosphate [23]. Prior to
analysis, 15 mL of sample were filtered through polyethersulfone (PES), 0.45
µm Minisart® high flow syringe filters (Sartorius Stedim, Biotech, Göttingen,
Germany). For total Kjeldahl nitrogen (TN) and total phosphorus (TP), 10 mL
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of the remaining unfiltered sample was digested with alkaline potassium
persulfate in the autoclave for 1 h at 121 °C, and also analyzed by FIA
(Queensland Health Scientific Services, Coopers Plains, QLD, Australia).

E. coli and Enterococci were measured at the Pond 1 inlet and outlet, Pond 2
outlet and Pond 5 outlet by the Water Microbiology Laboratory (Dept. Primary
Industry and Fisheries, Darwin, NT, Australia). E. coli were measured using
Idexx Colilert AS4276.21-2005 and Enterococci were measured by Idexx
Enterolert ASTM D6503-14 (2014) (IDEXX Laboratories Pty Ltd., Rydalmere,
NSW, Australia). The detection limit for E. coli and Enterococci was one
colony-forming unit (CFU) per 100 mL.

3.3.4 Bacterial Community Sequencing
To avoid clogging filter papers with algae, water samples (1 L) were left to
settle overnight at 4 °C before filtering 100 mL through 0.45 µm filters (Pall
Corporation, New York, NY, USA). DNA was extracted using the PowerWater
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), following the
manufacturer’s protocol.

Extracted DNA was sent to Molecular Research LP (MR DNA, Shallowater,
TX, USA) for amplicon sequencing on the Illumina MiSeq platform targeting
the V4V5 variable 16S rRNA gene region using the primers: forward F563/16:
5’-AYTGGGYDTAAAGNG

(from

RDP

website:

http://pyro.cme.msu.edu/pyro/help.jsp), with barcodes attached, and reverse
BSR926/20: 5’-CCGTCAATTYYTTTRAGTTT. Sequences were edited and
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classified using the MR DNA proprietary analysis pipeline (www.mrdnalab.com,
Shallowater, TX, USA). Briefly, sequences were depleted of barcodes, and
sequences were removed if < 200 bp (base pairs), or they had ambiguous
base calls or homopolymer runs exceeding 6 bp. Remaining sequence data
was denoized, chimeras and singleton sequences were removed and
operational taxonomic units (OTUs) generated using clustering at 3%
divergence or 97% similarity [24–29]. MR DNA then taxonomically classified
the remaining OTUs with BLASTn against the curated GreenGenes database
[30]. OTU sequence data (Table S1) and OTU metadata (Table S2) are
available at Supplementary Materials.

3.3.5 Statistical analysis of physicochemistry and bacterial community
sequences
Subsequent filtering of sequences included comparing the sequence number
between samples and excluding those with an outlying low sequence number
(<10,532). However, initial filtering did not exclude any samples, because all
were above the 10,000-sequence number threshold. OTUs found in only one
sample were also excluded and data rarefied to 10,000 reads in phyloseq
(Bioconductor, Bioconductor, Buffalo, NY). Before rarefying to 10,000 reads,
each sample was assessed using rarefaction curves for potential loss of
diversity (Appendix Figures 3.A1 and 3.A2). Sequence data were square root
transformed and a resemblance matrix was generated based on Bray-Curtis
similarity. Physicochemical data were prepared for analysis by normalizing,
removing co-linear variables (VSS, bicarbonate, PO4+) and generating a
resemblance matrix based on Euclidean distance.
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Data were analyzed in R (version 1.1.423) using the packages phyloseq in
Bioconductor [31] and IndVal [32]; in Primer-7 (Primer-E, Plymouth, UK),
GenGIS version 2.4.1 [33], Stata-14 IC (STATA Corp, TX, USA), Cytoscape
(version 3.4.0, www.cytoscape.org) and CoNet [34].

Differences in the bacteria between groups of samples were analyzed by
permutational analysis of variance (PERMANOVA) with 9999 permutations. A
cross design was used for the PERMANOVAs with six fixed factors: Year (2
levels), Season (2 levels), Pond (3 levels), Location (3 levels), Time (2 levels)
and Depth (2 levels). A P value of < 0.05 (two-sided) was considered
significant. For multiple comparisons, the Bonferroni correction was applied to
P-values to counteract the chance of incorrectly rejecting the null hypothesis.
PermDISP (Primer-E Ltd., Plymouth, UK) was used to check for homogeneity
of variance between groups. Significant differences between levels of factors
were identified using non-parametric pairwise testing.

The relationship between the bacteria and physicochemical data was tested
using a Distance-based Linear Model (DistLM) and distance-based
redundancy

analysis

(dbRDA).

Collinearity

between

physicochemical

variables was checked, and VSS, bicarbonate and orthophosphate excluded
from the analysis. Model selection for dbRDA was based on the lowest AIC
and BEST elimination. Taxa sampled from each pond location in 2012–2013
were overlaid onto a georeferenced 2013 Google Earth© image using GenGIS.
Differences between the phyla were analyzed by PERMANOVA using 9999
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permutations and the same six fixed factor cross design described above
(Appendix Table 3.A1). Key dominant WSP phyla were examined by
calculating their family-level relative abundances with phyloseq and visualizing
with ggplot2. Taxa patterns within the Firmicutes, Bacteroidetes and
Cyanobacteria phyla were also examined by sub-setting each phyla with
phyloseq and calculating the family-level relative abundances. We chose
family-level analyses because the 16S rRNA gene region cannot accurately
differentiate between closely-related species (Vêtrovský and Baldrian, 2013).
For each phyla subset, the family-level change was assessed by
PERMANOVA and the percent contribution of families were analyzed by
Similarity Percentages (SIMPER) with a 50% contribution cut off (Tables 3.A2–
A4). Indicator bacteria were defined as those taxa that were present in 100%
of samples (n = 96) from a particular pond. IndVal [32] was used to identify
indicator taxa that are both abundant in a specific wastewater pond and
predominantly found in the pond and Cytoscape was used to show their
relative abundance across the different ponds. Because these indicator
bacteria are not currently used for WSP monitoring, we refer to them as ‘new’
or ‘indicator candidates’, because they are not yet validated. The core
microbiome was taken to be taxa present in 90% of all samples [35] to
distinguish between bacteria that were consistently found in wastewater
(hereafter referred to as the ‘core microbiome’) with bacteria that are transient
and opportunistic [35–38].The co-occurrence of core bacteria was determined
by CoNet analysis [34]. To calculate co-occurrence, we set a minimum of 20%
occurrences among replicates and transformed (log-2) the data values. An
automatic threshold was used to include only the top and bottom 100 edges.
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Kendall rank correlations (threshold = 0.05) were calculated after generating a
Bray Curtis distance matrix (threshold = 0.05), and we tested the strength of
the correlations between taxa with Fisher’s Z-test, while accounting for multiple
testing using Bonferroni to include only those taxa that significantly (P < 0.05)
co-occurred.

3.4 Results

3.4.1 Comparing Whole Bacterial Community Changes in Ponds 1, 2 and 5
Bacterial composition in the WSP changed over years, wet and dry seasons
and between ponds 1, 2 and 5 (Figure 3.2). Of the factors measured, the year
had the greatest influence on bacterial composition (Table 3.1). On average,
only 27.7% of the OTUs detected in 2012 were also found in 2013. Bacteria
also loosely grouped by season and pond number (Figure 3.2), with distinct
communities between ponds 1, 2 and 5 in 2013 (Table 3.2 and Figure 3.2).
Differences in the pond-bacterial community was also greatest between the
first (Pond 1) and last pond (Pond 5) with 29.2% of OTUs the same between
these ponds. Small, yet statistically significant (p < 0.01), changes to the
bacterial community were also measured between the morning and afternoon,
and between the surface and benthic water samples (Table 3.1).
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Figure 3.2 Non-metric multidimensional scaling (nMDS) of Sanderson bacterial
community according to the ‘Year’ (2012 and 2013), ‘Season’ (Wet and Dry) and
‘Pond’ factors. P1 = Pond 1, P2 = Pond 2 and P5 = Pond 5. 2D Stress value 0.19.

Table 3.1 Permutational analysis of variance (PERMANOVA) analysis, testing the
differences in taxa between year (2012, 2013), season (early wet and dry), pond
number (P1, P2 and P5), location within the ponds (inlet, middle and outlet), time of
day (6 am and 1 pm) and depth of the water sampled (surface and benthic). The
designation “df” refers to degrees of freedom, “ECV” to the square root of estimates
of components of variation indicating the effect size as average% SV dissimilarity due
to that factor (residual ECV 32.7). The P value is based on >9700 unique
permutations; “PermDISP” permutational distance-based test for homogeneity of
multivariate dispersions for main factors. *** P value = 0.001; ** P value < 0.01; * P
value < 0.05.
Factor PERMANOVA

Pseudo-F (df)

ECV

P Value

PermDISP P Value

Year

84.1 (1)

24.9

0.001 ***

0.02 *

Season

57.6 (1)

20.5

0.001 ***

0.1

Pond

28.4 (2)

17.5

0.001 ***

0.001 ***
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Location

2.6 (2)

4.2

0.001 ***

0.5

Time of day

2.4 (1)

3.2

0.001 ***

1.0

Depth

1.9 (1)

2.6

0.006 **

0.5

Year × Season

39.3 (1)

23.9

0.001 ***

0.001 ***

8 (2)

12.5

0.001 ***

0.001 ***

Year × Location

2.1 (2)

4.9

0.001 ***

0.006 **

Year × Season × Pond

5.5 (2)

14.2

0.001 ***

0.001 ***

Year × Pond × Location

2.5 (4)

10.1

0.001 ***

0.001 ***

Year × Season × Pond × Time

3.9 (2)

16.0

0.001 ***

0.001 ***

Year × Pond

3.4.2 Physicochemical Variables, the Bacterial Community and FIB
Patterns in the wastewater bacterial community composition were most
correlated with conductivity, TOC and phosphorus (P) (Figure 3.3). The first
two axes of the dbRDA with standard water chemistry explained 23.7% of the
bacterial community change (Figure 3.3). Conductivity was the greatest
physicochemical driver correlating with large bacterial community change
between 2012 and 2013 (Figure 3.3). In 2012 the wastewater conductivity was
lower than in 2013 (Table 2 and Figure 3.3). In 2013, conductivity was also
higher in the wet compared to the dry season (Table 3.2 and Figure 3.3). TOC
and P had an inverse relationship with conductivity, with the highest average
TOC and P concentrations measured for 2012 and the lowest for 2013 (Table
3.2A and Figure 3.3). Bacteria composition changed between ponds 1, 2 and
5 along an alkalinity and NH3 gradient, with highest average alkalinity and NH3
concentrations measured in the Pond 1 wastewater and the lowest in Pond 5
(Table 3.2 and Figure 3.3). E. coli and Enterococci concentrations decreased
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between ponds (Table 3.2). The 99.99% E. coli and 99.9% Enterococci
removal did not change throughout the study (Table 3.2B).

Table 3.2 Summary details for measured physicochemical variables and standard
cultured fecal indicator bacteria (FIB) (averages and standard deviations (SDs)) for
2012 and 2013, the wet and dry season, and ponds 1, 2 and 5. A. Average wastewater
stabilization ponds (WSP) physicochemical and FIB levels according to year, season
and pond number. B. Average E. coli and Enterococci colony counts between the
Pond 1 inlet and the Pond 5 outlet for 2012 and 2013 and the wet and dry seasons.
n = sample number, SD = standard deviation, mg/L = milligrams per liter, S/m =
siemens per meter, BOD = biological oxygen demand, TOC = total organic carbon,
TSS = total suspended solids, VSS = total volatile solids, NH3 = ammonia, NO3 =
nitrate, NO3 nitrite, TN = nitrogen, PO4 = orthophosphate, TP = total phosphorus, CFU
= colony forming units.
(A)

Variable

DO (mg/L)

2012

2013

Dry Season

Wet Season

Pond 1

Pond 2

Pond 5

(n= 144)

(n= 144)

(n = 144)

(n = 144)

(n = 96)

(n = 96)

(n = 96)

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

5.6 ± 5.9

5.1 ± 5.6

6.5 ± 6.1

4.1 ± 5.1

5.2 ± 5.3

4.5 ± 5.1

6.4 ± 6.6

604.3 ±
Conductivity (S/m)

540.0 ± 44.5

670.3 ± 81.1

553.0 ± 54.9

657.4 ± 92.8

611.9 ± 86.1

599.3 ± 99.6
91.4

Temperature (oC)

31.6 ± 2.9

28.0 ± 4.7

26.9 ± 3.8

32.7 ± 2.2

30.1 ± 4.0

29.9 ± 4.0

29.3 ± 4.7

pH

7.8 ± 0.8

7.6 ± 0.6

7.7 ± 0.8

7.8 ± 0.6

7.4 ± 0.6

7.6 ± 0.6

8.2 ± 0.8

184.8 ±
TSS (mg/L)

207.9 ± 35.4

154.4 ± 36.6

203.0 ± 42.4

159.3 ± 35.8

196.9 ± 47.3

161.8 ± 41.0
39.0
171.0 ±

VSS (mg/L)

191.5 ± 29.5

148.0 ± 27.7

182.5 ± 39.1

156.9 ± 27.2

183.3 ± 36.9

154.9 ± 33.6
31.7

BOD (mg/L)

121.2 ± 38.4

73.0 ± 20.0

111.6 ± 48.0

82.7 ± 17.8

104.3 ± 41.8

98.8 ± 45.5

88.2 ± 25.3

TOC (mg/L)

92.0 ± 11.7

62.0 ± 20.3

81.0 ± 17.9

73.0 ± 25.4

79.8 ± 20.2

82.0 ± 21.0

69.3 ± 23.6

Alkalinity (mg/L)

130.7 ± 24.4

144.8 ± 20.7

126.0 ± 23.3

149.5 ± 17.4

152.5 ± 18.4

139.8 ±
121.0 ± 21.6
19.5
Carbonate (mg/L)

0.2 ± 0.1

0.3 ± 0.2

0.3 ± 0.3

0.2 ± 0.1

0.2 ± 0.1

159.1 ± 29.6

175.4 ± 26.0

153.2 ± 28.3

181.4 ± 22.0

185.5 ± 22.5

0.2 ± 0.2

0.3 ± 0.3

169.4 ±
Bicarbonate (mg/L)

146.9 ± 26.4
24.1

NH3 (mg/L)

17.2 ± 5.3

19.4 ± 6.5

16.0 ± 6.7

20.7 ± 4.2

22.5 ± 4.8

20.2 ± 3.1

12.3 ± 4.5

NO2 (mg/L)

0.0 ± 0.0

0.5 ± 0.7

0.4 ± 0.8

0.1 ± 0.1

0.2 ± 0.3

0.1 ± 0.2

0.5 ± 0.9
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NO3 (mg/L)

0.0 ± 0.0

0.2 ± 0.2

0.1 ± 0.2

0.1 ± 0.1

0.1 ± 0.1

0.1 ± 0.1

0.2 ± 0.2

TN (mg/L)

34.8 ± 4.9

36.8 ± 13.8

37.2 ± 13.6

34.4 ± 5.4

40.5 ± 14.7

37.3 ± 5.5

29.7 ± 4.4

PO4 (mg/L)

4.8 ± 0.6

1.6 ± 0.8

3.4 ± 2.0

3.0 ± 1.4

3.0 ± 1.9

3.1 ± 1.7

3.6 ± 1.6

TP (mg/L)

6.9 ± 0.7

4.1 ± 0.5

5.6 ± 2.0

5.4 ± 1.0

5.5 ± 1.5

5.4 ± 1.5

5.5 ± 1.7

6.57 ± 6.78

6.59 ± 6.80

6.52 ± 6.72

6.63 ± 6.84

6.88 ± 6.83

5.19 ± 4.93

3.25 ± 3.18

5.37 ± 5.60

5.62 ± 5.75

5.42 ± 5.65

5.57 ± 5.72

5.75 ± 5.71

3.46 ± 3.48

2.94 ± 2.63

E. coli (Log CFU /mL)
Enterococci (Log CFU
/mL)

(B)
2012 (n = 16)
Pond 5
FIB

2013 (n = 16)
Pond 1

Pond 5

Dry Season (n = 16)
Pond 1

Pond 5

Pond 1 Inlet

E. coli (Log CFU /mL)

Wet Season (n = 16)
Pond 5
Pond 1 Inlet

Outlet

Inlet

Outlet

Inlet

Outlet

Outlet

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

Mean ± SD

7.12 ± 6.57

3.35 ± 3.34

7.15 ± 6.58

3.12 ± 2.57

7.08 ± 6.41

3.07 ± 2.57

7.19 ± 6.58

3.38 ± 3.31

5.96 ± 4.66

2.93 ± 2.15

6.00 ± 5.66

2.96 ± 2.96

5.99 ± 5.32

2.92 ± 2.73

5.96 ± 5.61

2.97 ± 2.16

Enterococci (Log CFU
/mL)

Transform: Square root
Resemblance: S17 Bray-Curtis similarity

dbRDA2 (18.2% of fitted, 7.5% of total variation)

40

Year x Season x Pond

NH3
Alkalinity

20

2012
2012
2012
2012
2012
2012
2013
2013
2013
2013
2013
2013

TOC
P

0

Conductivity

Dry P1
Dry P2
Dry P5
Wet P1
Wet P2
Wet P5
Dry P1
Dry P2
Dry P5
Wet P1
Wet P2
Wet P5

-20

-40
-60
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-20
20
0
dbRDA1 (39.3% of fitted, 16.2% of total variation)

40

Figure 3.3 Distance-based redundancy analysis (dbRDA) based on a distance linear
model of Sanderson bacterial communities and the physico-chemical environment.
Dry = dry season, Wet = wet season, P1 = Pond 1, P2 = Pond 2 and P5 = Pond 5.
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3.4.3 Bacterial Taxa that Characterize Ponds 1, 2 and 5
The abundance of several bacterial phyla changed across the ponds and
between the years 2012–2013 (Table 3.1A and Figure 3.4). The
Proteobacteria were dominant in all samples. However, E. coli (Family:
Enterobacteriaceae), which belong to the Proteobacteria phylum, were not
detected. Another dominant phylum was the Firmicutes. The abundance of this
phylum decreased from 11.1% (2012) and 8.4% (2013) in Pond 1 to below 6%
of the sampled population in Pond 5 (Figure 3.4). In contrast, in 2012 the
Bacteroidetes phylum was abundant in all ponds and contributed to 7.3–14.7%
of bacteria measured in each sample, regardless of location. However, in 2013,
the abundance of Bacteroidetes often decreased below 6% at each sampled
site, and were only dominant at the Pond 2 inlet (6.2%), middle (12.7%) and
outlet (6.4%), and the Pond 5 inlet (6.2%) (Figure 3.4). With the exception of
Pond 2 in 2012, regardless of the sample location, Cyanobacteria contributed
to greater than 6% of the total population, even at the Pond 1 inlet. The Phyla
known as Chlorobi, Spirochaetes and Verrucomicrobia formed a small portion
of the dominant bacteria (Figure 3.4).
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Figure 3.4 GenGIS image of phyla composition in ponds 1, 2 and 5 over 2012 and
2013. Taxa in pie-charts represent those bacteria that contribute to >6% of the
bacterial population. Number of samples per pie chart = 16.

3.4.4 Potential Pond-Indicators and Gut vs. Environmental Bacteria
Indicator bacteria were defined as those taxa that were present in 100% of
samples (n = 96) from a particular pond. Forty-eight bacterial families were
tested using Indicator Value (IndVal, [32]) to find indicator candidates specific
for ponds 1, 2 or 5. The Enterococcaceae was not selected because they were
only measured in 11 of 288 samples. Bacterial indicators for pond 1 were gutassociated such as Clostridiaceae, Ruminococcaceae, Lachnospiraceae,
Porphyromonadaceae,

Erysipelotrichaceae,

Pseudomonadaceae

and

Victivallaceae (Figure 3.5). In contrast, indicators for Pond 5 were
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environmental bacteria, including Geobacteraceae, Synechococcaceae
(ponds 1 and 5), Solibacteraceae (ponds 1, 2 and 5), Hyphomicrobiaceae
(ponds 2 and 5), Oxalobacteraceae (Pond 5) and Planctomycetaceae (Pond
5).

Figure 3.5 The 48 new pond-indicator families and their relative abundance (as
indicated by line thickness) in ponds 1, 2 and 5.

3.4.5 Detailed Analysis of Selected Phyla
The phyla Firmicutes, Bacteroidetes and Cyanobacteria were selected for
more detailed analysis because they were dominant (Figure 3.4) and
contained

potential

indicators

like

Bacillaceae,

Lachnospiraceae,

Chitinophagaceae and Synechococcaceae, for different ponds (Figure 3.5).
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3.4.5.1 Firmicutes
Thirty-nine Firmicutes families were detected (Appendix Figure 3.A3), and of
these only fifteen had a relative abundance ≥ 0.1% (Figure 3.6).
Lachnospiraceae was dominant across the ponds, and five families were
indicators for specific ponds (Figure 3.6). Ruminococcaceae, Veillonellaceae
and Lachnospiraceae relative abundance declined from ponds 1 to 5 (Figure
3.6). Families that increased in abundance included: Peptococcaceae,
Syntrophomonadaceae,

Thermoanaerobacteraceae,

Clostridiaceae

and

Bacillaceae (Figure 3.6). Some Firmicutes families like Erysipelotrichaceae
were indicators for multiple ponds (Figures 3.5 and 3.6).

Figure 3.6 Relative abundance within the Firmicutes of the 15 Firmicute families
above 0.1%. Family-level relative abundances are calculated for the Firmicute phyla
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only, not relative to all of the bacterial taxa measured. The total number of Firmicutes
families measured = 39. See Appendix Figure 3.A3 for the relative abundance of the
39 families and Appendix Table 3.A5 for the relative abundance values of the 15
families above 0.1%. P1= Pond 1, P2 = Pond 2 and P5 = Pond 5.

3.4.5.2 Bacteroidetes
Sixteen Bacteroidetes families were identified in pond samples. Families with
environmental roles were abundant and increased between ponds 1 and 5
(Figure 3.7). For example, the most common family, Chitinophagaceae,
increased between Pond 1 and Pond 5 (Figure 3.7). However, gut-associated
families like Porphyromonadaceae and Cytophagaceae declined between
ponds 1 and 5. Four Bacteroidetes families were indicators for Sanderson
wastewater ponds: Porphyromonadaceae (Pond 1); Cytophagaceae (ponds 1
and 2); Cryomorphaceae (Pond 2); and Chitinophagaceae (Figure 3.7).

Figure 3.7 Relative abundance (%) for the 16 Bacteroidetes families. Family-level
relative abundances are calculated for the Bacteroidetes phyla only, not relative to all
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the bacterial taxa measured. See Appendix Table 3.A6 for the relative abundance
values. P1= Pond 1, P2 = Pond 2 and P5 = Pond 5.

3.4.5.3 Cyanobacteria
Of the nine Cyanobacteria families identified, two were dominant,
Phormidiaceae

and

Synechococcaceae

(Figure

3.8).

Phormidiaceae

increased from Pond 1 to Pond 5, but Synechococcaceae decreased (Figure
3.8). The Synechococcaceae was an indicator for all ponds and had the
highest relative abundance in the Pond 1 samples (Figure 3.8).

Figure 3.8 Relative abundance (%) for Cyanobacteria families. Family-level relative
abundances are calculated for the Cyanobacteria phyla only, not relative to all the
bacterial taxa measured. See Appendix Table 3.A7 for the relative abundance values.
P1= Pond 1, P2 = Pond 2 and P5 = Pond 5.

3.4.6 The WSP Sewage Core Microbiome
Regardless of sample timing and location, 282 bacterial families were present
in at least 90% of the samples collected between 2012 and 2013. This core
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microbiome of wastewater included all 48 indicator–bacteria families. CoNet
analysis was used to identify 63 core families that significantly correlated (p <
0.05) with at least one other family, including 19 of the 48 indicator families
(Figure 3.9). Indicator taxa generally co-occurred together in small groups of
two or three, with only three of those taxa (Chthoniocacteraceae,
Chlorodendraceae and Porphyromonadaceae) not significantly correlated with
other pond indicators (Figure 3.9).

Figure 3.9 CoNet network analysis of the 63 core families (bacteria in 90% of
samples) that co-occur in Sanderson sewage. Green lines indicate co-occurrence of
bacterial families with a significant positive Kendall correlation (P < 0.05 for all
correlations adjusted for multiple testing) between the connected taxa. Line thickness
reflects the strength of the correlation. Pond-indicator bacteria identified from earlier
IndVal calculations are in red (human-associated) and blue (environmental). Number
of interactions = 100.
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3.5 Discussion
The bacterial communities in wastewater stabilization ponds (WSPs) at
Sanderson were dynamic over space (ponds) and time (season and years).
Other wastewater treatment pond studies suggest that the composition of fecal
and non-fecal bacteria can change between wastewater systems, and are
likely responding to different climatic conditions [8,11,39–41]. A two-year study
of an anaerobic bioreactor also showed that the bacterial composition changed
every few months [42]. Because wastewater systems and ponds can have
dynamic bacterial populations, we recommend pond managers collect regular
samples over several years to develop a comprehensive baseline of bacterial
communities.

We measured standard WSP physicochemical variables and found that
conductivity explained 14% of the bacterial change. However, over 76% of the
bacterial change was not explained by the physicochemical variables
measured, suggesting that other unmeasured variables likely influenced the
pond bacteria. There is conflicting information on the physical and chemical
drivers of bacterial population change [16], although it is generally accepted
that diverse bacterial communities are likely to consist of a vast array of
different ecological niches and nutritional pathways [11,41].

Consequently, it is not surprising that the overall influence of a single variable
like TOC is not consistent over time or between studies. Previous studies have
also concluded that unmeasured variables are likely involved in bacterial
community change [4,17,18]. Potentially important factors that have not been
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included in analyses of the bacterial communities at Sanderson include
sewage inflow and specific weather variables. A previous Sanderson diel study
showed that the water chemistry changed according to the rate of raw sewage
inflow [18]. Similarly, Shanks et al. [8] also found inflow affected the bacterial
composition because the bacteria that line sewer pipes seed wastewater
ponds. Weather variables (e.g., wind direction and speed, cloud cover,
irradiance and rainfall) could explain the distinct Sanderson bacterial
communities measured in 2013 after the second driest wet season on record
[19]. To fully understand and predict the dynamic bacterial change in
wastewater systems, it may be necessary to expand the variables measured
to include wind parameters, inflow rates, rainfall and solar radiation.

When the bacterial community in the raw influent and ‘treated’ effluent are not
significantly different, this is taken as an indication that sanitation in a WSP
has failed [1]. In contrast then, if ponds are functioning and effecting sanitation,
it ought to be possible to show this through a measurable difference in the
bacterial communities in the influent compared to the treated effluent. Using
16S rRNA gene sequencing, we identified new pond-indicator bacteria that
represent each treatment pond and can complement current standard FIB. For
the measured facultative and maturation ponds, new pond-indicators were
identified using IndVal. Indicators for each pond were defined as those taxa
that were present in 100% of the samples from a target pond (Figure 3.4).
Many of the indicators of the facultative (Pond 1) and first maturation pond
(Pond 2) are common in the human gut, such as Clostridiaceae,
Ruminococcaceae and Lachnospiraceae [16,43]. These bacterial groups were
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also detected in other sewage studies [8,11,41]. However, non-fecal bacteria
were also detected in the first pond and were a conspicuous component of the
sewage microbiome (Figures 3.5 and 3.8). The co-presence of dominant nonfecal bacteria was also reported in other studies, presumably because the
influent is a mix of gray water, effluent and pipe biofilms, all of which enter the
waste stabilization ponds, mixing both human-associated bacteria with those
found in the environment [8,44]. By the final maturation pond (Pond 5) the
human-gut bacteria from the first two ponds were largely replaced by bacteria
that are typically found in the environment and contribute to ecosystem
function, like nitrogen cycling. This pattern suggests that the Sanderson ponds
are removing the human-gut bacteria, and that nitrogen removal is highest
after Pond 1. Thus, the succession pattern of the new pond-indicators, in which
human-gut bacteria in ponds 1 and 2 are supplanted by environmental bacteria
in Pond 5, suggests that the Sanderson ponds are performing their expected
function. These results suggest that future indicators of human-fecal pollution
should target Firmicutes families like Ruminococcaceae, Spirochaetaceae and
Clostridiaceae.

In addition to identifying new candidates for pond-indicator bacteria, wholecommunity analysis of the WSP has shed light on the previous microbiological
‘black box’ for these ponds and challenged some of the previous assumptions
about non-fecal bacteria and Cyanobacteria. We found that non-fecal bacteria
dominated the core wastewater microbiome for Sanderson. This result is
similar to other wastewater studies that found 80–90% of bacteria are nonfecal [8,11,45]. Cyanobacteria represented greater than 6% of the WSP
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bacterial population regardless of sample timing and location, which was
primarily due to the high relative abundance of the families Synechococcaceae
and Phormidiaceae. Within the wastewater industry, it is assumed that
Cyanobacteria become problematic in maturation ponds due to the warm, calm
and low organic loading/nutrient conditions [4,46]. Consequently, pond
managers have considered replacing these ponds with an aerated rock filter
to reduce retention time, ammonia levels and Cyanobacteria [4]. Contrary to
expectations of pond managers, Cyanobacteria were abundant at the Pond 1
inlet, suggesting that they may be entering the WSP in the influent. Thus,
whole community analysis is a useful tool for identifying the resident bacteria
in a WSP and testing assumptions about key taxa before implementing
management strategies.

It is imperative to consider the taxonomic classification level when identifying
indicators for a bacterial population, because bacteria with the same high-level
taxonomic classification can have different ecological roles. For example, we
found that Bacteroidetes (phylum) did not decline from ponds 1–5. The
continued persistence of Bacteroidetes across the ponds was unexpected
because, although a diverse bacterial phylum, they are considered
representative of fecal bacteria [4,46]. However, a more in-depth investigation
of Bacteroidetes at the family level (Figure 3.7) revealed that fecal groups like
Bacteroidaceae did, in fact, decline between ponds 1–5 and that their
persistence at the phylum level was likely due to the increase in those families
that typically occur in the environment like Chitinophagaceae [47]. Currently,
there is no consensus for which bacterial taxonomic level to use when
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classifying indicators, with some studies on wastewater treatment using
multiple levels, while others use the family level [8,11,44,48]. Therefore, to
avoid including taxa that may complicate spatial and temporal patterns, we
recommend choosing the lowest possible taxonomic level for pond indicators.
In this study, E. coli sequences were not detected, and Enterococci sequences
were detected in less than 4% of samples, but we note that E. coli and
Enterococci were cultured from these ponds. E. coli were not resolved by 16S
rRNA gene sequencing because the short sequence length was not sufficient
for taxonomic resolution of this genus [49,50]. It is also possible that the DNA
extraction method from a highly complex wastewater matrix and diverse
microbial population results in different lysis efficiencies for different bacterial
groups, and may not have been suitable for gram positive Enterococci [51–53].
There are several other possible explanations: Preferential primer binding
during DNA amplification to other bacterial DNA present [54] or the abundance
of these bacteria in samples was rare compared to other taxa and their DNA
was not amplified to detectable levels [53]. Regardless, 16S rRNA gene
sequencing was intended to supplement routine FIB monitoring, and not be
utilized as a replacement.

In addition to the current monitoring practices, managers could apply our new
pond-indicator candidates, which are a combination of human-gut and
environmental bacteria. Because most Sanderson pond-indicators co-occur, it
is possible to select a single family in each group as a representative. For
example, the pond 1 and 2-indicator family Spirochaetaceae could act as a
surrogate for Lachnospiraceae and Desulfobulbaceae because they co-occur
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in Sanderson wastewater. In future, combining our new pond-indicators with
the standard fecal indicator bacteria will lead to a robust monitoring approach
that is not only locally relevant, but also provides a bespoke tool-box with
indicator candidates for tropical environments worldwide.

3.5 Conclusions
Using 16S rRNA gene sequencing, we identified a combination of human-gut
and environmental bacteria specific for each pond in a tropical WSP system
that satisfied IndVal indicator criteria and represents useful monitoring tools
that complement conventional FIB. Whole-community sequencing improved
our understanding of the bacteria in the WSP, challenged common
assumptions about the abundance of Cyanobacteria in the ponds and revealed
that wastewater-associated bacteria are spatially and temporarily dynamic,
even in ‘simple’ systems. However, these changes were poorly explained by
the physicochemical parameters routinely measured, highlighting the need to
expand monitoring variables to understand bacterial community changes.
DNA-based detection methods have allowed us to develop a multi-species
approach to wastewater monitoring and to identify indicator families and
potential surrogates that could be targeted by PCR/qPCR in the future to
develop WSP-specific indicator probes and, ultimately, lead to new tests for
human fecal pollution in the environment.
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4.1 Abstract
Nitrogen removal is an important process for wastewater ponds prior to effluent
release. Bacteria and archaea can drive nitrogen removal if they possess the
genes required to metabolise nitrogen. In the tropical savanna of northern
Australia, we identified the previously unresolved microbial communities
responsible for nitrogen cycling in a multi-pond wastewater stabilisation
system by measuring genomic DNA and cDNA for : nifH (nitrogen fixation);
nosZ (denitrification); hzsA (anammox); AamoA and BamoA (ammonia
oxidation); nxrB (nitrite oxidation); and nrfA (dissimilatory NO3 reduction to
NH3). By collecting 160 DNA and 40 cDNA wastewater samples and
measuring nitrogen (N) cycling genes using a Functional Gene Array, we found
that genes from all steps of the N cycle were present and, except for nxrB,
were also expressed. As expected, N-cycling communities showed daily,
seasonal and yearly shifts. However, contrary to our prediction, genes from
most functional groups, excluding nosZ and AamoA, were different between
ponds. Further, different genes that perform the same N-cycling role
sometimes had different trends over space and time, resulting in only weak
correlations (R2 > 0.38) between the different functional communities. Although
N-cycling communities were correlated with wastewater nitrogen levels and
physico-chemistry, the relationship was not strong enough to reliably predict
the presence or diversity of N-cycling microbes. The complex and dynamic
response of these genes to other functional groups and to the changing
phyisco-chemical environment provides insight into why altering wastewater
pond conditions can result an abundance of some gene variants while others
are lost.
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4.2 Introduction
How and where nitrogen (N) is lost in a multi-pond wastewater system is still
debated. Ammonia volatilisation and N-sedimentation into the pond sludge are
considered by some to be the two main removal pathways (Shilton, 2006;
Ashworth and Skinner, 2011). Thus, it is assumed that most N is removed in
the first ponds because they enhance volatisation and settlement into the
sludge. N removal through sedimentation occurs when algae (that incorporate
N) die and flocculant (containing particulate matter and bacteria) settle onto
the pond floor (Mara, 2004; Camargo Valero et al., 2010). Ammonia
volatisation is accelerated in these initial ponds because they receive highly
concentrated organic-N from the raw influent. The organic-N readily
mineralises and converts to ammonia which then volatises to NH3 gas and
emits into the atmosphere. The rate of the ammonia volatisation depends on
the water’s ammonia gas concentration, temperature, pH and pond depth
(Mayo and Abbas, 2014). However, the importance of ammonia volatisation
has come into question with studies on wastewater systems finding N-removal
by volatisation insignificant (Camargo Valero and Mara, 2007; Camargo
Valero et al., 2010). Instead, these studies suggested that N is lost through
simultaneous

nitrification-denitrification.

The

coupled

nitrification-

denitrification process requires pond water to have both high and low oxygen
environments. However, even if ponds appear to only have one of these
oxygen environments, new evidence suggests that both environments can cooccur and allow coupled nitrification-denitrification because of the existence of
micro-domains in most wastewater ponds. Micro-domains can exist in an WSP
because of the symbiotic relationship between photosynthetic algae and
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aerobic bacteria that can create high oxygenated micro-domains for
nitrification during the day (Mara, 2004). At the same time, drifting sludge mats
can consume oxygen directly underneath, thus promoting denitrification
(Keffala et al., 2013). Therefore, in light of the recent N-removal work in WSPs,
the focus has broadened beyond the role of ammonia volatisation and Nsedimentation to include the entire nitrogen cycle.

Bacteria and archaea drive the nitrification-denitrification processes. These
processes are part of the nitrogen cycle (N-cycle), therefore, to understand N
loss from wastewater, it is critical to identify the N-cycling genes that are
present and active in the system. For example, the nitrification pathway occurs
when oxygen is present and requires the presence of different microbes with
the following genes: AamoA (Archaea) or BamoA (Bacteria) for ammonia
oxidation; nxrB for nitrite oxidation; while nrfA encodes the enzyme for
dissimilatory nitrate reduction to ammonia (Figure 4.1). Conversely, the
denitrification, anammox and nitrogen fixation pathways occur in the absence
of oxygen and requires the genes: nosZ for denitrification of NO/N2O to N2 gas;
hzsA for anammox; and nifH for nitrogen fixation (Figure 4.1). A Functional
Gene Array (FGA) is an ideal approach because it allows an efficient and
targeted search for N-cycling microbes (Short et al., 2013).
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Figure 4.1 Nitrogen cycle activity in the WSP adapted from the Bernhard (2010)
schematic. Arrows indicate direction of reaction. Genes associated with nitrogen
cycling pathways include: nrfA = DNRA (dissimilatory NO3 reduction to NH3); nosZ =
denitrification; hszA = anammox; nifH = nitrogen fixation; AamoA and BamoA =
ammonia oxidation; nxrB = nitrite oxidation. The dotted line indicates the interface
between the high and low oxygen environments needed for each pathway.

Because of a lack of understanding of the N-cycling communities, previous
wastewater systems were developed without considering the key microbes
involved in N treatment. Consideration of N-cycling groups were further
confounded by the complicated relationship bacteria and archaea have with
the surrounding physical environment and chemical substrates they use (Short
et al., 2013). It is well established that the physical environment can influence
N-cycling transformation pathways. For example, nitrification fails when the pH
falls below 7.2 and temperature is not within 5 - 30 oC (Mayo and Abbas, 2014).
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Similarly, the environment can also determine the abundance of different
functional groups of N-cycling microbes. For example, ammonia oxidisers
(AamoA and BamoA) are competitive under low oxygen conditions and low
NH4+-N concentrations (Park et al., 2006; Jin et al., 2010; Limpiyakorn et al.,
2011; Sauder et al., 2012; Short et al., 2013). Thus, it is not surprising that
wastewater physico-chemistry and the N substrate concentration can
influence the dominance of functional microbial groups.

It is well known that the climate and geographic location also influence the
presence and activity of the N-cycling communities that drive N removal and
transformation. Comparisons of numerous worldwide studies on N removal
and transformation in WSPs show how the changing environmental conditions
influence the N-cycling process and microbes involved (Fritz et al., 1979;
Reddy, 1983; Senzia et al., 2002; Vymazal, 2010; Mayo, 2013; Mayo and
Abbas, 2014). These studies show that shifting environmental conditions over
space and time changed the N transformation along with the microbial
community and diversity because N-cycling microbes were habitat specific
(Short et al., 2013). Subsequently, for each WSP, it is important to take multiple
measurements of the N-cycling community and water chemistry because
treatment systems harbour different N-cycling communities and a single
measurement in time does not capture temporal variation, which may
confound WSP management decisions.

In this study, we used the novel Nitrogen-Cycle FGA to identify the functional
communities driving the N-cycle in a wet-dry tropical WSP. We defined a
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functional community as a microbial gene that catalyzes the same step in the
N-cycle. For example, nosZ genes belong to the denitrification community. The
WSP has two distinct climatic conditions (wet and dry season) and daily
fluctuation in dissolved oxygen (DO) levels from algal photosynthesis. We
identified the influence of these factors on the N-cycling functional
communities by measuring the N-cycling genes at yearly, seasonal and daily
intervals, including whether or not the genes were active. We hypothesised
that each functional community would show small (daily) and large
(season/yearly) temporal shifts in gene diversity in response to the changing
environmental conditions. However, for each time point, we expected the
communities to remain similar between the inlet and outlet of each pond and
between the facultative and maturation ponds because of possible microdomains that could facilitate coupled nitrification-denitrification throughout the
system. We expected functional communities to increase in relative
abundance and diversity with the rise in concentration of their complementary
N substrate. We reasoned that if N substrate levels were in fact a surrogate
for changes in N-cycling community diversity, we could predict WSP
community patterns along a nutrient gradient.

4.3 Materials and Methods

4.3.1 Study site
The WSP services approximately 50,000 customers in Darwin (NT, Australia)
(12.4634° S 130.8456° E). The five-pond system comprises one facultative
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and four maturation ponds (Figure 4.2). Raw influent enters the system
through three inlets into the facultative pond. Effluent then feeds into a 4-pond
maturation series for sanitation, before final release of treated water (Figure
4.2). During the wet season (November-April), monsoonal rainfall results in
‘dilute’ wastewater, with significant decreases in nutrient concentrations, while
the opposite is true during the dry season (May-October), when evaporation is
high.
North
Eﬄuent

Outlet

Pond 5

Outlet

Pond 4

Pond 3

Inlet

Pond 2

Pond 1

Inﬂuent
Inlet

Inlet

Figure 4.2 Schematic of the WSP showing sample locations (X) in Ponds 1, 2 and 5
and flow direction. Schematic adapted from Rose et al. (2019)

4.3.2 Wastewater collection
In 2012 and 2013, wastewater samples were collected from the inlet of pond
1, and inlet and outlet of pond 2 and pond 5 on four occasions during the wet
and dry seasons. For each field campaign, duplicate samples were collected
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from each site from the top 10 cm of the water column and bottom 10 cm in
the morning (6 am – 10 am) and again in the afternoon (1 pm – 5 pm). To test
and confirm the presence of N-cycling gene expression (cDNA), a subset of
samples was collected from the surface waters in the afternoon. The following
volumes were collected: 1 L for DNA and cDNA FGA analysis; 1 L for nutrients;
500 mL for biological oxygen demand (BOD); 250 mL for total organic carbon
(TOC), total suspended solids (TSS)/ total volatile solids (VSS); and 100 mL
for alkalinity. All samples were placed on ice in the field, then kept at 4°C until
analyses were performed. In situ measurements of DO, temperature,
conductivity and pH were simultaneously recorded using the HYDROLAB®
Quanta®.

4.3.3 DNA and RNA extraction, cDNA preparation and processing of N
chemistry and physico-chemistry
Wastewater DNA and RNA extractions, cDNA synthesis (created with random
hexamers) and N chemistry and wastewater physico-chemistry (TP, PO4+,
BOD, TOC, TSS, VSS, and alkalinity) were processed using the same
methods as outlined in Rose et al. (2019).

4.3.4 Functional gene microarray (FGA)
High-throughput FGA was performed at the CSIRO Oceans and Atmosphere
laboratory (Hobart, Tasmania, Australia) to assess the relative abundance and
diversity of denitrification (nosZ), anammox (hzsA), nitrogen fixation (nifH),
ammonia oxidation (AamoA and BamoA), nitrite oxidation (nxrB) and
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dissimilatory NO3 reduction to NH3 (nrfA) bacteria in WSP water samples
(Figure 4.1). Briefly, the FGA consists of a small solid substrate (glass
microscope slide) to which a set of targeted oligonucleotide probes is attached.
The functional genes of interest (nosZ, hzsA, nifH, AamoA, BamoA, nxrB and
nrfA) and the primers used for their amplification are listed in Appendix Table
4.1. Amplicons for both genomic DNA and cDNA were fluorescently labeled by
in vitro transcription and labeled with Cy3 - UTP, and hybridised on an array
containing multiple probes for nifH (144), nosZ (182), hzsA (44), AamoA (60),
BamoA (21), nxrB (21) and nrfA (182) covering multiple bacterial and archaeal
clades (Appendix Table 4.2). Signals were normalised to a spike control, set
to 10,000. Detailed information about the development and methods of the
FGA is provided in Appendix Information (Rose et al., 2019).

4.3.5 Statistical analysis and visualisation
Physico-chemical, N chemistry and FGA data were analysed with PRIMER V7
PRIMER and PERMANOVA+ (Primer-E Ltd, Plymouth, UK), R© (The R
Foundation for Statistical Computing, Vienna, Austria), RStudio Inc. (Delaware
corporation, Massachusetts 02210), and Minitab® V6 Statistical Software.
Physicochemical and N-chemistry data were normalized and a resemblance
matrix generated based on Euclidean distance, while FGA data was squareroot transformed and a resemblance matrix generated based on Bray-Curtis
similarity. A permutational ANOVA (PERMANOVA) with 999 permutations was
used to explore differences in FGA or physicochemical data between groups
of samples. The PERMANOVA crossed design for both physicochemical and
FGA DNA data (excluding cDNA) included 6 fixed factors or groups of
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samples: Year (2 levels), Season (2 levels), Pond (3 levels), Location (2 levels),
Time (2 levels) and Depth (2 levels). A P value of < 0.05 (2-sided) was
considered significant. PermDISP (Primer-E Ltd, Plymouth, UK) was used to
check for homogeneity of dispersions between groups. The N-cycling
community structure and diversity of nifH, nrfA, AamoA, BamoA, nxrB, nosZ
and hzsA FGA DNA and cDNA data were visualised with heatmaps generated
in RStudio Inc. and functional diversity measured using Shannon’s diversity.
In addition to PERMANOVA, analysis comparisons of overall patterns for sites
between groups (nifH, AamoA, BamoA, nxrB, nrfA, nosZ and hzsA) were
further explored using 2nd Stage analysis in PRIMER and any significant
differences between populations tested using Spearman coefficient in Minitab®.
The relationship between nifH, nrfA, AamoA, BamoA, nxrB, nosZ and hzsA
communities with N-chemistry concentration and physico-chemistry was
explored using DistLM analysis in PRIMER. For the diverse nifH and nosZ
communities, indicator genes that were present in 90% of samples and drove
the significant differences in the communities between the ponds and years
(or seasons) were identified by IndVal in R and visualised using Cytoscape
(Institute of Systems Biology, Seattle).

4.4 Results

4.4.1 WSP N-cycling gene diversity (DNA)
We observed positive probe signals for representatives from all of the Ncycling functional communities associated with the nitrogen cycle that we
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tested, but not all the probes for each functional community hybridized to the
DNA. The number of probes which hybridized compared to the total number
of probes tested within each N-cycling functional community are as follows:
AamoA (6/60), BamoA (7/99), nxrB (8/21), nrfA (5/138), nosZ (55/182), hzsA
(8/44) and nifH (47/144) (Figure 4.3). The diversity and relative abundance of
the positive N-cycling probes changed over time (year, season or time-of-day)
and space (pond number or location) (Figure 4.3 & Table 4.1). For example,
all functional groups, except nrfA, had different positive probes between ponds,
and nrfA, nosZ and nifH probes differed between the inlet and outlet of the
ponds. Further, despite the presence of some probes that were always
detected at similar relative abundances irrespective of time and space,
generally, positive nifH and nosZ probes were different at all macro- (year and
season) and micro- (time-of-day) timescales (Figure 4.3 & Table 4.1). However,
signals for AamoA and hzsA probes differed on a yearly and daily basis, but
not between seasons, while nrfA probes differed yearly and seasonally but did
not change daily. BamoA probe signals only differed between seasons while
nxrB only differed between years. Spearman’s ranked 2nd Stage analysis of
the seven functional N-cycling communities showed weak correlations
between community patterns over space and time. For example, with a R2
value of only 0.38, the nosZ and nifH communities showed the strongest
correlation in their temporal and spatial patterns. See Appendix material for
more details on the taxa identification for each N-cycling community.

Table 4.1 PERMANOVA tests for differences in the positive probe composition of Ncycling communities between year (2012 and 2013), season (wet and dry), pond
(pond 1, 2 and 5), pond location (inlet, middle and outlet), time of day (6am and 1pm)
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and water depth (surface and benthic). “df” degrees of freedom, “ECV” square root of
estimates of components of variation indicating the effect as average % probe
dissimilarity due to that factor. P value is based on >996 unique permutations;
“PermDISP” permutational distance-based test for homogeneity of multivariate
dispersions for main factors. *** P value = 0.001; ** P value <0.01; * P value <0.05.
PermDISP
PERMANOVA Factor

Pseudo-F (df)

ECV

P value

P value

AamoA probes (>997 unique permutations, residual ECV = 42)
Year

53.7 (1)

38.2

0.001***

0.9

Season

1.2 (1)

2.1

0.3

0.03*

Pond

3.2 (2)

9.1

0.01**

0.7

Location

1.0 (1)

-0.2

0.4

0.3

Time of day

6.0 (1)

11.7

0.002**

0.005**

Depth

0.2 (1)

-4.7

0.9

0.8

Year x Time

4.8 (1)

14.5

0.005**

0.008**

BamoA probes (>996 unique permutations, residual ECV = 52)
Year

1.8 (1)

5.9

0.1

0.3

Season

5.7 (1)

14.1

0.002**

0.3

Pond

2.6 (2)

9.6

0.02*

0.3

Location

0.4 (1)

-5.1

0.8

0.6

Time of day

0.6 (1)

-4.2

0.7

0.3

Depth

0.7 (1)

-3.6

0.6

0.5

Year x Time

5.3 (1)

19.0

0.004**

0.005**

nrfA probes (>997 unique permutations, residual ECV = 36.2)
Year

3.9 (1)

7.7

0.02*

0.03*

Season

5.4 (1)

9.5

0.004**

0.4

Pond

40.4 (2)

32.7

0.001***

0.2

Location

13.0 (1)

15.6

0.001***

0.7

Time of day

0.1 (1)

-4.3

0.9

0.5
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Depth

1.3 (1)

2.3

0.3

0.9

Year x Season

9.8 (1)

19.0

0.002**

0.3

nxrB probes (>997 unique permutations, residual ECV = 24.9)
Year

6.1 (1)

7.0

0.009**

0.01**

Season

2.8 (1)

4.2

0.08

0.4

Pond

2.8 (2)

4.8

0.06

0.03*

Location

1.2 (1)

1.4

0.3

0.09

Time of day

0.9 (1)

-0.9

0.4

0.6

Depth

1.6 (1)

2.4

0.2

0.4

Year x Depth

4.7 (1)

8.5

0.02*

0.04*

hzsA probes (>997 unique permutations, residual ECV = 39.9)
Year

4.4 (1)

9.2

0.02*

0.8

Season

1.4 (1)

3.2

0.2

0.01**

Pond

4.3 (2)

10.4

0.002**

0.05*

Location

0.7 (1)

-0.3

0.6

0.9

Time of day

10.2 (1)

15.1

0.001***

0.8

Depth

2.3 (1)

5.7

0.08

0.2

Season x Time

15.2 (1)

19.5

0.001***

0.09

nifH probes (>997 unique permutations, residual ECV = 12)
Year

20.5 (1)

6.6

0.001***

0.6

Season

14.7 (1)

5.5

0.001***

0.4

Pond

21.1 (2)

7.8

0.001***

1.0

Location

4.3 (1)

2.7

0.006**

0.4

Time of day

4.0 (1)

2.6

0.007**

0.9

Depth

2.4 (1)

1.7

0.05*

0.6

Year x Season

9.4 (1)

6.2

0.001***

0.3

nosZ probes (>997 unique permutations, residual ECV = 16.9)
Year

5.6 (1)

4.5

0.001***

0.2

Season

44.0 (1)

13.8

0.001***

0.001***
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Pond

11.5 (2)

7.9

0.001***

0.05*

Location

5.9 (1)

4.7

0.001***

0.3

Time of day

3.8 (1)

3.5

0.006**

0.05*

Depth

1.1 (1)

0.7

0.4

0.8

Year x Season

9.7 (1)

10.1

0.001***

0.001***
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Figure 4.3 Heatmap of BamoA, AamoA, nxrB, nrfA, nosZ, hzsA and nifH FGA DNA probe signal intensity in Ponds 1, 2 and 5. For clarity, a
subset (out of total) of: 7 (99) BamoA; 6 (60) AamoA; 8 (21) nxrB; 5 (138) nrfA; 47 (182) nosZ; 8 (42) hzsA; and 55 (144) nifH probes are shown
in the figure. A value of 100 means the signal was equal to that of the control probe (hyaBP60), whereas a value of 10 indicates that the signal
was 10 % of the control. Colour coding is indicated on the colour bar on top of heatmap. See Appendix Table 4.2 for probe label and taxa
identification details and the FGA data_DNA supplementary excel for results values.
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4.4.2 Relationships between N-cycling communities and the WSP water
physico-chemistry and nutrients
There were significant correlations between N-cycling communities and
measured physico-chemistry and nutrients, and each functional community
was correlated with different physico-chemical variables (Figures 4.4 & 4.5).
In general, the nitrifying and DNRA communities were correlated with
wastewater environmental conditions, particularly alkalinity and ammonia
(NH3) which were highest in Ponds 1 and 2, especially during 2013 (Figure 4.4,
Appendix Tables 4.3 & 4.4). Conductivity and BOD levels were also correlated
with AamoA and BamoA but were either weakly (p= 0.05) or not correlated to
the nrfA and nxrB communities (Figure 4.4 & Appendix Table 4.3). For
example, in 2012, AamoA communities were associated with high conductivity
and low BOD concentrations while the opposite was true for 2013 (Figure 4.4
& Appendix Table 4.4). However, changes to the measured physico-chemistry
explained <10% of the varying BamoA and nxrB and ~30% for the AamoA and
nrfA communities (Figure 4.4).
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a) AamoA

b) BamoA

c) nrfA
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d) nxrB

Figure 4.4 dbRDA plots of the nitrifying and DNRA communities and their relationship
with N-chemistry and physico-chemistry. Each nitrifying community is displayed
according to the two most influential factors (year, season, pond, location or time-ofday) as determined by PERMANOVA. The strength and direction of the relationship
between abiotic factors and the community (or strictly speaking, the dbRDA axes) are
shown with blue vectors. a) AamoA community. b) BamoA community. c) nrfA
community. d) nxrB community. Dry = dry season; Wet = wet season; 2012= year
2012; 2013 = year 2013; P1 = Pond 1; P2 = Pond 2; P5 = Pond 5.

Similar to the nitrifying communities, the denitrifying, anammox and nitrogen
fixing communities were also strongly correlated to alkalinity and ammonia
(NH3) (Figures 4.4, 4.5 & Appendix Table 4.3). However, unlike the nitrifying
community, the denitrifying and nitrogen fixing communities were correlated
with concentrations of NO2- and NO3-, which were higher in 2013 than 2012
and higher in the dry season than the wet (Figures 4.5, Appendix Tables 4.3
& 4.4).
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a) hzsA

b) nifH

c) nosZ

Figure 4.5 dbRDA plots of the denitrifying, anammox and nitrogen fixation
communities and their relationship with N-chemistry and physico-chemistry. Each
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community is displayed according to the two most influential factors (year, season,
pond, location or time-of-day) as determined by PERMANOVA with 999 permutations.
The strength and direction of the relationship between abiotic factors and the
community (or strictly speaking, the dbRDA axes) are shown with blue vectors. a)
hzsA community. b) nifH community. c) nosZ community. Dry = dry season; Wet =
wet season; 2012= year 2012; 2013 = year 2013; P1 = Pond 1; P2 = Pond 2; P5 =
Pond 5; am = morning; pm = afternoon.

4.4.3 Yearly or Seasonal pond-indicators for the diverse nitrogen fixation and
denitrification communities
Unlike other functional groups, nifH and nosZ were represented by >40
different probes, and many of these probes were more prevalent in some
ponds than others. IndVal was used to identify WSP pond-indicator probes for
2012 and 2013. Of the 55 nifH probes detected in the WSP, 28 were present
in 90% of all samples measured, and these were considered indicator
candidates. nifH pond-indicators were dynamic in that they significantly
differed between ponds and years (Figure 4.6). For example, with the
exception of nifH.045, the nifH indicator probes that had a strong signal
intensity in 2012 were weaker or absent in 2013 (Figure 4.6). In addition, in
2012, Pond 5 had a higher number (24) of indicators with strong signals than
Pond 1 (12), but in 2013, Pond 1 had more (24) indicators than Pond 5 (13)
(Figure 4.6).
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Figure 4.6 Cytoscape image for the 28 nitrogen fixation indicator probes for ponds in
A) 2012 and B) 2013 as determined by IndVal. Each indicator probe was present in
>90% of samples. Line thickness indicates the relative abundance of a positive probe
in a pond, with thicker lines indicating a higher relative abundance in the pond.
Indicators are grouped by the factors: Pond number (Pond 1, 2 and 5) and Year (2012,
2013) as chosen by PERMANOVA analysis with 999 permutations. Pink circles =
probes with high relative abundance for 2012.

Of the 47 nosZ probes present in the WSP, IndVal analysis identified 20
probes that were indicators for pond water (Figure 4.7). As with nifH indicators,
nosZ indicators also changed temporally. However, nosZ indicator genes
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changed seasonally rather than annually, with fewer indicator probes identified
for ponds during the dry season than the wet season (Figure 4.7). Also,
indicators that had a strong signal intensity during the dry were not always
positive for the wet season (Figure 4.7). During the wet season, indicators for
ponds 1 and 5 were similar (Figure 4.7).

Figure 4.7 Cytoscape image for the 20 denitrification indicator probes for ponds
during A) the dry and B) the wet seasons as determined by IndVal analysis. Each
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indicator gene was present in >90% of samples. Line thickness indicates the relative
abundance of a positive probe in a pond, with thicker lines indicating a higher relative
abundance in the pond. Indicators are grouped by the factors: Pond number (Pond 1,
2 and 5) and Season (wet, dry) as chosen by PERMANOVA analysis with 999
permutations. Pink circles = probes with high relative abundance for the dry season.

4.4.4 WSP N-cycling gene expression (cDNA)
With the exception of nxrB, gene expression signals were observed from the
cDNA subset for all the N-cycling functional communities (Appendix Figure
4.2). For BamoA and hzsA communities, the same probes were positive for
DNA and cDNA. For the other N-cycling communities, the number of probes
positive for cDNA was less than the total number of positive DNA probes as
follows (cDNA positive probes/total DNA probes): nrfA (4/5), nifH (41/55),
AamoA three (3/6) and nosZ (21/47) (Appendix Figure 4.2). In general, nosZ
and nifH probes with a strong positive signal for DNA were generally also
positive for cDNA and were identified by IndVal analysis as indicator
candidates (Figures 4.3, 4.6 & 4.7, Appendix Figure 4.2). For example, positive
nifH probes with strong signals like nifH – 019, 020, 051 and 062 hybridized
for DNA and cDNA and were from the Gamma, Alpha, Beta and Proteobacteria
but not the Cyanobacteria (Appendix Table 4.2 & Appendix Figure 4.2).
Similarly, nosZ probes with strong signals for DNA, like nosZ – 070, 077 and
079, were also positive for cDNA (Figures 4.3 and Appendix Figure 4.2). nosZ
probes positive for >10 samples were from sediment clades (i.e. salt marsh,
coastal sediment, activated sludge and agricultural soil) and Azospirillum
(Appendix Table 4.2 & Appendix Figure 4.2).
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4.5 Discussion
As predicted, we found that the structure of each N-cycling community in the
WSP shifted daily, seasonally and yearly in response to changing wastewater
conditions, however, the response of each community was not the same. The
greatest changes to community composition were seen between years.
Ammonia oxidising bacterial genes (BamoA) were the only exception to this
yearly change, showing a strong presence in wet season samples only which
could be related to the presence of cyanobacteria and microalgae in the dry
season (Choi et al., 2010). Similar to our study, Short et al., (2013) also
observed that AamoA and BamoA genes differed in community response to
temporal change in an activated sludge plant. Interestingly, not all positive
probes within a N-cycling community had the same general patterns. For
example, in the dry season different positive nosZ probes had opposite
behaviours, where the number of positive nosZ – 043 (LS#1 - Lake sediment
clade #1) signals increased by 15%, while the number of nosZ – 057 (Agricult.
soil clade #2) signals fell by 10%. In a study on a denitrification community,
Babbin et al. (2015) also found a complex and heterogeneous dynamic
between individual genes and suggested that the heterogeneity was because
of competition with other microbial communities. However, we found
competition between N-cycling groups may only explain a small part of the
community change because N-cycling communities were only weakly
correlated to each other. Instead, we propose that the heterogeneous
response of individual probes is because of the different physiological
responses (e.g. oxygen and temperature tolerances) bacteria and Archaea
evolve to cope with the environment and their interactions with other microbes
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(Wang et al., 2019). Although not tested in this study, it is also possible that
other microbes are competing with the N-cycling communities. Or that a
bacterium that possesses a N-cycling gene may not necessarily utilise the
gene, instead prioritising the function of other genes. Our findings suggest that
the N-cycling community patterns in the WSP are complex and change over
time as communities interact with the environment and each other. Thus,
characterising a WSP based on a single snapshot in time would be misleading.

Contrary to our prediction, coupled FGA and nutrient chemistry data indicate
that in a multi-pond system, different ponds harbour different N-cycling
communities. Whilst we expected there to be no difference in N-cycling
population structure between the inlet and outlet of ponds, this was not the
case for the measured communities, especially the nifH, nosZ and nrfA
communities. Instead, the diversity of these communities changed between
ponds, as the waste progressed from ponds 1 to 5, with nifH and nrfA diversity
increasing while nosZ diversity decreased. The highest nifH diversity, as
shown by the highest average number of positive probes (45), were observed
at the pond 1 inlet and coincided with the highest NH3 average (21.9 mg/L)
measured. Again, the nxrB community was the only exception, with no
significant differences in the number of positive probe signals between the
ponds. Spatial change in N-cycling communities like AamoA has also been
detected in other geographical-integrated surveys of wastewater treatment
operations (Park et al., 2006; Mussmann et al., 2011). Thus, because microbial
communities are different in each pond, we recommend changing the current
WSP influent/effluent monitoring regime to include all ponds.
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We also predicted that nutrient concentrations could act as a surrogate for Ncycling community structure, however this was not strongly supported. The
anammox bacteria (hzsA) supported our prediction, where NH3, a known
substrate utilised by the bacteria, was lowest in Pond 5. The low ammonia
concentration was associated with anammox bacteria, suggesting active
consumption of the NH3 substrate. The influence of NH3 was also similar for
the nosZ community structure, which was also driven by the changing NH3
gradient rather than changes in NO3-. These findings are contradictory to those
of Fritz et al. (1979) and Mayo and Abbas (2014) who predicted that the rate
of denitrification would be dependent on wastewater temperature and NO3concentration. Interestingly, we also found that nifH and nrfA bacterial groups
could be predicted by the N-chemistry they release. These two communities
produce ammonia and had strong positive correlations to NH3 concentration.
The highest numbers of positive nifH and nrfA probes were associated with
pond 1, where ammonia was mainly concentrated. Instead of displaying a
dependence on their known N-substrate, the majority of N-cycling communities
either positively or negatively correlated to the concentration of PO4+, which is
another nutrient many bacteria are speculated to depend upon (Boers et al.,
2012). The physico-chemistry also tended to influence the composition within
a N-cycling community more than the N-chemistry. For example, in the case
of hzsA, DO was most influential to the community structure. There is
increasing evidence that the relationship N-cycling microbes have with their Nchemistry

and

physico-chemical

environment

is

extremely

complex,

challenging previously accepted knowledge (Robertson et al., 1988; Huang
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and Tseng, 2001; Daims et al., 2016). For example, a recent study on nitrifying
bacteria showed that these bacteria may not be constrained to oxic conditions
(Daims et al., 2016). Thus, although N-cycling microbial community change
was partially explained by changes to their environment, this relationship is
complex and sometimes unpredictable. Given this complexity, measuring just
the concentrations of N-chemistry substrates and physico-chemistry is too
simplistic and would hinder our ability to develop accurate knowledge of how
WSP systems function. Therefore, it is likely direct measurements of N-cycling
communities are needed to understand WSP efficiency.

The application of the FGA technology to include probes covering the entire
nitrogen cycle enabled the simultaneous identification of the present N-cycling
communities, as well as elucidating their expression. For example, FGA
revealed that although nxrB DNA was present, this functional community was
not active. Thus, since no nxrB activity was detected in the wastewater in this
system, nitrite oxidation was likely either a chemical process or was inhibited
by active anammox bacteria (Lai and Lam, 1997; Gammons et al., 2011; Ma
et al., 2015). However, we note that the lack of nxrB activity could be because
the number of nxrB array probes are limited to the number of gene variants
described in the literature or is a technical artefact created during the initial
cDNA synthesis with random hexamers. Thus, to confirm if there is no nxrB
expression requires further investigation with more samples. Additionally,
research indicates that the presence of a N-cycling gene does not mean the
bacterium is limited to N-chemistry for survival. The ability for bacteria to
survive on multiple substrates could also explain why 2nd Stage analysis of the
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N-cycling communities in the ponds indicated patterns of N-cycling groups
were not dependent on each other, despite literature predicting otherwise
(Blainey et al., 2011; Mussmann et al., 2011; Nicol et al., 2011; Pereira and
Berry, 2017). Thus, FGA technology is both an exploratory and practical tool
for WSPs and also has strong applications to a wide array of ecosystems for
N-cycling identification in future.
The WSP has a unique N-cycling fingerprint, which is dynamic over time and
space, and this has implications for management. Because of the complex
patterns of N-cycling functional communities, it would be valuable to perform
microcosm experiments, targeting genes which were both expressed and
responded to changes in the physico-chemistry and N nutrients, to further
quantify and explore their relationships. Short et al. (2013) also found merit in
applying broad-spectrum ecological tools, like the FGA, to identify important
bacterial communities of interest in an activated sludge system. The study
found environmental niche preferences could favour some functional groups
over others and thus affect the community ecology and diversity. Thus, it is
important to consider all microbial and chemical aspects that impact a WSP,
so that critical information is not missed when characterising and
understanding functional ecology and pond processes. Future application of
the FGA will allow managers to monitor the N-cycling health of the WSP and
improved general understanding to make appropriate decisions to enhance Nremoval efficiency.
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4.6 Conclusions
N-cycling functional communities showed a complex relationship with the
yearly, seasonal and daily timing and location of sampling, as indicated by the
lack of general trends between the communities. Identifying clear community
patterns was further complicated by the fact that genes within a community
also displayed individual and often opposite responses over time and between
ponds. Because microbial communities were different in each pond, we
recommend changing the current WSP influent/effluent sampling regime to
include all ponds. The weak relationships identified between different Ncycling communities were likely partially because of the affinity microbes had
to wastewater physico-chemistry and N chemistry. However, the changing
chemistry alone could not adequately explain community patterns in the WSP.
Only the anammox bacteria (hzsA) supported our hypothesis that N chemistry
could act as a surrogate for N-cycling communities. These data indicate the
necessity of taking direct measurements of N-microbes to understand WSP
efficiency. These data also provided insight about why it is difficult to manage
these microbes through large-scale manipulation of the wastewater
environment, as their community composition is dependent on multiple factors
and conditions. Overall, we found FGA technology a useful exploratory and
practical tool for WSPs with strong applications to a wide array of ecosystems
for N-cycling identification in future. In addition, the FGA can be used for
monitoring the N-cycling health of a WSP and for developing an N budget,
which would lead to informed management decisions that enhance N-removal
efficiency.
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5.1 Abstract
A nitrogen budget for wastewater stabilisation ponds in tropical northern
Australia indicated a deficit between influent and effluent Total Nitrogen of ≈
46.5 %. Stable nitrogen isotope ratios in pond waters and gas emission
measurements showed that the deficit was a result of loss of mainly dinitrogen
gas while emissions of nitrous oxide and ammonia were minor. We explored
spatial and temporal patterns of nitrogen cycling across the pond system by
analysing diversity and function of denitrification (nosZ) and Anammox (hzsA)
genes known to be responsible for nitrogen gas emission. The relative gene
abundance and activity supported the physicochemical evidence that the
budgetary nitrogen deficit was largely due to dinitrogen gas emission. Contrary
to expectation, most of the dinitrogen gas emissions appeared to occur after
the first facultative pond despite nosZ genes being abundant and active. This
suggests that other barriers to effective denitrification existed in the facultative
pond. The dominant abundance and activity of hzsA genes in the final
maturation pond indicated that dinitrogen gas emissions from this pond were
likely associated with the Anammox process.

5.2 Introduction
A key role for waste stabilisation ponds (WSP) is to remove nitrogen (N) from
wastewater prior to release. In a WSP there are several ways N can be
removed from the system. N can be emitted as N2O, NH3 and N2 gases.
Resident algae and bacteria can also take up N, and as the algae die, the N is
incorporated into settled pond sludge along with the dead algal biomass [1, 2].
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WSP managers routinely rely on measurements of physicochemical tracers,
such as the concentrations of nutrients, in the influent and effluent to monitor
WSP performance and TN removal [1, 3]. However, these data provide limited
mechanistic or functional information for diagnostics and optimisation of pond
performance [2]. Stable isotope ratios of nitrogen are now increasingly being
employed to build a more comprehensive understanding of the source,
transport, fate and impacts of nutrients in receiving water bodies. As shown
below, isotope ratios are commonly reported as δ15N values as a per-mil
difference in

15

N/

14

N relative to a reference ratio in atmospheric air (δ15N =

0):
δ15N (‰) = [ (15N / 14N sample / 15N / 14N reference) – 1 ] * 1000.

Effluent-derived N is typically more enriched in

15

(1)

N than naturally occurring

sources due to a preference for 14N by bacteria in WSPs leading to preferential
14

N gas emissions [4]. An increasing sewage effluent load can also be detected

in sediment, which acts as a sink for sewage-derived N through burial [5]. δ15N
values in effluent are generally > + 10 ‰ compared to background δ15N values
of ≈ - 2 to + 2 ‰ in receiving water bodies [6]. N isotopes fractionate
significantly during microbially mediated N-cycle transformations in systems
that are not N-limited [6 – 7]. Isotopic fractionation is especially pronounced in
reactions where removal of N occurs through the release of gaseous N species,
e.g. NH3, N2O and N2 [7 - 9]. Due to an enzymatic preference for 14N over 15N,
gaseous N species typically have low δ15N values, which drive residual N
towards higher δ15N values [8, 10, 11]. δ15N measurements throughout a multipond WSP can provide valuable information about zones of likely active gas
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emission and microbial activity. To confirm this, additional data are needed,
such as continuous sampling of N2O and NH3 gas emission patterns over
space and time, and the activity of microbes specifically associated with N gas
emission.

Microbes drive the N cycle [12, 10], and microbial functional genes are
increasingly used in functional gene arrays to measure gene diversity, relative
abundance and activity [13]. These data can be used in concert with other
measures to provide insights into WSP function and are particularly useful for
diagnosing underperformance in localised zones for a multi-pond system. Both
anaerobic and aerobic bacteria are involved in the N-cycle, so there is interplay
between microbial activity and the oxygen status of the WSP [10]. N removal
in WSPs worldwide are poorly characterised due to the influence of fluctuating
temperature and climatic conditions (i.e. rainfall intensity and duration). Further,
this is a complex system that relies on a healthy symbiotic relationship
between aerobic bacteria and algae [14]. Aerobic bacteria catabolise organic
waste and produce CO2 that algae consume for photosynthesis during the day
[1]. Dissolved oxygen (DO) is produced as a by-product of photosynthesis and
favours the aerobic steps in the N-cycle [14]. These include ammonia and
nitrite oxidation, and dissimilatory nitrate reduction to ammonia (DNRA),
associated with the functional genes amoA / B, nxrB and nrfA. At night, algae
respire and deplete DO [1]. Thus, the anaerobic steps Anammox,
denitrification and nitrogen fixation associated with functional genes hzsA,
nosZ and nifH, tend to occur at night / early morning [12, 15]. The two steps
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that are of critical importance in a functional WSP are denitrification (nosZ) and
Anammox (hzsA) because they lead to N loss through N2 emission [11, 16].

In the Northern Territory, pond hydraulics are designed such that the first
‘facultative’ pond will remove N [3]. To achieve this, facultative ponds are over
2 m deep to promote stratified oxic and anoxic zones that will facilitate N-cycle
activity and N2 emission [3]. The N reduced waters are then fed into a series
of shallow ‘maturation’ ponds for sanitation [1]. Based on the intended
performance of a multi-pond WSP, most of the denitrification and Anammox
should occur in the first facultative pond.

The value of a WSP N budget is that it provides insight into N transport and
loss. This is useful information for managing a WSP, particularly where the
treated effluent will be released into the environment. Nutrient concentration
data based on grab samples have limited value other than for compliance, as
they are a measure at a single moment in time. In contrast, stable isotopes,
gas emission and functional microbial gene assays together provide a powerful
approach for understanding WSP function. Since denitrification (nosZ genes)
and Anammox (hzsA genes) pathways lead to N2 production, these two
functional groups could be useful as surrogates for N2 production and TN
budgets. To determine whether a ‘multiple-angle’ approach to N assessment
in WSPs is helpful for understanding N transformation and loss, we studied a
WSP located in Darwin, a city in the tropical wet and dry savanna of northern
Australia. A mass balance N-budget for the Darwin WSP [17] showed that
42 % of TN was removed from treated effluent between 2013-14. However,
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only 11% of this removed N settled into the sludge [17]. This left a 46.5 % TN
(147.4 t / yr) deficit in the N-budget which is likely lost through emission of
gaseous N species. We investigated how measurements of stable isotopes,
gas emissions, physicochemistry, N chemistry, gene abundance and activity
addressed the identified gap within the WSP budget. Since the budget was
averaged over the year, we designed our sampling regime to repeatedly
measure the two seasons four times, so that our averaged data was
representative of the budget. Based on the Munksgaard et al. [17] budget, our
aim was to measure abundance and activity of microbial genes for the
denitrification (nosZ) and Anammox (hzsA) pathways. We also used diel
variation in pond DO, NH3 and N2O emissions and N-isotope analysis of pond
water to gather evidence to address the suggestion that the 46.5 % N deficit
could be due mainly to N2 gas emission. Further aims were to determine if the
first facultative Pond 1 was in fact removing more N than the maturation ponds,
as it was designed to do. Our final aim was to determine whether there was a
link between diel patterns of DO levels in the ponds, gas emission, stable
isotopes and functional genes.

5.3 Materials and methods

5.3.1 Study site
The study site was a WSP in the wet - dry tropics of northern Australia, which
services the northern suburbs of Darwin with an estimated population of
47,466 in 2013. The five - pond system comprises one facultative and four
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maturation ponds (Figure 5.1) with a total volume of 336,600m3 and an
effective volume of 156,240 m3 (accounting for the volume of settled sludge).
The system was designed to treat approximately 105 ML / day during peak wet
season flow conditions. Frequent vertical mixing from wind shearing across
the water surface occurs in these ponds. When the ponds have no sludge, raw
sewage influent has a retention time of 10 days in a facultative pond (Pond 1).
Facultative pond effluent then feeds into a maturation pond (Pond 2) and
retained for seven days for sanitation (Figure 5.1). Wastewaters are further
sanitised in a smaller and increasingly shallower 3 - pond maturation series,
before final release of treated effluent after five days retention (Pond 5). For
this study, the inlet and outlets of Ponds 1 and 5 were selected for sampling
after initial investigations showed no significant differences in physicochemical
and bacterial signatures between ponds 4 and 5. The physicochemical and
bacterial similarities between Pond 4 and 5 suggested that sampling at the
Pond 5 inlet would not be subject to variable mixing effects.

5.3.2 Stable isotopes
Samples for stable isotope analysis were collected in one - litre bottles at the
outlets of Ponds 1 and 5 (Figure 5.1) on 3 consecutive days in October 2014.
Samples were placed on ice (but not frozen) and transferred to the laboratory
as soon as possible (within a few hours) where they were immediately
centrifuged and filtered (1.2µm GF / C 47 mm, pre - combusted at 550oC).
Particulates (predominantly algal and bacterial matter) were collected on filters
and the filtered volume recorded. The dry mass of solids on the filters was
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determined gravimetrically. The filter was analysed for N-isotope composition
of total particulate N. Filtrate samples (predominantly dissolved NH3 and minor
organic N, NOx) were acidified with HCl to pH < 2 and evaporated to dryness
on a freeze dryer. The dried solids were analysed for N-isotope composition
of total dissolved N. Mass spectrometric analysis was carried out by EASIRMS (bulk solids analysis) at Southern Cross University. To scale to the air
N2 standard, three in-house secondary standards and two certified standards
(Protein B2155 Elemental Microanalysis; USGS40, U.S. Geological Survey)
were analysed.

Figure 5.1 Schematic of the WSP showing sample locations (X) in Pond 1 and Pond
5, locations for Power and Water Corporation monitoring data ( ) and flow direction.
Locations and sample numbers for specific analyses are as follows: stable isotopes
(Pond 1 & 5 outlet), n = 3 days; gas emissions (Pond 1 & 5 outlet), n = 2 days;
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physicochemistry (DO, pH, temperature at Pond 1 & 5 inlet / outlet), n = 128 (Pond 1
& 5: total = 64, inlet / outlet = 32, am / pm = 16); physicochemistry (N, NH3 and NOx
chemistry at Pond 1 inlet and Pond 5 inlet / outlet), n = 96 (Pond 1: total = 32, inlet =
16, am / pm = 16; and Pond 5: total = 64, inlet / outlet = 32, am / pm = 16); microarray
nosZ and hzsA DNA (Pond 1 inlet and Pond 5 inlet and outlet), n = 96 (Pond 1: total
= 32, inlet = 16, am / pm = 16; and Pond 5: total = 64, inlet / outlet = 32, am / pm =
16); and microarray nosZ and hzsA cDNA (Pond 1 inlet and Pond 5 inlet and outlet),
n = 24 (Pond 1: total = 8, inlet = 8, pm = 8; and Pond 5: total = 16, inlet / outlet = 8,
pm = 16).

5.3.3 Gas emissions
Nitrous oxide (N2O), Ammonia (NH3), Carbon dioxide (CO2) and methane
(CH4) emissions were measured in Pond 1 and Pond 5 (Figure 5.1) over two
24 - h periods when stable isotope samples were collected. Emission was not
measured in maturation ponds 2-4. A floating gas accumulation chamber was
connected to a photo acoustic gas measuring system (Innova 1412) in a
recirculating loop (closed accumulation mode). An auxiliary gas pump
connected to a timer was used to automatically evacuate the accumulation
chamber and repeat the measurement cycle every 30 min. The flux of N2O and
NH3 were calculated from the rate of increase in gas concentrations measured
at 2 min intervals during the first 20 min of each measurement cycle.
Instrumental concentration data were calibrated using certified gas standards
(Scott Speciality Gasses) before and after the field campaign. Emissions of N2
are not measurable using the Innova 1412 instrument.
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5.3.4 Physicochemistry
In 2012 and 2013, wastewater samples were collected from Ponds 1 and 5 on
four occasions during the wet and dry seasons. At each site, the top 10 cm of
the water column (surface water) and bottom 10 cm (benthic water) were
sampled. Samples were collected in duplicate, in the morning (6 am - 10 am)
and again in the afternoon (1 pm - 5 pm). These times will be referred to as
‘morning’ and ‘afternoon’. Unfiltered one-liter waters were collected from the
Pond 1 inlet and Pond 5 inlet and outlet with a peristaltic pump and NalgeneTM
tubing. In situ measurements of DO, temperature and pH were simultaneously
recorded using the HYDROLAB® Quanta®.

Wastewater N chemistry was analysed by LabMark Pty Ltd (Melbourne, VIC).
Unfiltered one - litre wastewater samples were kept on ice during collection
(Figure 5.1) and stored at -20 oC prior to nutrient analysis. Ammonia (analysis
includes NH3+ and NH4+), nitrate (NO3-), and nitrite (NO2-) were determined
using flow injection analysis (FIA) [18]. Fifteen mL of sample was filtered
through polyethersulfone (PES), 0.45 µm Minisart® high flow Syringe Filters
prior to analysis. Of the remaining unfiltered sample portion, 10 mL was
digested with alkaline potassium persulfate in the autoclave for 1 h at 121 oC
and analysed by FIA for TN (Queensland Health Scientific Services). Quality
control analyses included blanks, duplicates and samples spiked with analyte.
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5.3.5 DNA and RNA processing for denitrification (nosZ) and Anammox (hzsA)
assays
DNA was extracted from filtered 100 mL effluent samples collected with the
chemistry samples. Although we collected nitrogen gene and physicochemical
data before the 2013-2014 N budget calculation, a review of unpublished
monitoring data showed that N mass removal between 2013-14 and 2014-15
only differed by 3 %. Thus, the effect of sample timing was likely minimal. DNA
was extracted using the PowerWater® DNA Isolation Kit (MoBio Laboratories,
Carlsbad, CA, USA), following the manufacturer’s protocol. DNA (2.5 µL) with
concentrations between 35 - 1000 ng / µL was whole genome amplified (WGA)
by Multiple Displacement Amplification (MDA), using a REPLI-g Mini Kit
(QIAGEN®, Hilden, Germany) following the manufacturer’s protocol. WGA
DNA (concentrated between 24 - 183 ng / µL) were dried and sent to CSIRO
Hobart for functional gene array (FGA) analysis. The same sampling design
was used to collect effluent samples for RNA extraction to measure gene
activity, except that the morning and benthic-water samples were omitted. For
RNA, 100 mL effluent was pelleted and stored with 3 mL LifeGuardTM Soil
Preservation Solution (MoBio Laboratories, Carlsbad, CA, USA) at 4 oC prior
to extraction. RNA was extracted using the RNA PowerSoil® Total RNA
Isolation Kit (MoBio Laboratories), following the manufacturer’s protocol. DNA
was removed (TURBO DNA-freeTM Kit (Ambion / Life Technologies, Carlsbad,
CA, USA) and DNase digested RNA was transcribed to cDNA (Thermo
ScientificTM RevertAid

TM

First Strand cDNA Synthesis Kit, Thermo Fisher

Scientific, Waltham, MA USA). Quantity and quality of single strand cDNA
were measured by qPCR using Platinum® SYBR® Green qPCR SuperMix-
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UDG (uracil DNA glycosylase) mix (Invitrogen™ / Thermo Fisher Scientific,
Waltham, MA USA) with 16s universal rDNA 466 bp forward and reverse
primers

EUB_F

TCCTACGGGAGGCAGCAGT

and

EUB_R

GGACTACCAGGGTATCTAATCCTGTT, respectively. Reaction conditions
were: 50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 s,
62 °C for 30 s, and 60 °C for 30 s. No DNA was detected in all reverse
transcribed negative controls. Single strand cDNA was purified using a Thermo
Scientific GeneJET PCR Purification Kit (Thermo Fisher Scientific, Waltham,
MA USA) according to the manufacturer’s protocol. Dried cDNA were sent to
CSIRO Hobart for FGA analysis.

5.3.6 Functional gene microarray (FGA)
A high-throughput FGA was used to assess the relative abundance and
diversity of both denitrification (nosZ) and Anammox (hzsA) bacteria in WSP
water samples. Briefly, the FGA consists of a small solid substrate (glass
microscope slide) to which a set of targeted oligonucleotide probes is attached.
The functional gene of interest (nosZ) and (hzsA) is amplified from DNA or
cDNA extracted from effluent samples. A 453 bp fragment of the nitrous oxide
reduction (nosZ) gene for denitrification was amplified using the primers nosZF

CGYTGTTCMTCGACAGCCAG

[19]

and

nosZ

1622R-T7

TAATACGACTCACTATAGCGSACCTTSTTGCCSTYGCG [12]. Amplification
reactions for nosZ contained 10 nM of the corresponding reverse primers with
a T7 RNA polymerase promoter tag at the 5’ end plus 30 nM of the T7 promoter
as a second reverse primer. The hydrazine synthase (hzsA) gene for
Anammox was detected with a nested PCR approach. Firstly, the longer
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fragment of the gene (382F – 2390R; ~ 2 kb) was amplified with primers hzsA
382F

GGYGGDTGYCAGATATGGG

and

hzsA

2390R

ATRTTRTCCCAYTGYGCHCC, followed by subsequent nested PCR using
primers hzsA 526F TAYTTTGAAGGDGACTGG and hzsA 1857R-T7
TAATACGACTCACTATAGAAABGGYGAATCATARTGGC

[15].

hzsA

amplification reactions used with the same T7 promoter tag placement and
concentrations as described for nosZ. Amplicons were fluorescently labeled
by in vitro transcription and labeled with Cy3 - UTP, and hybridised on an array
with probes covering the nosZ and hzsA genes of multiple bacterial and
archaeal clades. Signals were normalised to a spike control, set to 10,000.
Detailed information about the development and methods of the FGA is
provided in Appendix Information.

5.3.7 Drifting sludge mat area estimation
Floating sludge mats covered the pond surface in the corners of the facultative
and maturation ponds. Mat area was estimated from Google Earth historical
satellite imagery (version 7.1.5.1557, 2015© Google Inc., Mountain View,
California)

using

ArcGIS®

(Esri®

software,

Redlands,

California)

to

georeference images. Because satellite images were not available on our
collection dates, an average for Pond 1 and 2 drifting sludge was calculated
from the following 5 available images: 22/10/12; 24/11/12; 26/06/13; 7/10/13;
and

09/09/14.

Satellite

images

were

georeferenced

WGS_1984_UTM_zone_52S coordinate system.
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using

the

5.3.8 Statistical analysis
Physicochemical and FGA data was analysed with PRIMER-E Ltd V7
PERMANOVA+ (Primer-E Ltd, Plymouth, UK) and Minitab® V6 Statistical
Software. nosZ and hzsA data sets were square root transformed and probes
that occurred in at least 10 % of samples selected. The mean signal intensity
in each sample was calculated by pooling the signals of the remaining probes.
Data were visualised with Minitab® Interval plots for both TN water chemistry
and the FGA nosZ and hzsA DNA and cDNA. In addition, nosZ and hzsA DNA
and cDNA results were normalised and displayed in a heatmap using the
GeneSpring software, where, in essence, a value of 100 means the signal was
equal to that of the control probe (hyaBP60), whereas a value of 10 indicates
that the signal was 10 % of the control. Physicochemical data were normalised,
and a resemblance matrix generated based on Euclidean distance, while FGA
data was square root transformed and a resemblance matrix generated based
on Bray-Curtis similarity. A permutational ANOVA (PERMANOVA) with 9,999
permutations was used to explore differences of FGA or physicochemical data
between groups of samples. The PERMANOVA crossed design for both
physicochemical and FGA data (excluding cDNA) included 5 fixed factors or
groups of samples: Year / Season (4 levels), Pond (2 levels), Location (2
levels), Time (2 levels) and Depth (2 levels). However, the PERMANOVA for
cDNA was calculated using 3 fixed factors: Year / Season (4 levels), Pond (2
levels) and Location (2 levels). A P value of < 0.05 (2 - sided) was considered
significant. For multiple comparisons, the Bonferroni correction was applied to
P values to counteract the chance of incorrectly rejecting the null hypothesis.
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PermDISP (Primer-E Ltd, Plymouth, UK) was used to check for homogeneity
of variance between groups.

5.4 Results and Discussion

5.4.1 Stable isotopes and gas emissions
We found that δ15N values of dissolved and particulate N in Pond 1 (+ 2.3 to +
4.5 ‰) were low and close to background δ15N values, whereas Pond 5 values
were elevated (+ 13.2 to + 19.9 ‰) and typical for effluent [6, 20], indicating
that significant emission of gaseous N occurred after Pond 1. Gas emission
estimates scaled to a full year based on the measurements in Ponds 1 and 5
amounted to 0.27 t/yr N2O-N and 1.26 t/yr NH3-N, which accounted for less
than 1% of the total annual TN removal from the WSP. Overall, N2O and NH3
emissions in Ponds 1 and 5 were low (N2O < 0.5 mg m-2 h-1, NH3 < 4 mg m-2
h-1). The highest N2O emission were at night when DO levels were below 0.3%
saturation (Figure 5.2). NH3 emission was highest during daylight hours in
Pond 1, coinciding with high DO levels (Figure 5.2). Ammonia volatilization as
NH3 gas is more likely at higher temperature and pH [16], but more ammonia
might be entering the system in the influent during the day, so there would be
concomitant increase in the volatilized ammonia component, particularly in
Pond 1 [21].

Since export of N2O and NH3 to the atmosphere was minimal, the combined
evidence from gas emission and N-isotope data demonstrated that substantial
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emission of N2 must account for the majority of gaseous N-removal from the
pond system. These data agree with Mayo and Abbas [16] who reported that
gas emission was lowest in the facultative pond compared to the maturation
pond and that N2 was the likely species emitted from the ponds. Interestingly,
in another study by Wallace et al. [27], nitrogen was removed mainly as NO3
and not N2. However, the difference in the form of N removal could be due to
the geographic and climatic differences between the Wallace et al. [27] ponds
in Eastern Ontario, Canada, and our study site in tropical north Australia.
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Figure 5.2 (A) Continuous measurement of dissolved oxygen (DO), N2O and NH3
emission in Ponds 1 and 5. (B) Y - Axis scale adjusted to 0.0 - 0.6 mg m-2 h-1 range
to show N2O measurement in Pond 1 and 5.
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5.4.2 Physicochemistry
Discrete measurements of DO in the morning and afternoon during each field
campaign demonstrated that DO was lower in the morning (mean 2.0 mg / L)
and higher in the afternoon (mean 9.0 mg / L ; Figure 5.3). However, similar to
the continuous DO measurements (Figure 5.2), there were domains of anoxia
in surface waters of Pond 1 and 5 (Figure 5.3). In the afternoon, 25 % (24 / 96)
of measurements in Pond 1 and 8 % (8 / 96) in Pond 5 were below 20 % DO
saturation (Figure 5.3). The DO range was large and correlated with changing
time of day during sampling, where DO concentration increased as the day
progressed (Pearson R = 0.55). There was a strong Pearson correlation
between pH and DO (R = 0.74), with Pond 1 pH rising from 7.3 in the morning
to 7.7 by the afternoon. Similarly, the pH in Pond 5 rose from 7.6 to 8.6 by the
afternoon. As expected for a tropical pond system, waters were above 20 oC,
and 67 % (64 / 96) of the time temperatures were above 30 oC. Temperatures
were cooler (mean 28.2 oC) in the morning and warmer (mean 30.9 oC) in the
afternoon.
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Figure 5.3 Depth profile for morning and afternoon measurements of DO (mg / L) in
Pond 1 and 5 (accumulated data from multiple field trips). Morning = 6 am - 10 am
and afternoon = 1 pm - 5 pm.

The anoxic domains measured in Ponds 1 and 5 may be associated with
drifting sludge mats (Figure 5.4) [22]. Mats accumulated in down-wind pond
corners and covered an average of 6 % (2758 m2) of Pond 1 and 3 % (715 m2)
of Pond 5. The mats reflect the high abundance of suspended and volatile
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solids in the ponds. On average, Pond 1 total suspended solids (TSS) and
volatile suspended solids (VSS) were 197 mg / L (range: 108 – 310 mg / L)
and 183 mg / L (range: 116 – 280 mg / L), respectively. Pond 5 concentrations
were lower at 162 mg / L (TSS) and 154 mg / L (VSS). These high
concentrations of suspended solids can provide widespread micro domains for
coupled nitrification-denitrification [23].

Pond%5%

Pond%4%

Pond%3%

Pond%2%

Pond%1%

Figure 5.4 2014 Google Earth© satellite image of WSP ponds and ground level
photograph of drifting sludge mat in pond 2.

At the WSP site, the first (facultative) pond is designed to remove N by
promotion of suspended solid settlement and denitrification processes, and the
role of the subsequent maturation ponds is sanitation [3]. However, our pond
data did not support these expected roles. The combined isotopic, gene and
gas emission data suggested that the facultative Pond 1 was not the major site
of N removal in the WSP. Pond nutrient measurements supported the isotopic
and emission trends because in Pond 1, the TN decrease between the inlet
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(41.6 mg / L) and outlet (40.3 mg / L ; range = 25 – 170 mg / L) was only 1.3
mg / L. There was a ~ 40 % decrease in TN at the Pond 5 outlet (29.7 mg / L),
particularly in the morning (Figure 5.5 ; range = 14 – 40 mg / L). NH3 was also
higher in Pond 1 (21.9 mg / L) than Pond 5 (12.6 mg / L ; Figure 5.5), regardless
of time of day (Pond 1 range = 10 – 31.2 mg / L , Pond 5 range = 6.8 – 20 mg
/ L). However, elevated Pond 1 TN and NH3 in the morning is likely associated
with increased raw inflow of sewage, which mirrors the increased use of toilets
during the early hours of each day [21].

NO3- and NO2- were low in both ponds. In Pond 1, NO3- was on average 0.1
mg / L (range = 0.006 – 1.7 mg / L) and NO2- was 0.3 mg / L (range = 0.002 –
3.1 mg / L). Similarly, Pond 5 NO3- levels averaged 0.2 mg / L (range = 0.002
– 0.45 mg / L) and 0.5 mg / L (range = 3.1 – 0.97 mg / L for NO2- (Figure 5.5).
In the afternoon, concentrations of both species in Pond 5 were twice (NO3-)
and 2.9 times (NO2-) of those measured in Pond 1 (Figure 5.5).
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Figure 5.5 Morning and afternoon concentrations of N species measured in Pond 1
and 5 waters. Data averaged over the year to reflect N budget calculations. A) Mean
TN-N concentrations mg / L. B) Mean ammonia (NH3-N) concentrations mg / L. C)
Mean nitrate (NO3-N) concentrations mg / L. B) Mean nitrite (NO2-N) concentrations
mg / L. Asterisks indicate significant differences between groups marked with red lines
(* = p < 0.01 and *** = p < 0.001). The error bars indicate ± 1 standard error (SE) from
the mean. Total n = 96 (Pond 1: total = 32, inlet = 16, am / pm = 16; and Pond 5: total
= 64, inlet / outlet = 32, am / pm = 16).

5.4.3 Functional gene microarray (FGA)
The possibility that N2 emission could account for N loss from this WSP was
further assessed by measuring the abundance and activity of genes
associated with denitrification (nosZ) and Anammox (hzsA). We chose these
two genes because the nosZ gene encodes an enzyme that converts N2O to
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N2, while the hzsA gene encodes an enzyme that converts NO2- and NH3 to
N2. Both genes were abundant (relative to probe number) and active which
supports the possibility that N loss is via N2 emission. These genes also
provided insight into potential pond performance. More specifically, although
these ponds are biologically and chemically complex, one explanation for the
‘below-design performance’ of Pond 1 in terms of N2 loss (N removal) might
be the different community structure of denitrifying and Anammox communities
in each pond.

5.4.3.1 Diurnal measurements of denitrification (nosZ) gene abundance – DNA
probes
Denitrification nosZ gene abundance (as determined by the average probesignal intensity) was higher in facultative Pond 1 in the morning as compared
to the afternoon with an average intensity of 2.0 % in the morning and 1.6 %
in the afternoon (Figure 5.6). In this study, there were 182 nosZ probes on the
microarray of which 105 fluoresced i.e. had a signal intensity above 1 % of the
array control (see methods for details; Figure 5.7). Of these 182, 24 probes
fluoresced in the 32 Pond 1 samples and 19 probes in the 64 Pond 5 samples,
with 15 nosZ probes fluorescing in more than 9 samples in both Pond 1 and
Pond 5 samples (Figures 5.6 & 5.7). Of the 16 Pond 1 morning samples, four
probes (i.e. nosZ - 079; activated sludge taxa) emitted a stronger signal above
5 % of the control in 5 samples from Pond 1 inlet (Figure 5.7). These four
probes had a mean intensity of just 3 % in Pond 5 (32). In the afternoon, the
average signal was higher in Pond 5 mainly based on probes nosZ - 070
(Azospirillum largimobile) and nosZ - 077 (Agriculture soil clade # 4) which had
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a mean intensity of 1.9 % in 16 samples, which compared to an average of
1.5 % in the morning (Figures 5.6 & 5.7).

Denitrification gene abundance is positively correlated with denitrification rates
[13], so if denitrification efficiency in Pond 1 was less than in Pond 5, this may
be reflected in lower nosZ gene abundance. In fact, nosZ gene abundance
was higher in Pond 1 than in Pond 5 during the morning when DO levels were
lowest. These data therefore do not support the suggestion that denitrification
as measured by nosZ gene abundance was compromised in Pond 1 compared
to Pond 5.

*"
2.0

1.5

1.0

0.5

0.0

Pond 1

Pond 5

Time0.30
Morning
Afternoon

Mean % of pooled signals for all hzsA probes

*"

Mean % of pooled signal for all nosZ probes

B)

*"

0.25

*"
*"

*"

2.5

*"
*"

A)

Time
Morning
Afternoon

0.20

0.15

0.10

0.05

0.00

Pond 1

Pond 5

Figure 5.6 Morning and afternoon measurements of mean probe signal for nitrogen
gas producing pathways (± 1 SE) in Pond 1 and 5 waters. Mean signal intensities
were calculated from probes that contributed to at least 10 % of samples and were
square root transformed. A) Average intensity for all pooled denitrification (nosZ)
signals in the morning (Pond 1 n = 9 probes, 16 samples; Pond 5 n = 9 probes, 32
samples) and afternoon (Pond 1 n = 15 probes, 16 samples; Pond 5 n = 10 probes,
32 samples). B) Average intensity for all pooled Anammox (hzsA) signals in the
morning (Pond 1 n = 8 probes, 16 samples; Pond 5 n = 11 probes, 32 samples) and
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afternoon (Pond 1 n = 6 probes, 16 samples; Pond 5 n = 12 probes, 32 samples).
Asterisks indicate significant differences between groups marked with red lines (* = p
< 0.01 and *** = p < 0.001).

5.4.3.2 Diurnal measurements of Anammox (hzsA) gene abundance - DNA
probes
An alternative explanation might be that denitrification was not the main
process leading to N2 production and that the dominant process was Anammox
as measured by hzsA gene abundance and activity [15, 13]. In fact, the
abundance of this gene appeared low in Pond 1, and high in Pond 5,
particularly during the day (Figure 5.6). In contrast to nosZ, of the 42 identified
hzsA probes available, only 14 had signals above 1 % of the control and that
occurred in at least 10 % of samples. Most striking was the suggested greater
abundance of hzsA in Pond 5 during the afternoon (Figure 5.6 & 5.7). This
strong signal was associated with 12 probes, especially: hzsA - 035, hzsA 036, hzsA - 010 and hzsA - 011 in 28 of the 32 afternoon samples (Figures 5.6
& 5.7).

5.4.3.3 Denitrification and Anammox gene activity – cDNA probes derived from
RNA
A more direct measure of denitrification is gene activity as measured by cDNA
derived from RNA [13]. FGA measurement of reverse transcribed PCR
products indicated denitrification nosZ genes were active in Ponds 1 and 5
(Figure 5.7). There was a trend for more nosZ activity in Pond 1 compared to
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Pond 5 (Figure 5.7) supported by the previous nosZ gene abundance data
(Figure 5.6). However, nosZ gene activity levels were not significantly different
between the Ponds (Figure 5.7), which suggests that higher gene abundance
in Pond 1 may not translate into significantly greater activity. Further, gene
abundance (DNA) measurements were collected in both the morning and the
afternoon, whereas samples for RNA / cDNA analysis were only collected in
the afternoon. Taking abundance and activity together however, the data
suggest that denitrification as measured by the nosZ gene was not
compromised in Pond 1 compared to Pond 5. While there may be other blocks
to effective denitrification, other factors that accelerate denitrification rates in
stabilisation ponds include elevated temperature and high rates of algal
production [14], both of which are features of these tropical WSPs.

Anammox hzsA gene activity was more than six times higher in Pond 5
although this was not statistically significant (Figure 5.7) due to the high
standard error and low sample number. It is not clear why Anammox gene
abundance was high in Pond 5 during the day when DO levels were generally
high. However, both the continuous DO measures of surface water and the
surface water / benthic water DO measures indicated oxic and anoxic zones
occurred at the surface, possibly due to the presence of sludge mats that
prevent light penetration and consume oxygen [22, 24], which presumably
provided appropriately anoxic conditions for Anammox [15]. Additionally, Pond
5 Anammox is promoted by high ‘floc’ (VSS) that creates micro domains of
anoxia [23]. These data suggest that in this system, Anammox may be an
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nosZ-050
nosZ-156
nosZ-006
nosZ-020
nosZ-031
nosZ-024
nosZ-029
nosZ-109
nosZ-038
nosZ-034
nosZ-041
nosZ-039
nosZ-143
nosZ-043
nosZ-157
nosZ-016
nosZ-053
nosZ-046
nosZ-060
nosZ-062
nosZ-159
nosZ-157
nosZ-007
nosZ-021
nosZ-034
nosZ-025
nosZ-030
nosZ-112
nosZ-042
nosZ-033
nosZ-032
nosZ-040
nosZ-145
nosZ-155
nosZ-044
nosZ-017
nosZ-054
nosZ-047
nosZ-055
nosZ-071
nosZ-051
nosZ-155
nosZ-008
nosZ-022
nosZ-032
nosZ-026
nosZ-038
nosZ-036
nosZ-045
nosZ-035
nosZ-111
nosZ-043
nosZ-136
nosZ-157B
nosZ-041
nosZ-018
nosZ-056
nosZ-001
nosZ-061
nosZ-072
nosZ-052
nosZ-157B
nosZ-009
nosZ-023
nosZ-111
nosZ-027
nosZ-033
nosZ-037
nosZ-045B
nosZ-031
nosZ-110
nosZ-044
nosZ-137
nosZ-158
nosZ-042
nosZ-039
nosZ-058
nosZ-002
nosZ-063
nosZ-073
nosZ-156
nosZ-158
nosZ-010
nosZ-005
nosZ-110
nosZ-028
nosZ-035
nosZ-016
nosZ-046
nosZ-034
nosZ-041
nosZ-113
nosZ-138
nosZ-144
nosZ-045
nosZ-040
nosZ-076
nosZ-048
nosZ-062
nosZ-068
nosZ-157
nosZ-144
nosZ-011
nosZ-006
nosZ-113
nosZ-029
nosZ-031
nosZ-017
nosZ-047
nosZ-042
nosZ-032
nosZ-109
nosZ-146
nosZ-143
nosZ-045B
nosZ-043
nosZ-057
nosZ-049
nosZ-071
nosZ-069
nosZ-155
nosZ-143
nosZ-024
nosZ-007
nosZ-109
nosZ-030
nosZ-034
nosZ-018
nosZ-001
nosZ-045
nosZ-111
nosZ-112
nosZ-053
nosZ-145
nosZ-046
nosZ-044
nosZ-059
nosZ-050
nosZ-072
nosZ-070
nosZ-157B
nosZ-145
nosZ-025
nosZ-008
nosZ-112
nosZ-032
nosZ-038
nosZ-039
nosZ-002
nosZ-045B
nosZ-110
nosZ-036
nosZ-054
nosZ-136
nosZ-047
nosZ-041
nosZ-060
nosZ-159
nosZ-073
nosZ-067
nosZ-158
nosZ-136
nosZ-026
nosZ-009
nosZ-036
nosZ-111
nosZ-033
nosZ-040
nosZ-048
nosZ-046
nosZ-113
nosZ-037
nosZ-056
nosZ-137
nosZ-001
nosZ-042
nosZ-055
nosZ-051
nosZ-068
nosZ-066
nosZ-144
nosZ-137
nosZ-027
nosZ-010
nosZ-037
nosZ-110
nosZ-035
nosZ-043
nosZ-049
nosZ-047
nosZ-109
nosZ-016
nosZ-058
nosZ-138
nosZ-002
nosZ-045
nosZ-061
nosZ-052
nosZ-069
nosZ-074
nosZ-143
nosZ-138
nosZ-028
nosZ-011
nosZ-016
nosZ-113
nosZ-031
nosZ-044
nosZ-050
nosZ-001
nosZ-112
nosZ-017
nosZ-076
nosZ-146
nosZ-048
nosZ-045B
nosZ-063
nosZ-156
nosZ-070
nosZ-075
nosZ-145
nosZ-146
nosZ-029
nosZ-024
nosZ-017
nosZ-109
nosZ-034
nosZ-041
nosZ-159
nosZ-002
nosZ-036
nosZ-018
nosZ-057
nosZ-053
nosZ-049
nosZ-046
nosZ-062
nosZ-157
nosZ-067
nosZ-077
nosZ-136
nosZ-053
nosZ-030
nosZ-018
nosZ-025
nosZ-112
nosZ-042
nosZ-032
nosZ-051
nosZ-048
nosZ-037
nosZ-039
nosZ-059
nosZ-054
nosZ-050
nosZ-047
nosZ-071
nosZ-155
nosZ-066
nosZ-078
nosZ-137
nosZ-054
nosZ-038
nosZ-039
nosZ-026
nosZ-036
nosZ-045
nosZ-111
nosZ-052
nosZ-049
nosZ-016
nosZ-040
nosZ-060
nosZ-056
nosZ-159
nosZ-001
nosZ-072
nosZ-157B
nosZ-074
nosZ-079
nosZ-138
nosZ-056
nosZ-033
nosZ-040
nosZ-027
nosZ-037
nosZ-045B
nosZ-110
nosZ-156
nosZ-050
nosZ-017
nosZ-043
nosZ-055
nosZ-058
nosZ-051
nosZ-002
nosZ-073
nosZ-158
nosZ-075
nosZ-080
nosZ-146
nosZ-058
nosZ-035
nosZ-043
nosZ-028
nosZ-016
nosZ-046
nosZ-157
nosZ-113
nosZ-159
nosZ-018
nosZ-044
nosZ-061
nosZ-076
nosZ-052
nosZ-048
nosZ-068
nosZ-144
nosZ-077
nosZ-081
nosZ-053
nosZ-076
nosZ-031
nosZ-044
nosZ-029
nosZ-017
nosZ-047
nosZ-155
nosZ-109
nosZ-051
nosZ-039
nosZ-041
nosZ-063
nosZ-057
nosZ-156
nosZ-049
nosZ-069
nosZ-143
nosZ-078
nosZ-082
nosZ-054
nosZ-057
nosZ-034
nosZ-041
nosZ-030
nosZ-018
nosZ-001
nosZ-157B
nosZ-112
nosZ-052
nosZ-040
nosZ-042
nosZ-062
nosZ-059
nosZ-157
nosZ-050
nosZ-070
nosZ-145
nosZ-079
nosZ-083
nosZ-056
nosZ-059
nosZ-042
nosZ-032
nosZ-038
nosZ-039
nosZ-002
nosZ-158
nosZ-156
nosZ-036
nosZ-043
nosZ-045
nosZ-071
nosZ-060
nosZ-155
nosZ-159
nosZ-067
nosZ-136
nosZ-080
nosZ-085
nosZ-058
nosZ-060
nosZ-045
nosZ-111
nosZ-033
nosZ-040
nosZ-048
nosZ-144
nosZ-157
nosZ-037
nosZ-044
nosZ-045B
nosZ-072
nosZ-055
nosZ-157B
nosZ-051
nosZ-066
nosZ-137
nosZ-081
nosZ-086
nosZ-076
nosZ-055
nosZ-045B
nosZ-110
nosZ-035
nosZ-043
nosZ-049
nosZ-143
nosZ-155
nosZ-016
nosZ-041
nosZ-046
nosZ-073
nosZ-061
nosZ-158
nosZ-052
nosZ-074
nosZ-138
nosZ-082
nosZ-087
nosZ-057
nosZ-061
nosZ-046
nosZ-113
nosZ-031
nosZ-044
nosZ-050
nosZ-145
nosZ-157B
nosZ-017
nosZ-042
nosZ-047
nosZ-068
nosZ-063
nosZ-144
nosZ-156
nosZ-075
nosZ-146
nosZ-083
nosZ-088
nosZ-059
nosZ-063
nosZ-047
nosZ-109
nosZ-034
nosZ-041
nosZ-159
nosZ-136
nosZ-158
nosZ-018
nosZ-045
nosZ-001
nosZ-069
nosZ-062
nosZ-143
nosZ-157
nosZ-077
nosZ-053
nosZ-085
nosZ-089
nosZ-060
nosZ-062
nosZ-001
nosZ-112
nosZ-042
nosZ-032
nosZ-051
nosZ-137
nosZ-144
nosZ-039
nosZ-045B
nosZ-002
nosZ-070
nosZ-071
nosZ-145
nosZ-155
nosZ-078
nosZ-054
nosZ-086
nosZ-090
nosZ-055
nosZ-071
nosZ-002
nosZ-036
nosZ-045
nosZ-111
nosZ-052
nosZ-138
nosZ-143
nosZ-040
nosZ-046
nosZ-048
nosZ-067
nosZ-072
nosZ-136
nosZ-157B
nosZ-079
nosZ-056
nosZ-087
nosZ-091
nosZ-061
nosZ-072
nosZ-048
nosZ-037
nosZ-045B
nosZ-110
nosZ-156
nosZ-146
nosZ-145
nosZ-043
nosZ-047
nosZ-049
nosZ-066
nosZ-073
nosZ-137
nosZ-158
nosZ-080
nosZ-058
nosZ-088
nosZ-094
nosZ-063
nosZ-073
nosZ-049
nosZ-016
nosZ-046
nosZ-113
nosZ-157
nosZ-053
nosZ-136
nosZ-044
nosZ-001
nosZ-050
nosZ-074
nosZ-068
nosZ-138
nosZ-144
nosZ-081
nosZ-076
nosZ-089
nosZ-092
nosZ-062
nosZ-068
nosZ-050
nosZ-047
nosZ-017
nosZ-155
nosZ-109
nosZ-054
nosZ-137
nosZ-041
nosZ-002
nosZ-159
nosZ-075
nosZ-069
nosZ-146
nosZ-143
nosZ-082
nosZ-057
nosZ-090
nosZ-093
nosZ-071
nosZ-069
nosZ-159
nosZ-001
nosZ-018
nosZ-157B
nosZ-112
nosZ-056
nosZ-138
nosZ-042
nosZ-048
nosZ-051
nosZ-077
nosZ-070
nosZ-053
nosZ-145
nosZ-083
nosZ-059
nosZ-091
nosZ-093B
nosZ-072
nosZ-070
nosZ-051
nosZ-002
nosZ-039
nosZ-158
nosZ-036
nosZ-058
nosZ-146
nosZ-045
nosZ-049
nosZ-052
nosZ-078
nosZ-067
nosZ-054
nosZ-136
nosZ-085
nosZ-060
nosZ-094
nosZ-096
nosZ-073
nosZ-067
nosZ-052
nosZ-048
nosZ-040
nosZ-144
nosZ-076
nosZ-037
nosZ-053
nosZ-045B
nosZ-050
nosZ-156
nosZ-079
nosZ-066
nosZ-056
nosZ-137
nosZ-086
nosZ-092
nosZ-055
nosZ-097
nosZ-068
nosZ-066
nosZ-156
nosZ-049
nosZ-143
nosZ-043
nosZ-057
nosZ-016
nosZ-054
nosZ-046
nosZ-159
nosZ-157
nosZ-080
nosZ-074
nosZ-058
nosZ-138
nosZ-087
nosZ-093
nosZ-061
nosZ-095
nosZ-069
nosZ-074
nosZ-157
nosZ-050
nosZ-145
nosZ-044
nosZ-059
nosZ-017
nosZ-056
nosZ-047
nosZ-051
nosZ-155
nosZ-081
nosZ-075
nosZ-076
nosZ-146
nosZ-088
nosZ-093B
nosZ-063
nosZ-098
nosZ-070
nosZ-075
nosZ-155
nosZ-159
nosZ-136
nosZ-041
nosZ-060
nosZ-058
nosZ-018
nosZ-001
nosZ-052
nosZ-157B
nosZ-082
nosZ-077
nosZ-057
nosZ-053
nosZ-089
nosZ-096
nosZ-062
nosZ-100
nosZ-067
nosZ-077
nosZ-157B
nosZ-051
nosZ-137
nosZ-055
nosZ-042
nosZ-076
nosZ-039
nosZ-002
nosZ-156
nosZ-158
nosZ-083
nosZ-078
nosZ-059
nosZ-054
nosZ-090
nosZ-097
nosZ-071
nosZ-101
nosZ-066
nosZ-078
nosZ-158
nosZ-052
nosZ-138
nosZ-061
nosZ-045
nosZ-057
nosZ-040
nosZ-048
nosZ-157
nosZ-144
nosZ-085
nosZ-079
nosZ-060
nosZ-056
nosZ-091
nosZ-095
nosZ-072
nosZ-104
nosZ-074
nosZ-079
nosZ-144
nosZ-156
nosZ-146
nosZ-063
nosZ-059
nosZ-045B
nosZ-043
nosZ-049
nosZ-155
nosZ-143
nosZ-086
nosZ-080
nosZ-055
nosZ-058
nosZ-094
nosZ-098
nosZ-073
nosZ-103
nosZ-075
nosZ-080
nosZ-143
nosZ-157
nosZ-053
nosZ-062
nosZ-060
nosZ-046
nosZ-044
nosZ-050
nosZ-157B
nosZ-145
nosZ-087
nosZ-081
nosZ-061
nosZ-076
nosZ-092
nosZ-100
nosZ-068
nosZ-105
nosZ-077
nosZ-081
nosZ-145
nosZ-155
nosZ-054
nosZ-071
nosZ-055
nosZ-047
nosZ-041
nosZ-159
nosZ-158
nosZ-136
nosZ-088
nosZ-082
nosZ-063
nosZ-057
nosZ-093
nosZ-101
nosZ-154
nosZ-069
nosZ-078
nosZ-082
nosZ-136
nosZ-157B
nosZ-056
nosZ-072
nosZ-061
nosZ-001
nosZ-042
nosZ-051
nosZ-144
nosZ-137
nosZ-089
nosZ-083
nosZ-062
nosZ-059
nosZ-093B
nosZ-104
nosZ-152
nosZ-070
nosZ-079
nosZ-083
nosZ-137
nosZ-158
nosZ-058
nosZ-073
nosZ-063
nosZ-002
nosZ-045
nosZ-052
nosZ-143
nosZ-138
nosZ-090
nosZ-085
nosZ-071
nosZ-060
nosZ-096
nosZ-103
nosZ-147
nosZ-067
nosZ-080
nosZ-085
nosZ-138
nosZ-144
nosZ-076
nosZ-068
nosZ-062
nosZ-048
nosZ-045B
nosZ-156
nosZ-145
nosZ-146
nosZ-091
nosZ-086
nosZ-072
nosZ-055
nosZ-097
nosZ-105
nosZ-107
nosZ-066
nosZ-081
nosZ-086
nosZ-146
nosZ-143
nosZ-057
nosZ-069
nosZ-071
nosZ-049
nosZ-046
nosZ-157
nosZ-136
nosZ-053
nosZ-094
nosZ-087
nosZ-073
nosZ-061
nosZ-095
nosZ-154
nosZ-106
nosZ-074
nosZ-082
nosZ-087
nosZ-053
nosZ-145
nosZ-059
nosZ-070
nosZ-072
nosZ-050
nosZ-047
nosZ-155
nosZ-137
nosZ-054
nosZ-092
nosZ-088
nosZ-068
nosZ-063
nosZ-098
nosZ-152
nosZ-153
nosZ-075
nosZ-083
nosZ-088
nosZ-054
nosZ-136
nosZ-060
nosZ-067
nosZ-073
nosZ-159
nosZ-001
nosZ-157B
nosZ-138
nosZ-056
nosZ-093
nosZ-089
nosZ-069
nosZ-062
nosZ-100
nosZ-147
nosZ-004
nosZ-077
nosZ-085
nosZ-089
nosZ-056
nosZ-137
nosZ-055
nosZ-066
nosZ-068
nosZ-051
nosZ-002
nosZ-158
nosZ-146
nosZ-058
nosZ-093B
nosZ-090
nosZ-070
nosZ-071
nosZ-101
nosZ-107
nosZ-133
nosZ-078
nosZ-086
nosZ-090
nosZ-058
nosZ-138
nosZ-061
nosZ-074
nosZ-069
nosZ-052
nosZ-048
nosZ-144
nosZ-053
nosZ-076
nosZ-096
nosZ-091
nosZ-067
nosZ-072
nosZ-104
nosZ-106
nosZ-134
nosZ-079
nosZ-087
nosZ-091
nosZ-076
nosZ-146
nosZ-063
nosZ-075
nosZ-070
nosZ-156
nosZ-049
nosZ-143
nosZ-054
nosZ-057
nosZ-097
nosZ-094
nosZ-066
nosZ-073
nosZ-103
nosZ-153
nosZ-135
nosZ-080
nosZ-088
nosZ-094
nosZ-057
nosZ-053
nosZ-062
nosZ-077
nosZ-067
nosZ-157
nosZ-050
nosZ-145
nosZ-056
nosZ-059
nosZ-095
nosZ-092
nosZ-074
nosZ-068
nosZ-105
nosZ-004
nosZ-124
nosZ-081
nosZ-089
nosZ-092
nosZ-059
nosZ-054
nosZ-071
nosZ-078
nosZ-066
nosZ-155
nosZ-159
nosZ-136
nosZ-058
nosZ-060
nosZ-098
nosZ-093
nosZ-075
nosZ-069
nosZ-154
nosZ-133
nosZ-139
nosZ-082
nosZ-090
nosZ-093
nosZ-060
nosZ-056
nosZ-072
nosZ-079
nosZ-074
nosZ-157B
nosZ-051
nosZ-137
nosZ-076
nosZ-055
nosZ-100
nosZ-093B
nosZ-077
nosZ-070
nosZ-152
nosZ-134
nosZ-140
nosZ-083
nosZ-091
nosZ-093B
nosZ-055
nosZ-058
nosZ-073
nosZ-080
nosZ-075
nosZ-158
nosZ-052
nosZ-138
nosZ-057
nosZ-061
nosZ-101
nosZ-096
nosZ-078
nosZ-067
nosZ-147
nosZ-135
nosZ-141
nosZ-085
nosZ-094
nosZ-096
nosZ-061
nosZ-076
nosZ-068
nosZ-081
nosZ-077
nosZ-144
nosZ-156
nosZ-146
nosZ-059
nosZ-063
nosZ-104
nosZ-097
nosZ-079
nosZ-066
nosZ-107
nosZ-124
nosZ-142
nosZ-086
nosZ-092
nosZ-097
nosZ-063
nosZ-057
nosZ-069
nosZ-082
nosZ-078
nosZ-143
nosZ-157
nosZ-053
nosZ-060
nosZ-062
nosZ-103
nosZ-095
nosZ-080
nosZ-074
nosZ-106
nosZ-139
nosZ-162
nosZ-087
nosZ-093
nosZ-095
nosZ-062
nosZ-059
nosZ-070
nosZ-083
nosZ-079
nosZ-145
nosZ-155
nosZ-054
nosZ-055
nosZ-071
nosZ-105
nosZ-098
nosZ-081
nosZ-075
nosZ-153
nosZ-140
nosZ-163
nosZ-088
nosZ-093B
nosZ-098
nosZ-071
nosZ-060
nosZ-067
nosZ-085
nosZ-080
nosZ-136
nosZ-157B
nosZ-056
nosZ-061
nosZ-072
nosZ-154
nosZ-100
nosZ-082
nosZ-077
nosZ-004
nosZ-141
nosZ-160
nosZ-089
nosZ-096
nosZ-100
nosZ-072
nosZ-055
nosZ-066
nosZ-086
nosZ-081
nosZ-137
nosZ-158
nosZ-058
nosZ-063
nosZ-073
nosZ-152
nosZ-101
nosZ-083
nosZ-078
nosZ-133
nosZ-142
nosZ-161
nosZ-090
nosZ-097
nosZ-101
nosZ-073
nosZ-061
nosZ-074
nosZ-087
nosZ-082
nosZ-138
nosZ-144
nosZ-076
nosZ-062
nosZ-068
nosZ-147
nosZ-104
nosZ-085
nosZ-079
nosZ-134
nosZ-162
nosZ-163B

359
381
354
376
350
361
387
365
357
398
394
372
376
346
360
382
355
377
351
362
388
366
358
399
395
373
377
347
346
361
383
356
378
352
363
359
389
367
400
396
374
378
348
347
362
384
357
379
353
364
360
390
368
401
397
375
379
349
348
385
363
358
380
354
365
361
391
369
402
398
376
380
350
346
349
386
364
359
381
355
366
362
392
370
403
399
377
381
351
347
350
387
365
360
382
356
367
363
393
371
404
400
378
382
352
348
351
388
366
346
361
383
357
368
364
394
372
405
401
379
383
352
353
349
389
367
347
362
384
358
369
365
395
373
406
402
380
384
353
354
350
390
368
348
385
363
359
370
366
396
374
407
403
381
385
354
355
351
391
369
349
360
386
364
371
367
397
375
408
404
382
386
355
356
352
392
350
370
361
387
365
372
368
398
376
409
405
383
387
346
356
357
353
351
393
371
362
388
373
366
369
399
377
410
406
384
388
347
357
358
354
352
394
372
363
374
389
367
370
400
378
411
407
385
389
348
358
359
355
353
395
364
373
375
390
368
371
401
379
412
408
386
390
349
359
360
356
354
396
365
374
376
391
369
372
402
380
413
409
387
391
350
360
361
357
355
366
397
377
375
392
373
370
403
381
414
410
388
392
351
361
362
358
356
367
398
378
376
374
393
371
404
382
411
415
389
393
346
352
362
363
359
357
368
399
379
377
375
394
372
405
383
412
416
390
394
347
353
363
364
360
358
369
380
400
376
378
395
373
406
384
413
417
391
395
348
354
364
365
361
359
370
381
401
377
379
396
374
407
385
414
418
392
396
349
355
365
360
366
362
371
382
402
378
380
397
375
408
386
415
419
393
397
350
356
366
361
367
363
372
383
379
403
381
398
376
409
387
416
420
394
398
351
346
367
357
362
368
364
373
384
380
404
382
399
377
410
388
417
421
395
399
352
347
368
358
363
369
365
374
385
381
405
383
400
378
411
389
418
422
396
400
353
348
369
359
364
370
366
375
386
382
406
384
401
379
412
390
419
423
397
401
354
349
370
360
365
376
371
367
387
383
407
385
402
380
413
391
420
424
398
402
355
350
371
361
366
377
368
372
388
384
408
386
403
381
414
392
421
425
399
403
356
351
372
362
367
378
369
373
389
385
409
387
404
382
415
393
422
426
400
404
357
352
373
363
368
379
390
370
374
386
410
405
388
383
416
394
423
427
401
405
358
353
374
364
369
380
391
371
375
387
411
406
389
384
417
395
424
428
402
406
359
354
375
365
370
381
392
372
376
388
412
407
390
385
418
396
425
429
403
407
360
355
376
366
371
382
393
373
389
377
413
408
391
386
419
397
426
430
404
408
361
356
377
367
372
383
394
390
374
378
414
409
392
387
420
398
427
431
405
409
362
357
378
368
373
384
395
391
375
379
415
410
393
388
421
399
428
432
406
410
363
358
379
374
369
385
396
392
376
380
416
411
394
389
422
400
429
433
407
411
364
359
380
375
370
386
397
393
377
381
417
412
395
390
423
401
430
434
408
412
365
360
381
376
371
387
398
394
378
382
418
413
396
391
424
402
431
435
409
413
366
361
382
377
372
388
399
395
379
383
419
414
397
392
425
403
432
436
410
414
367
362
383
378
373
389
400
396
380
384
420
415
398
393
426
404
433
437
411
415
368
384
363
379
390
374
401
397
381
385
421
416
399
394
427
405
434
438
412
416
369
385
364
380
391
375
402
398
382
386
422
417
400
395
428
406
435
439
413
417
370
386
365
381
392
376
403
399
383
387
423
418
401
396
429
407
436
440
414
418
371
387
366
382
393
404
377
400
384
388
424
419
402
397
430
408
437
441
415
419
372
388
367
383
394
405
378
401
385
389
425
420
403
398
431
409
438
442
416
420
373
389
368
384
395
406
379
402
386
390
426
421
404
399
432
410
439
443
417
421
390
374
369
385
396
407
403
380
387
391
427
422
405
400
433
411
440
444
418
422
391
375
370
386
397
408
404
381
388
392
428
423
406
401
434
412
441
445
419
423
392
376
371
387
398
409
405
382
389
393
429
424
407
402
435
413
442
446
420
424
393
377
372
388
399
410
406
383
390
394
430
425
408
403
436
414
443
447
421
425
394
378
373
389
400
411
407
384
391
395
431
426
409
404
437
415
444
448
422
426
395
379
390
374
401
412
408
385
392
396
432
427
410
405
438
416
445
449
423
427
396
380
391
375
402
413
409
386
393
397
433
428
411
406
439
417
446
450
424
428
397
381
392
376
403
414
410
387
394
398
434
429
412
407
440
418
447
451
425
429
398
382
393
377
404
415
411
388
395
399
435
430
413
408
441
419
448
452
426
430
399
394
383
405
378
416
412
389
396
400
436
431
414
409
442
420
449
453
427
431
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important component of N loss through N2 emission generally and might

account for the relatively superior performance of Pond 5.
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169

1pm

Pond 1

1pm

6am
Pond 5

0.1
Pond 1

Pond 5

cDNA

Figure 5.7 Heatmaps for nosZ and hzsA probes in pond 1 and 5 waters. For each

panel, the upper portions are DNA and the lower are cDNA data. Each column

represents a different probe with the target nosZ or hzsA genes. A) Morning and

afternoon measurements of denitrification (nosZ) DNA signals and afternoon

measurements of denitrification (nosZ) cDNA signals. For visual clarity, a subset of

46 (182) nosZ probes is shown in figure. B) Morning and afternoon measurements of

Anammox (hzsA) DNA signals and afternoon measurements of Anammox (hzsA)

cDNA signals. Normalised results were displayed using the GeneSpring software. In

essence, a value of 100 means the signal was equal to that of the control probe

(hyaBP60), whereas a value of 10 indicates that the signal was 10 % of the spike
1pm

0.1
Pond 1Pond 1
Pond 1
cDNA cDNA
c
Pond 5Pond 5
Pond 5

Similar to Camargo Valero et al. [2] and Mayo & Abbas [16], NO3- and NO2levels were generally low in Ponds 1 and 5 [14]. However, it is interesting to
note that during the day, NO3- and NO2- levels were significantly higher in Pond
5, coinciding with higher Anammox gene abundance relative to Pond 1. Since
NO2- and indirectly NO3- are substrates for the hzsA Anammox gene, these
elevated levels might represent a tipping point that supports Anammox in Pond
5. In contrast in Pond 1, NO3- and NO2- levels might have been too low for
‘effective’ Anammox [15]. Further, the low Anammox abundance in Pond 1
could also be because Anammox were sensitive to the high BOD conditions
measured in Pond 1 [15].

In WSPs, N is removed from wastewater via a combination of settling and
accumulation of pond sludge and emissions to the atmosphere of N2O, NH3
and N2. However, precise accounting of the WSP N budget is rarely feasible if
based on routine monitoring data. In this study we used several approaches
to elucidate the processes associated with N cycling in a WSP located in the
wet - dry tropics of northern Australia. N budget calculations for this WSP
(Figure 5.8) showed that discharged TN in effluent accounted for ≈ 42 % of
influent TN. Of the remaining 58 % TN, ≈ 11 % N is removed in pond sludge,
leaving a deficit of ≈ 46.5 % TN. The budget indicated that there is significant
emission of gaseous N from the pond system to the atmosphere. Our gas
emission, physicochemical and gene data support gaseous emission of N. For
example, estimated annual emissions of N2O and NH3 accounted for less than
1 % of the TN removal, which suggests that the remaining ≈ 46.5 % N deficit
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is due to N2 gas emission. In addition, the presence of denitrification (nosZ)
and Anammox (hzsA) in Ponds 1 and 2 indicate that these N-gas removal
pathways are likely. The estimated TN removal by N2 emission as a
percentage of TN inflow is within a previously reported range of emissions in
wastewater treatment ponds (WWTP) [25]. N2O emission values are also
similar to the typical range of emissions from WWTPs of 0.2 to 2 % of produced
sewage N [26]. Furthermore, we found that our data and budget are still
reflective of the current WSP conditions because a review of industry’s
unpublished N removal data showed that there was only a 3% difference
between 2013 - 14 and 2017 - 18.

Figure 5.8 Conceptual diagram of N processes in a WSP located in the tropical
savannah of north Australia. DON = dissolved organic nitrogen; PON = particulate
organic nitrogen; ‘A + F’ = algae and flocculent (containing particulate matter and
bacteria). Numbers refer to N-cycle processes and numbers in bold refer to steps
measured in this study: 1 = Ammonia oxidation (amoA / B); 2 = Nitrite oxidation (nxrB);
3 = possible chemical oxidation; 4 = Dissimilatory nitrate reduction to ammonia (nrfA);
5 = possible chemical reduction; 6 = denitrification (nosZ); 7 = Anammox (hzsA);
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8 = Nitrogen fixation (nifH). Steps 1 - 3 require oxic conditions, step 4 is enhanced at
the oxic / anoxic interface and steps 6 - 8 require anoxic conditions.

5.5 Conclusions
In this study, we showed the benefit of using a multidisciplinary approach to
quantify N removal in a Darwin WSP. We showed that facultative Pond 1 that
was designed to remove most N, was not doing this efficiently and that N2
emission occurred after pond 1. In addition, the anoxic N-cycle steps
converting N species to N2 downstream of Pond 1 were denitrification and
Anammox, with Pond 5 N removal likely associated with Anammox rather than
denitrification. Denitrification and Annamox gene abundance and activity in the
investigated ponds were consistent with the budgetary evidence of major N2
emissions from the WSP. The array of physicochemical and biological
measurement tools allowed us to resolve the N budget, and improved our
understanding of where and how nitrogen is removed from the pond system.
Pond management could benefit from this approach because the process
identifies WSP function in near real-time and diagnoses underperformance in
localised zones in a multi-pond system. Identifying zones of poor N-removal
efficiency in a multi-pond WSP helps managers understand where and how
performance could be improved. It also allows an evaluation of pond design
options such as adding baffles, desludging, or changing the number of
treatment ponds to directly address these performance issues.
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CHAPTER 6: Desludging a tropical wastewater
pond changes the microbial community and
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6.1 Abstract
Desludging is an essential yet costly maintenance requirement for a
wastewater stabilisation pond. After desludging, a pond should return to
optimal faecal bacterial and nutrient removal, but no study has measured if this
is true nor how long it takes for the pond conditions to improve. Further, it is
unknown how the bacterial community responds to pond desludging. Using
16S rDNA technology and standard physicochemistry, we measured the
microbial community, water chemistry and nutrients of a maturation pond that
had not been desludged in its 40-year lifetime. Measurements were collected
at four times: before desludging; then one week; 6 months; and 12 months
after desludging. We found that desludging did not instantaneously improve
the removal of faecal bacteria, total nitrogen and NH3, but improved 6-12
months after desludging. Desludging also changed the bacterial community
from being dominated by faecal bacteria before desludging, to being
dominated by environmental bacteria 12 months later. Because these
environmental bacteria are indicators of treated effluent, desludging is a
worthwhile

expense

for

maintaining

wastewater

ponds

in

tropical

environments.

6.2 Introduction
Wastewater stabilisation ponds are a popular sewage treatment choice for
tropical regions because they sanitise waste effectively, are cheap and easy
to construct and operate, and require low maintenance. During waste
treatment, suspended particles settle, and bacteria and algae grow, forming a
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sludge layer on the pond floor (Agunwamba 1993; Bouza-Deaño and SalasRodríguez 2013; Keffala, Harerimana and Vasel 2013). Sludge has a role in
wastewater treatment as a reservoir of nutrients, faecal bacteria (shed from
the mammalian gut) and other bacteria important to the biological processes
of waste sanitation (James 1984; Bucksteeg 1987; Moutin et al. 1993; Mara
2004; Verspagen et al. 2005). However, an excess build-up of sludge can
compromise pond function because it causes suboptimal hydraulic flow and
reduces treatment capacity (Schneiter et al. 1984; Agunwamba 1993; Mara
2004; Ashworth and Skinner 2011). The removal of excess sludge is
expensive, so it is important to evaluate the implications and timing of pond
desludging (Ashworth and Skinner 2011).

The aim of desludging is for the pond to return to optimum function, but it is
unclear how long afterwards it takes for performance to improve. However, an
immediate positive outcome of desludging is an increase in the pond volume
and the water retention time, that is expected to consequently improve the
removal of faecal bacteria and nutrients (Mara 2004; Ashworth and Skinner
2011). During desludging, operators do not remove all the sludge to reduce
the need to ‘reseed’ a pond with environmental bacteria that are associated
with soil, storm water, and sewage infrastructure (Ashworth and Skinner 2011;
Rose et al. 2019a). ‘Seeding’ a pond is the process of establishing a
heterotrophic microbial community that is used to treat wastewater.
Traditionally, it takes operators ~ 3-4 weeks to establish the bacterial
community by filling the pond with water from rivers, lakes or raw sewage, or,
by adding sludge from an established septic system (Mara 2004). However,
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there is no information on the identity of the seeding bacteria nor how they
respond to the disturbance of the desludging process. Further, there are no
published studies measuring nutrient and faecal bacterial removal before and
after desludging to verify the expected improved pond performance. Hence,
despite the research effort towards understanding the accumulation and
characteristics of sludge (Schneiter et al. 1984; Agunwamba 1993; Abis and
Mara 2003; Mara 2004; Nelson et al. 2004; Alvarado et al. 2011; Keffala,
Harerimana and Vasel 2013; Ouedraogo et al. 2016; Ho, Van Echelpoel and
Goethals 2017; Li et al. 2018), significant knowledge gaps still exist regarding
how its removal affects the microbial community and its function.

We studied a tropical waste stabilisation pond (WSP) which is the first of 4
maturation ponds of the Leanyer waste stabilisation system (Figure 6.1) before
and after desludging. The primary role of the pond is pathogen removal and to
a lesser extent, the removal of nutrients and a reduction in biochemical oxygen
demand (BOD). Prior to desludging, the WSP operators conducted a
bathymetric survey to determine sludge depth in the pond. The bathymetry
showed significant sludge build up around the pond inlet and outlet, and sludge
‘islands’ had formed along the pond edges (Figure 6.1). The pond was
constructed in 1972, had never been desludged and nearby communities
complained about its odour. The decision was therefore made to desludge in
the expectation that this would increase pond performance as measured by
the removal of faecal bacteria and nutrients, and reduced BOD.
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Figure 6.1 Leanyer pond 2 sludge contour map with overlaid study sampling locations.
Pond water volume = 115,676 m3 and sludge volume= 9,350 m3, pond depth = 2.2 m,
water holding retention time (before sludge build-up) = 15.8 days. Survey by Earl
James & Associates Survey & Planning Consultants (10 Harvey St Darwin, NT, 0801).

Since the major unknowns were the time for recovery, and bacterial and
chemical responses to sludge removal, we aimed to verify industry
expectations of improved pond performance by measuring the Leanyer pond
bacteria and chemistry before and immediately after desludging and again 6months and 12-months later. We predicted that before desludging, faecal taxa
would dominate the bacterial community. In addition, we predicted that 6 and
12 months after desludging, environmental bacteria would dominate the
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community, and pond performance would be improved, as indicated by an
increase in its capacity to remove faecal bacteria, NH3 and TN.

6.3 Materials and Methods

6.3.1 Study site and desludging process
The Leanyer WSP system is in Darwin (12° S) in the wet/dry tropics of northern
Australia. The system was built in 1972 and is a series of five ponds that rely
on sunlight and long retention times to remove faecal bacteria and nutrients.
The system treats both municipal, and to a lesser extent, industrial
wastewaters. A topographical sludge survey of the Leanyer system showed
that Pond 2 required desludging to remove 9,350m3 of sludge build-up. Thus,
in 2012 the pond was desludged. On April 30, the inlet and outlet of pond 2
were closed and sandbagged to prevent water from entering the pond.
Operators drained the pond by pumping its water into the outlet of Pond 1
(Appendix Figure 6.1A). In May, the pumping stopped, and the remaining
water was allowed to evaporate (Appendix Figure 6.1B). Once dry, excavators
desludged the pond and the inlet and outlet channels were cleaned and
replaced (Appendix Figure 6.1C). In November, operators removed the
sandbags, reconnected the pond to the system, and refilled it using effluent
from the pond 1 outlet and influent from the pond 3 inlet.
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6.3.2 Wastewater collection
Wastewater samples were collected in duplicate from the inlet, middle and
outlet of pond 2 on 4 occasions; once before the pond was disconnected (April
2012) from the system for desludging and three times after the desludged pond
was reconnected. The collection times after the desludged pond was
reconnected was; one week (November 2012), 6 months (May 2013) and 12
months (November 2013). At each sampling site, surface (>10 cm) and benthic
(10 cm above pond floor) water depths were sampled to target aerobes at the
top of the water column and anaerobes at the bottom. For each sampling event,
samples were collected twice, once in the morning (6 am - 10 am) and again
in the afternoon (1 pm - 5 pm) because historical data showed that the
system’s wastewaters are oxic during the day and anoxic at night (Water
Engineering 1999). A total of 96 samples were collected.

6.3.3 Water physicochemistry
We chose the same physicochemical variables that are routinely measured by
the WSP operators to determine how the water chemistry changed after
desludging and the relationship between standard water chemistry and the
microbial community. Dissolved oxygen (DO), temperature and pH were
measured using a HYDROLAB® Quanta® water quality instrument (Hydrolab
CorporationÒ, Texas, USA). In addition to the in-situ measurements, nutrients,
biological oxygen demand (BOD), total organic carbon (TOC), total suspended
solids (TSS) / total volatile solids (VSS), and alkalinity were also measured as
described previously (Rose et al. 2019b). Briefly, BOD was analysed by the
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Water Chemistry Laboratory, Dept. Primary Industry and Fisheries (NT), TSS
and VSS were measured according to standard methods (Eaton et al. 2005),
alkalinity was measured using an in-house Gran method with burette-titration
(0.1 N hydrochloric acid), TOC and nutrient water chemistry (ammonia, nitrate,
nitrite and orthophosphate) were analysed by LabMark Pty Ltd (Melbourne,
VIC), and total Kjeldahl nitrogen and total phosphorus were analysed by
Queensland Health Scientific Services.

6.3.4 Predicting and measuring TN, NH3 and BOD removal
Total nitrogen (TN), ammonia (NH3) and BOD are the principal variables WSP
operators measure to determine the pond’s removal performance. In addition
to measurements, PWC models predict removal of TN and NH3 (Reed 1985;
Silva et al. 1995). Thus, to compare the pond performance before and after
desludging TN, NH3 measurements were compared to the PowerWater
Corporation (PWC) model predictions. Based on a BOD model, it is expected
that 75% of the BOD will be removed by the first (facultative) pond and the
remaining 25% removed by the first maturation pond (Ashworth and Skinner
2011).

6.3.5 Bacterial community sequencing
One litre of wastewater was collected for bacterial community analysis. One
hundred mL of wastewater was filtered through 0.45 µm filters, DNA extracted
and purified using the Qiagen PowerWater DNA Isolation Kit (Rose et al.
2019b).
184

DNA was sent to Molecular Research LP (MR DNA, Shallowater, Texas, USA)
for amplicon sequencing on the Illumina MiSeq platform targeting the V4V5
variable 16S rRNA gene region with primers: forward F563/16: 5’AYTGGGYDTAAAGNG

and

reverse

BSR926/20:

5’-

CCGTCAATTYYTTTRAGTTT (Claesson et al. 2010). The sequences were
then edited and classified by MR DNA using a MR DNA proprietary analysis
pipeline (www.mrdnalab.com, Shallowater, TX, USA) as described by Rose et
al. (2019b) to deplete barcodes and remove short sequences (<200 bp),
ambiguous base calls, homopolymer runs (>6 bp), chimeras and singleton
sequences and assign OTUs clustered at 97% similarity (DeSantis et al. 2006;
Dowd et al. 2008a, 2008b; Edgar 2010; Capone et al. 2011; Eren et al. 2011;
Swanson et al. 2011).

6.3.6

Statistical

analysis

of

bacterial

community

sequences

and

physicochemistry
Data were analysed in R (version 3.5.3) using the mixOmics package (version
6.7.1;

mixOmics:

Omics

Data

Integration

Project,

https://CRAN.R-

project.org/package=mixOmics) (Rohart et al. 2017) and in Primer-7 (PrimerE, Plymouth, UK). Filtering of sequences included removal of rare OTUs with
counts < 0.01% of the overall sum of counts (98 % removed) with 564 OTUs
remaining. An offset of 1 was added to the data for subsequent data
transformation (Cao et al. 2016). The sequencing depth per sample ranged
between 8,000 and 16,340 sequences. A flattening of the rarefaction curves
was observed for all samples (Appendix Figure 6.2). To account for different
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sequencing depths between samples, data were transformed using Total Sum
Scaling (TSS) then transformed using the Centred Log Transformation (CLR;
Aitchison 1982; Gloor et al. 2017) so that the data were no longer
compositional and ready for downstream principal component analysis (PCA)
analysis using a Euclidean distance resemblance matrix (Cao et al. 2016). A
Screeplot of the data showed that the bacterial community was mainly
explained by the first 3 principal components. Physicochemical data were
prepared for analysis by normalising, removing co-linear variables (VSS,
bicarbonate, PO4+) and generating a resemblance matrix based on Euclidean
distance. A Screeplot showed that the chemistry variables were mainly
explained by the first principal component.

Differences in the bacteria between groups of samples were analysed by
permutational MANOVA (PERMANOVA) with 999 permutations and type III
sums of squares. A cross design was used for the PERMANOVAs with 4 fixed
factors: Period (4 levels), Location (3 levels), Time (2 levels) and Depth (2
levels) where a P value of < 0.05 (2 - sided) was considered significant.
Significant

differences

between

factor

levels

were

identified

using

nonparametric pairwise testing. We used PermDISP (Primer-E Ltd) to check
for homogeneity of variance between groups.

To visualise patterns in the bacterial community data and determine the major
sources of variation between communities, we used PCA overlaid with taxa
with a Pearson correlative strength >60% (Jolliffe 2005). The relationship
between the bacterial communities and physicochemical data was tested
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using a Distance-based Linear Model (DistLM) and distance-based
redundancy analysis (dbRDA). Model selection for dbRDA was based on the
lowest AIC (An Information Criterion) and BEST elimination. The correlative
strength between the chemistry and taxa was further interrogated by
Spearman rank correlation using BEST selection.

To examine the effect of time and desludging on the pond microbiota and
identify clusters of taxa which significantly changed over time, we analysed our
longitudinal pond inlet, middle and outlet microbiome data using the
methodology described by Bodein et al. (2019). Data were modelled using
Linear Mixed Model splines (LMMS; Straube et al. 2015). LMMS take into
account between and within site variability and irregular time sampling (Bodein
et al. 2019). LMMS were performed on filtered and CLR transformed OTU data
using cubic splines with the combination of pond depth, time of day and
duplicate number representing locations and sampled time periods (Verbyla et
al. 1999; Durbán et al. 2005). We excluded 57 taxa profiles that did not pass
the Breusch-Pagan homoscedasticity test and were above a 0.05 mean
squared error (MSE) threshold (Breusch and Pagan 1979; Bodein et al. 2019).
A PCA identified key bacteria that changed after desludging. Taxa with similar
abundance patterns over time were then clustered using PCA (with 3
components) and the quality of the cluster partitioning was assessed by
calculating the average silhouette coefficient with a range from -1 (lowest) to 1
(highest) (Rousseeuw 1987). Taxa with similar patterns were assigned to the
same group if they had a coefficient > 0.5. Taxa groups identified for each site
(pond inlet, middle and outlet) had an average silhouette coefficient of ~0.72.
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The silhouette coefficient was also used to further filter the number of taxa
profiles and groups kept for the sparse Principal Component Analysis (sPCA;
Shen and Huang 2008). The sPCA further filtered the LMMS taxa down to
identify the 160 OTUs that explained ~80% of the abundance variation in the
first three principal components. For each component, the analysis was used
to identify positive and negative correlations among taxa. Thus, there were 2
abundance trends for each pattern or component.

To reveal taxa and chemistry parameters that changed overtime in a similar
manner, we used sparse Partial Least Squares (sPLS; Lê Cao et al. 2008,
2009) and the results were visualised with heatmaps. The microbiota and
chemistry data were each modelled with LMMS, filtered, clustered and then
combined using sPLS following the methods of (Bodein et al. 2019) using
invariant redundancy analysis and a 0.6 Pearson correlation cut-off (Scherf et
al. 2000). Because most of the chemical changes were explained by the first
pattern or principal component, the heatmaps showing the relationships
between the bacteria and chemistry were only shown for this component.

6.4 Results
The microbial community composition changed significantly over time and was
different at each of the pre- and post-desludging sample periods; i.e. 0, 0.25,
6 and 12 months (PERMANOVA, p<0.001) (Table 6.1). At the extremes (0 and
12 months), the communities were 46% different (Figure 6.2A & Appendix
Table

6.1).

The

relative

abundance
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of

enteric

bacteria

such

as

Lachnospiraceae decreased after desludging (Figure 6.2A) and the relative
abundance of ‘environmental’ taxa such as Geobacteraceae increased. For
each sampling period, the pond inlet and outlet bacterial communities were
also significantly different to each other (p<0.001) (Figure 6.2A & Table 6.1;
Appendix Table 6.1). To a small extent, bacterial community composition also
changed between the morning and afternoon samples and with water depth
(Table 6.1).
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Figure 6.2 Waste-pond bacteria, physicochemical and environmental characteristics
before and after desludging. A. Principal Covariate Analysis (PCA) of the water
bacterial community collected at the pond inlet, middle and outlet for each period
sampled. Taxa correlated with PCA axes are overlaid as vectors (Pearson correlation
>0.9) B. Distance-based redundancy analysis (dbRDA) showing the relationship
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between pond-bacteria and the physicochemical and environmental variables
measured. Total variation explained across first 2 dbRDA axes 49.4%.

Table 6.1 PERMANOVA analysis test of differences in the taxa composition between
period (before, one week, six- and twelve-months), pond location (inlet, middle and
outlet), time of day (6am and 1pm) and water depth (surface and benthic). “df”
degrees of freedom, “ECV” square root of estimates of components of variation
indicating the effect size as average % OTU dissimilarity due to that factor (residual
ECV 12.9). P value is based on >996 unique permutations; “PermDISP” permutational
distance-based test for homogeneity of multivariate dispersions for main factors. ***
P value = 0.001; ** P value <0.01; * P value <0.05.
PermDISP
Factor PERMANOVA

Pseudo-F (df)

ECV

P value
P value

Period

83.6 (3)

23.9

0.001***

0.3

Location

10.1 (2)

6.9

0.001***

0.03*

Time of day

1.8 (1)

1.7

0.02*

0.9

Depth

2.1 (1)

1.9

0.01**

0.8

Period x Location

5.9 (6)

10.0

0.001***

0.003**

Period x Time

1.5 (3)

2.6

0.01**

0.4

Period x depth

0.9 (3)

-1.0

0.6

0.8

The pond chemistry also changed pre- and post-desludging (Figure 6.2B).
Changes in the bacterial communities were explained by changes in the
chemistry, especially average daily flow (75% correlated) and BOD
concentration (72% correlated). For example, before desludging, communities
were associated with high pond inflow and low BOD concentration (Figure
6.2B). Conversely, twelve months after desludging, communities were
associated with low inflow and high BOD (Figure 6.2B). One week after the
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pond was brought back online, bacterial communities were correlated with
higher conductivity, mean air temperature, pH, P nutrients and TOC, while six
months later the opposite was true (Figure 6.2B). Thus, pond-bacteria
exhibited a strong correlative relationship to changing water chemistry and
pond inflow.

TN, NH3 and BOD removal increased after desludging, but for each sample
period, the predicted removal of TN, NH3 and BOD was greater than the actual
(Appendix Figure 6.3). TN, NH3 and BOD concentrations at the inlet were
different at each time period (Appendix Table 6.2). Taking this into account,
removal was greatest 12 months after desludging compared to the other
periods, with the exception of BOD that increased between the inlet and outlet,
twelve months after desludging (Figure 6.3). The 0- and 6-months sample
periods had similar removal levels. The pond had greatly improved TN and
NH3 removal one year after desludging, but this was not the case for BOD
which increased.
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Figure 6.3 Measured N, NH3 and BOD removal before and after desludging. Error
bars = ±1 Standard Error (SE). A. Nitrogen removal. B. NH3 removal. C. BOD removal.
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Outputs from the sPLS analysis showed that the relative abundance of some
pond-bacteria was strongly correlated with changes in N, NH3 and BOD. For
example,

at

the

pond

inlet,

BOD

was

positively

correlated

with

Hyphomicrobiaceae and Caulobacteraceae, where their relative abundance
increased with increasing BOD and decreased with decreasing BOD (Figure
6.4). Conversely, Chromatiaceae, Xanthomonadaceae, Chitinophagaceae,
Porphyromonadaceae,

Xiphinematobacteraceae,

Methylocystaceae,

Syntrophaceae and Rhodocyclaceae decreased when BOD increased and
increased when BOD decreased (Figure 6.4). Further, at the inlet, increased
flow

was

correlated

with

increased

Porphyromonadaceae,

Xanthomonadaceae and Rhodocyclaceae. The relative abundance of
Hyphomicrobiaceae and Caulobacteraceae was also connected to flow but
they decreased as flow increased (Figure 6.4). At the pond middle, mean air
temperature, TP, TN and conductivity were positively correlated with the
Comamonadaceae, Patulibacteraceae, Op3 and Sphingobacteriaceae. At the
pond outlet, NO2 and NO3 were positively correlated with the cyanobacteria
Microcystaceae and Phormidiaceae, Chromatiaceae and Xanthomonadaceae
but they decreased with increasing NH3 concentrations (Figure 6.4). pH and
VSS

and

NH3

were

positively

correlated

with

Flavobacteriaceae,

Rhodocyclaceae and two species of Chitinophagaceae. The variables that
best explained bacterial communities differed between the pond inlet, middle
and outlet. Flow, TP and BOD influenced inlet communities. Air temperature,
conductivity, TP and TN influenced communities in the middle of the pond, and
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NOx, pH and VSS were important for explaining the bacterial communities at
the pond outlet.

Figure 6.4 sPLS heatmaps for the inlet (A), middle (B) and outlet (C) sites over the
four sampling periods showing chemistry and taxa relationships with a Pearson
correlation threshold > 0.6. Heatmap colours indicate the strength of correlation
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between subsets of variables and taxa (positive, negative, strong or weak). Yellow
indicates no relationship between the variable and taxa. Dark red colour indicates a
strong positive correlation between the variable and taxa, where the variable level and
taxa relative abundance have the same pattern. Dark blue indicates a strong negative
correlation, where the variable level and taxa relative abundance are inversely related.

After desludging, ~80% of the variation in bacterial relative abundance was
explained by 3 patterns (Figure 6.5 & Appendix Tables 6.3-5). Pattern 1
explained approximately 50% of the variation in relative abundance of bacteria
that either increased (represented by blue in Figure 6.5) or decreased
(represented by orange in Figure 6.5) in response to desludging (see also
Appendix Table 6.3). Because these are the taxa that responded to desludging,
they will be the focus of discussion, whereas patterns 2 and 3 fluctuated up
and down (Appendix Figure 6.4) with no apparent response to desludging.
Patterns 2 and 3 explained the remaining 30% of the variation. An examination
of the bacteria displaying pattern 1 showed that, regardless of the location in
the

pond,

faecal

bacteria

in

the

families

Ruminococcaceae,

Enterobacteriaceae, Lachnospiraceae and Clostridiaceae were highest before
and lowest 12 months after desludging (orange lines; Figure 6.5 & Appendix
Table 6.3-5). Conversely, pond bacteria in the families Oxalobacteraceae,
Methylophilaceae and Chthoniobacteraceae increased after desludging (blue
lines in Figure 6.5 & Appendix Table 6.3-5). Thus, desludging improved the
removal of faecal bacteria which were replaced by environmental bacteria.
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Figure 6.5 Sparse Principal Component Analysis (sPCA) of bacterial taxa for pattern
1 (increasing or decreasing abundance over time) at the pond inlet (A), middle (B)
and outlet sites (C). The relative abundance of taxa at the different sampling events
are connected by a line to assist visualisation. See Appendix Figure 6.4 for
abundance patterns of taxa identified for patterns 2 and 3.

6.5 Discussion
After desludging, the bacterial community in the pond changed from one
dominated by faecal bacteria like Lachnospiraceae and Bacteriovoracaceae
to a community with a higher number of dominant environmental bacteria like
carbon cycler Chthoniobacteraceae, purple non-sulfur photosynthesizing
bacteria Rhodospirillaceae, and iron (III) and manganese (IV) reducers
Geobacteraceae (Baldani et al. 2014; Röling 2014; Janssen and Hedlund
2015). Research on the succession of bacteria in response to disturbances
such as altered nutrient and metal inputs, seafloor dredging or glacial melting
supports our findings that when a ‘stable environment’ is disturbed, the
bacterial community will change with some taxa thriving with the altered
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conditions and others disappearing as they fail to adapt to the new
environment (Smith 2002; Edlund and Jansson 2006; Cornall et al. 2013,
2016; Babbin, Jayakumar and Ward 2015; Zhang et al. 2017; Garcia-Lopez et
al. 2019). Here, we have an artificial ‘eutrophied lake’ that, when disturbed by
desludging, resulted in faecal bacteria being the ‘losers’ as the retention time
and pond-depth increased (Short et al. 2013). Our findings align with the
expectation that pond removal of faecal bacteria improves after desludging
because increasing the pond volume capacity also increases the hydraulic
retention time (HRT) of wastewater (Agunwamba 1993; Mara 2004; Ashworth
and Skinner 2011; Keffala, Harerimana and Vasel 2013; Dias, Passos and von
2017). Thus, desludging improved the performance of the pond with respect
to the removal of faecal bacteria.

Also, desludging improved the pond removal efficiency of TN and NH3. After
desludging, engineers expect a pond to have improved nutrient removal
because of increased volume (HRT), mixing and sunlight penetration without
dead-zones, short-circuiting, or drifting sludge mats (Mara and Pearson 1987;
Agunwamba 1993; Mara 2004; Ashworth and Skinner 2011; Li et al. 2018).
Our results aligned with pond-engineer expectations. Although BOD reduction
is not essential for a maturation pond (because it occurs in upstream ponds),
it is anticipated that after desludging the BOD concentration would decrease.
However, we measured an increased concentration in BOD between the inlet
and outlet 12 months after desludging. The unexpected BOD concentration
could be due to the variable nature of BOD, which is influenced by discharge
from non-faecal or industrial sources, thus resulting in a potential
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measurement error of 40-50% (Water Engineering 1999). Compared to model
predictions, measured TN and NH3 and BOD removal were consistently low.
The lack of consensus between the predicted and measured pattern of these
variables is likely because the simplified regression equations used for
predicting removal cannot account for the complexity of pond chemistry and
microbiology (Mara 2004; Ho, Van Echelpoel and Goethals 2017; Li et al.
2018). Although the model did not accurately predict the outcomes, desludging
nevertheless improved pond water quality.

Similar to other reports (VandeWalle et al. 2012), faecal bacteria were weakly
correlated with changing physicochemistry, however they were strongly
correlated with the amount of influent entering the pond and the environmental
bacteria Oxalobacteraceae, Methylophilaceae, Sphingobacteriaceae and
Chthoniobacteraceae.

Only

the

Porphyromonadaceae

and

Xanthomonadaceae were strongly correlated (>60%) to physicochemistry
(specifically to TP, BOD and conductivity). The positive relationship between
volume of influent entering the pond and the presence of faecal bacteria is
expected because faecal bacteria enter the ponds through flushing toilets
(Water Engineering 1999; Mara 2004; Ashworth and Skinner 2011).
Desludging resulted in decreased relative abundances of bacteria in faecal
families

Enterobacteriaceae,

Lachnospiraceae,

Ruminococcaceae,

Clostridiaceae & Porphyromonadaceae but increased abundances of
environmental bacteria such as methylotrophs Methylophilaceae, nitrogen
fixers Oxalobacteraceae, carbon cyclers Chthoniobacteraceae, predatory
Chitinophagaceae,

and

biomolecular
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converters

and

degraders

Sphingobacteriaceae. Because several of these environmental bacteria are
indicators for treated effluent in the adjacent Sanderson WSP system, the rise
in environmental bacterial abundance indicates water quality improvement
after desludging (Rose et al. 2019b). Although strong relationships between
environmental bacteria and water quality conditions exist, interactions
between bacteria can also drive the community structure (Han et al. 2010; Liu
et al. 2010; Shanks et al. 2013; Ouedraogo et al. 2016; Xia et al. 2018; Wang
et al. 2019). For example, one explanation for the increased presence of
environmental bacteria after desludging is that these bacteria were able to
‘outcompete’ or predate upon the faecal families entering the pond (Dias,
Passos and von 2017; Pereira and Berry 2017). Although there may be
complex ecological interactions involved, environmental bacteria like
Oxalobacteraceae, as well as influent flow, might be stronger indicators for
faecal bacteria than standard physicochemistry.

Although faecal bacteria and physicochemistry were only weakly correlated,
overall, the changing wastewater bacterial communities were highly correlated
with physicochemical variables such as P nutrients, TOC, BOD, conductivity
and pH, and the environmental variables daily pond inflow and mean air
temperature. The overall influence of the wastewater physicochemistry was
likely because most of the bacteria responding to the changing water chemistry
were environmental taxa and these bacteria made up a larger proportion of the
bacterial population than faecal taxa (McLellan et al. 2010). As touched on
above, competitive and predatory bacterial interactions can drive the
composition of bacterial populations. Disturbing the pond environment by
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draining the pond and desludging may result in the replacement of resident
bacteria by new bacteria entering the pond after refilling. Thus, the changed
pond environment after desludging may present influent bacteria with new
habitat and resource opportunities as well as increased pressure to adjust to
a changing water environment, with some capable of adapting and thriving,
while others perish. Consequently, the community composition after 12
months was presumably a result of some key physicochemical variables and
biological processes among the bacteria.

Environmental bacteria were abundant after desludging, and some correlated
with changes in NH3, TN and BOD removal. For example, the elevated BOD
12 months after desludging was correlated with a decline in relative abundance
of inlet bacteria like the photosynthetic Chromatiaceae and predatory bacteria
Chitinophagaceae, suggesting that elevated concentrations of biodegradable
organic matter in wastewater may inhibit these taxa or result in an increased
abundance of other highly competitive bacteria. Further, after desludging, at
the pond middle and outlet, the Cyanobacteria families Synechococcaceae,
Phormidiaceae and the potential toxin-producing Microcystaceae decreased
with the decreasing TN and NOx concentrations but slightly increased with
decreased concentrations of NH3, especially when inflow was low(Lürling et al.
2018). Thus, desludging also resulted in the desired decrease in cyanobacteria.

Season influenced the structure of the WSP bacterial communities, as
illustrated by clustering of communities sampled in warmer periods (1 week
and 12-months) and for the communities sampled in cooler periods (before
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and 6-months; Figure 6.2B). Also, the relative abundance patterns (Appendix
material Figure 6.4) of many environmental bacteria fluctuated up and down in
response to the changing seasons. However, in the absence of a suitable
control WSP, it is difficult to identify the contribution of season or desludging
to bacterial community changes. Seasonal changes of bacterial communities
also occur in streams, activated sludge systems and even in human digestive
systems (VandeWalle et al. 2012; Shanks et al. 2013; Rochelle-Newall et al.
2015; Nshimyimana et al. 2018; Wang et al. 2019). The monsoon rainfall in
northern Australia can change the bacterial community of a WSP (RochelleNewall et al. 2015). Environmental sources of bacteria such as water and soil
from stormwater can contribute to the wastewater community, but their
influence is poorly understood (Shanks et al. 2013). Our community
measurements did not occur during or after a monsoonal event or include
algae, so we cannot comment on the impacts of significant freshwater inputs
to the bacterial community structure, nor how the algal community responded
to desludging. An analysis of the long-term consequences of desludging would
require measuring the bacterial and algal communities of the ponds during all
seasons and after monsoonal events.

6.6 Conclusions
WSP systems are a popular sewage treatment choice for many tropical
regions because they are cheap to build and operate and are effective at
sanitising waste. However, as for any treatment system, these ponds still
require expensive maintenance like desludging to maintain their capacity to
operate effectively. Many WSP operators want to minimise the frequency of
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desludging to reduce maintenance costs, and that has consequently resulted
in extensive research that investigates the timing and nature of pond sludge
build-up. Here we present the first published evidence to support the concept
that desludging a pond improves its capacity to remove faecal bacteria, TN
and NH3. Using 16S rRNA gene technology and standard chemical and
environmental measurements, we were able to identify and track the faecal
and environmental bacteria as they responded to desludging and the
subsequent improved TN and NH3 removal. We found that desludging the
pond resulted in a clear division between the ‘winning’ environmental and
‘losing’ faecal bacteria. These faecal-environmental taxa correlations were
also

stronger

than

standard

environmental

measurements.

Thus,

understanding these biological relationships represents a new opportunity for
characterising the functional health of a stabilisation pond and can direct future
bacterial monitoring of both environmental and faecal bacteria. Further, our
results provide pond operators with a series of snapshots of how the bacterial
community responds to desludging, thus providing insight into the bacterial
and chemical ‘black box’ of desludging. The results also provide evidence that
pond maintenance involving desludging can be a worthwhile expense. Finally,
for the first 6- 12 months after desludging a pond, we recommend operators
incorporate frequent (fortnightly) bacterial monitoring of faecal bacteria like
Lachnospiraceae and environmental bacteria like Oxalobacteraceae to track
the pond recovery and apply management interventions as needed.
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CHAPTER 7: GENERAL DISCUSSION
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7.1 Tropical pond microbiology and novel results
The results of this study, based on whole bacterial community analyses, has
shed light on and challenged some previously held assumptions about the
resident bacteria of wastewater ponds. For example, contrary to temperate
systems (Barrington et al., 2013), cyanobacteria were not a ‘downstream’
growth problem. Instead, they were found throughout the system, including at
the pond 1 inlet (Chapter 3). Environmental bacteria like Geobacteraceae,
which are iron (III) and manganese (IV) reducers and are not associated with
the human gut, were a major component of the population throughout the
ponds (Chapter 3). By drawing on these bacterial patterns, a suite of new
bacterial indicators of wastewater sanitation were developed for monitoring
tropical ponds that satisfied the IndVal indicator criteria (Chapter 3). And,
because the approach includes multiple bacterial groups, it represents a new,
robust addition to the conventional monitoring of faecal indicator bacteria (FIB).

A functional gene array (FGA) was used to identify the genes involved with
pond nitrogen-cycling and within steps of the nitrogen cycle, the genes
belonged to multiple taxa (Chapter 4). Nitrogen-cycling microbial abundance
did not ‘decay’ like FIB and faecal bacteria (Chapters 3 and 4). Instead, they
were dynamic over space and time (Chapter 4). Combining the new nitrogencycling community knowledge with existing N isotopic, emission and chemistry
data, enabled a clearer picture of where and how nitrogen was removed from
the WSP (Chapter 5). The multidisciplinary approach allowed a more
comprehensive analysis to balance the wastewater nitrogen cycle and resolve
the N-removal pathway which improved the confidence of conclusions
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(Chapter 5). For example, stable isotope data indicated that most N removal
occurred downstream of pond 1. These data were supported by FGA
measurements showing that anammox genes, which lead to N2 release, were
abundant after pond 1 (Chapter 5). Consequently, N-removal did not
predominate in the first facultative pond, which was designed to remove the
most N. Instead, the majority of N removal was measured from the
downstream maturation ponds that are meant to primarily remove faecal
bacteria (Chapter 5).

This study has also demonstrated how analysing the whole bacterial
community can provide the information necessary to evaluate the success or
otherwise of a management intervention (Chapter 6). Measuring the whole
bacterial community and water chemistry from a pond before and after
desludging showed that this intervention improved its function by enhancing
the removal of faecal bacteria and nitrogen, while increasing the presence of
environmental pond-bacteria. It is generally accepted that pond performance
instantly improves after desludging because increasing the pond volume
increases its hydraulic retention time, which improves its removal of faceal
bacteria and nutrients (Ashworth and Skinner, 2011; Bouza-Deaño and SalasRodríguez, 2013; Mara, 2004; Ouedraogo et al., 2016). However, this study
showed that improved removal after desludging was in fact not instantaneous,
but took 6- 12 months. Thus, investigating the whole community has shed light
on the accuracy of some previous assumptions that often stem from temperate
WSP pond data.
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To assess pond performance, function, and the detection of pathogens
requires a deep understanding of the pond microbiology that cannot be
adequately captured by restricting measurements to FIB and physicochemistry. Based on the thesis findings, it is clear that the whole community
approach (WCA) and FGA are valuable tools for detecting faecal bacteria and
assessing pond function, especially when coupled with routine physicochemistry. Thus, expanding the current FIB and physico-chemical monitoring
regime to include WCA and FGA analysis could strengthen the current
knowledgebase and justify costly management interventions.

7.2 Limitations of the current monitoring methods
Currently at the Leanyer Sanderson WSP, as with most wastewater systems,
pond sanitation is assessed using the standard FIB Escherichia coli and
enterococci (Ashworth and Skinner, 2011). However, their suitability as
surrogates for enteric pathogens has come into question as research has
shown that FIB are not host-specific (mammalian gut generalists), can persist
outside a human host, and can sometimes replicate in the environment
(Etcheverría et al., 2016; Guber et al., 2015; Oliver and Page, 2016; van Elsas
et al., 2011). A focus on FIB also limits our knowledge of the bacteria
responsible for nitrogen management, which is a key aspect of performance
for the five-pond WSP. Using a whole bacterial community approach to
measure pond performance can allow operators to develop a robust and
locally relevant multi-species toolbox for wastewater monitoring. Further, these
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data, coupled with functional gene analysis and physico-chemistry, can detect
underperforming ecosystem services like nitrogen cycling.

Guidelines and research for wastewater bacteria and FIB are based on
temperate studies (Rochelle-Newall et al., 2015). However, the data presented
in this thesis, and that of others, shows that bacterial species and diversity in
tropical WSPs are different from temperate systems (Ali et al., 2020; Tian and
Wang, 2020). Thus, the common knowledge (i.e. where and when
cyanobacteria bloom) cannot always be translated to tropical systems.
Tropical ponds harbour a higher bacterial diversity than temperate ponds (Tian
and Wang, 2020). Furthermore, temperate regions have high seasonal
variation in temperature and UV. Conversely, tropical regions have year-round
high temperatures and UV, and in northern Australia, are characterised by
seasons of high humidity and monsoonal rainfall followed by low humidity and
little rain (Ashworth and Skinner, 2011; Barrington et al., 2013; Martins et al.,
2011; Warfe et al., 2011). Consequently, temperate systems are driven mainly
by strong seasonal temperature patterns, whereas seasonal rainfall, humidity
and evaporation are the primary climate drivers of the tropical LSWSP system
(Ali et al., 2020; Ashworth and Skinner, 2011; Coggins et al., 2020; Del Nery
et al., 2013; Lürling et al., 2018; Tian and Wang, 2020). As expected the wet
and dry seasonality was an important driver for the tropical WSP bacterial
community, but not temperature. Although the dominant cyanobacterial taxa
changed between the seasons, the Cyanobacteria phylum was present yearround in the tropical Sanderson system, which is attributed to the stable warm
temperatures and high sunlight intensity (Ashworth and Skinner, 2011). This
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is in contrast to temperate studies that report ‘seasonal’ cyanobacterial blooms
(Barrington et al., 2013; Coggins et al., 2020; Furtado et al., 2009; Lürling et
al., 2018; Martins et al., 2011; Oufdou et al., 2000; Vasconcelos and Pereira,
2001). Another aspect that distinguishes this system from most others in
southern Australia is that the WSP acts as a wildlife sanctuary for fish,
crocodiles and migratory birds (Ashworth and Skinner, 2011; Stratton et al.,
2015). In addition, despite being located in a major northern Australian regional
city, the system also services a smaller population when compared to larger
temperate cities (Ashworth and Skinner, 2011; Stratton et al., 2015). Thus, the
proximity to the equator reduces the impact of seasonal temperature on the
WSP while simultaneously enhancing the influence of rainfall. Consequently,
applying temperate-studied indicators to monitor this WSP is challenging and
has perpetuated the need to identify locally relevant bacterial taxa for future
monitoring.

Physico-chemistry measurements did not accurately predict the dynamic
bacterial community, so these routine measurements are insufficient to infer
bacterial performance of the ponds. Similar to Tian and Wang, (2020), some
physico-chemistry and nutrients like conductivity, TOC, phosphorus and
ammonia explained changes in the bacterial and N-cycling communities more
than DO, pH and NOx. However, the current variables used for routine
monitoring are not always sufficient to describe what drives the changes to
bacterial communities, especially with regard to the nitrogen cycling bacteria.
N-cycling gene diversity could not be predicted by N-chemistry alone with other
variables such as TOC and BOD contributing to the change. Predicting N-
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cycling community change was further complicated by functionally redundant
bacteria which perform the same role (Louca et al., 2018; Plassart et al., 2019;
Tian and Wang, 2020; Wang et al., 2019). The lack of a uniform ‘whole
community response’ indicated that different bacteria have different
environmental niches, thus hampering the ability to predict microbes using
physico-chemistry alone. These findings are supported by Pang et al. (2016)
who also found N-cycling communities were diverse and that their genes were
weakly correlated to physico-chemistry measurements. Statistical analyses
revealed unexplained bacterial community change, indicating that more work
is needed to identify other potentially important variables that can influence
bacteria such as the UV index, rainfall and metal concentrations. The
limitations of the predictive value of physico-chemistry measurements
demonstrate the value of taking direct DNA measurements of the bacterial
community (Cornall et al., 2013; Dias et al., 2017; Korajkic et al., 2014;
Numberger et al., 2019; Tian and Wang, 2020).

7.3 Recommendations for future pond-monitoring and research
I recommend conducting regular monthly WCA and FGA sampling for at least
two years to establish an accurate baseline for WSPs because of the dynamic
N-cycling and general bacterial community profiles over years and seasons.
Knowing how and when bacterial communities change is critical for operators
to plan and assess their management interventions, thus, having baseline
information is important (Brown et al., 2019; Coggins et al., 2020). WCA
showed

that

environmental

bacteria
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Proteobacteria,

Cyanobacteria,

Verrucomicrobia, as well as the faecal groups Bacteroidetes and Firmicutes
dominated the WSP bacterial population. However, in general, bacterial
community patterns were not stable over time. In support of an earlier diurnal
study of the WSP chemistry (Water Engineering, 1999), the bacterial
community also showed small yet significant daily changes. However, these
community changes became more pronounced at the longer seasonal and
yearly timescales, with some bacterial phyla such as Bacteroidetes being
abundant in 2012 but rare in 2013. Similar to the general bacterial population,
the WSP N-cycling bacterial communities were dynamic over seasons and
years and could not be adequately captured from a single sampling event.
These findings are in line with recent worldwide evidence that WSP
communities are dynamic with temporal and spatial change occurring at microand macro-scales (Barnes et al., 2020; Coggins et al., 2020; Tian and Wang,
2020). Thus, collecting accurate bacterial community baseline data will
subsequently allow operators to account for natural community variation and
utilise the information to inform pond-design improvements, as well as to
predict or mitigate incidents (Brown et al., 2019; Coggins et al., 2020).

In addition to regular monthly sampling, sampling multiple ponds for WCA and
FGA analysis can verify performance and identify underperforming ponds. In
the five-pond Sanderson system, the bacterial community did not reflect the
‘simple’ pond design. The greatest differences in community diversity were
measured between the inlet, middle and outlet of Ponds 1, 2 and 5. The
changing pond bacteria were attributed to the faecal groups that became
increasingly rare in downstream ponds and were replaced by environmental
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bacteria (Coggins et al., 2020; Tian and Wang, 2020). N-cycling communities
also changed between ponds with anammox genes becoming abundant
downstream from pond 1, unlike nitrogen fixing genes that had the opposite
trend. This information is valuable for operators because the process identifies
WSP function in near real-time and diagnoses underperformance in localised
zones in a multi-pond system and can act as an ‘early warning’ for potential
pond dysfunction if identified early in the treatment chain.

WCA, FGA and physico-chemistry baseline data collection from ponds before
a management intervention is also recommended so that operators have a
clear indication of how pond performance changes and the relative success of
the intervention (Jentsch and White, 2019). Sampling before an intervention is
particularly critical in the absence of a reference pond. The Leanyer desludging
study is an example of how important pre-disturbance sampling is when
evaluating a desludging event. I attempted to use the adjacent Sanderson
pond system as a control, but, despite the physical similarities between the
ponds, their chemistry and bacterial communities were significantly different
throughout the sampling campaign. There are several managerial and physical
reasons why ponds may differ, including: the ponds are not always evenly fed
raw influent from the shared trunk sewer; biosolids drain into one pond but not
the other; they may have different desludging histories for their facultative
ponds; and the elevation of outer walls, which can consequently affect the wind
speed, mixing and water depth. These differences highlight the challenges
managers face when attempting to use nearby ponds as controls for their
intervention assessments. It would be unreasonable to recommend that
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operators apply universal interventions to ponds given the expense and
impracticality of doing so. These challenges, however, do highlight the value
of collecting locally relevant whole community baseline data as a reference for
bacterial change before management intervention. Collecting baseline data
before implementing an intervention is a cost-effective and efficient alternative
option to a pond control, and it allows operators to measure how a pond
responds to the intervention and judge its success (Jentsch and White, 2019).

Further development and validation of qPCR tests of the identified pondspecific indicator candidates are recommended for future pond monitoring to
compliment routine sanitation and biochemical measurements. The next steps
for

the

identified

pond-indicator

candidates

Ruminococcaceae,

Lachnospiraceae, Clostridiaceae, Porphyromonadaceae, Chitinophagaceae,
Cytophagaceae and Geobacteriaceae are to develop qPCR assays and then
optimise these new assays for sensitivity and specificity (Rajapaksha et al.,
2019). Also, because we now know which genes are involved in N-cycling, it
is possible to include the relevant qPCR N-gene assays to identify zones of Ncycling underperformance in the multi-pond system. Validating the new assays
involves optimizing the qPCR using DNA from bacterial candidates, and then
testing for the indicators in the LSWSP sewage samples, the receiving
environment, and nearby areas with no sewage discharge. In addition,
validation testing could be expanded to include other local WSPs to see if the
tests are relevant for monitoring these systems. Because most Sanderson
pond-indicators co-occur, it is possible to select a single family in each group
as a representative for qPCR development. For example, Spirochaetaceae, a
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pond 1 and 2-indicator, could act as a surrogate for indicators
Lachnospiraceae and Desulfobulbaceae because they co-occur in Sanderson
wastewater. Applying a multi-species approach to monitoring receiving waters
for sewage effluent is a robust alternative to earlier failed attempts to find a
single bacterium that represents human faecal pollution (McLellan and Eren,
2014). However, because the sewage microbiome is vastly different to pure
faecal signatures (McLellan and Eren, 2014), it is possible to develop a ‘finger
print’ to detect effluent in the environment. Ultimately, these pond-specific tests
can provide rapid, near real-time sewage treatment evaluations that could be
built into a new-multifactor assessment tool for future WSP monitoring and
decision making.

Future pond-signature studies could be confounded by the unknown faecal
contribution of visiting migratory shorebirds. To mitigate this problem, I
recommend investigating the faecal contribution of birds and other wildlife to
the ponds by using a combination of WCA and microbial source tracking.
Shorebirds and waterfowl represent chronic contamination sources for FIB
(Dias et al., 2017). The faecal contribution of migratory birds to ponds 2-5 could
potentially confound WCA community tracking and future qPCR analysis of
ponds. Untangling the source of gut-bacteria from the maturation ponds
requires further WCA sampling of pond water, as well as samples of faeces
from birds and other local wildlife, then analysing the data using microbial
source tracking (Rajapaksha et al., 2019). Because these birds are migratory,
pond samples also need to be collected at least twice; once when the birds
are present and again when they are absent. Comparing the measured WCA

221

signatures from the birds, wildlife and ponds would subsequently determine
the relative contributions of birds and other wildlife to the maturation pond
sewage microbiome. Determining the relative contributions of birds and other
wildlife to the sewage microbiome would address some of the unknowns
around the specificity of some faecal bacteria and would facilitate the
development of WSP-specific assays.

I also recommend expanding bacterial WCA to include other key players in
WSP function such as algae, viruses, protozoa and resident invertebrates (e.g.
insects, parasitic helminths) as this would strengthen biomonitoring and
deepen the understanding of the WSP ecosystem. Sequence databases
contain the genetic information for many organisms, so it is now possible to
use that information, and, like for bacteria, extract DNA from the water to test
for different target organisms such as algae and insects using a method called
environmental DNA (eDNA) (Furlan and Gleeson, 2017). For example, pond
managers currently use microscopy to estimate the algal population in the
WSP, but whole community analysis could be used to identify algae that are
difficult to distinguish with microscopy. Because algae are recognised as key
players for N-cycling (Ashworth and Skinner, 2011; Mara, 2004), pathogen
removal and controlling DO levels in the water, combining bacterial baseline
data with algal baseline information would enhance understanding of the
system and allow managers to make predictions and apply knowledge-based
interventions.
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Finally, I recommend testing for the presence and abundance of antibiotic
resistant bacteria (ARB) and cyanotoxins. Recent research shows that WSP
water can be an important source of public health information regarding the
presence of ARB (Cacace et al., 2019; García et al., 2020). The whole
community approach does not identify the status of ARB nor the presence of
important cyanobacterial toxins for the WSP. To answer whether ARB are
present in ponds requires additional sewage testing and validation testing of
different technological tools like qPCR (Cacace et al., 2019). Similarly, new
assays exist that can measure cyanotoxin presence (Filatova et al., 2020).
Routinely measuring sewage for ARB and cyanotoxins could provide critical
information for public health.

7.4 Developing a new ‘multi-focal’ assessment tool to enhance
future wastewater pond monitoring
Combining the above recommendations with operator standard procedures,
managers could develop a multi-focal monitoring tool that produces a ‘traffic
light’ colour scheme to quickly assess the health of a wastewater system
(Figure 7.1). Once the new N-cycling gene, multi-organism WCA, indicator and
ARB qPCR assays are validated and optimised, they can be included in routine
monitoring to create a multi-focal assessment (MFA) tool. This MFA tool could
be used to develop an index for pond health according to the results from
multiple variable measurements. The calculated pond health would be scored
using the traffic light colour scheme (Figure 7.1). Before use, the tool would
need to incorporate routine physico-chemical and FIB measurements, as well
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as cyanobacterial toxin gene assays, and be cross-checked against sound
baseline data. Water services operator knowledge would play a crucial role in
deciding what combination of variable values determine the traffic light colour
allocations. Figure 7.1 outlines an example for pond 5 effluent colour
attributions that draws on conventional and new data described in this thesis
to provide a combination of biological and chemical indices for pond health.
Traffic light assessments could also be implemented for multiple ponds, so that
pond dysfunction can be detected and intercepted earlier. Thus, although more
WCA, qPCR and microbial source tracking research is needed to develop the
MFA tool, ultimately a rapid traffic light health monitoring scheme would save
industry time and money and provide a stronger basis for future management
interventions. These comprehensive whole-system-function approaches to
wastewater monitoring would have once been considered too complex.
However, COVID-19 has caused us to re-evaluate the quality of our
surveillance tools and public health early warning preparedness (Ahmed et al.,
2020; Daughton, 2020), thus opening the door to more sophisticated
approaches.
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Whole
community data
(bacterial, viral,
algal,
invertebrate)

Validated new
indicator, N-gene
and ARB qPCRs

Routine
physicochemistry
FIB

Multi-focal
assessment
tool

Operator
Knowledge

Traffic light
output

Healthy Pond 5 effluent:
NH3 <20mg/L, BOD <10mg/L, pH =6.5-8.5, E. coli
<1,000cfu/100mL, annamox & denitrifier genes/bacteria >
Threshold TBD*, ARB absent, Geobacteraceae > Threshold
TBD, Ruminococcaceae < Threshold TBD, Microcystis
aeruginosa >500-5,000 cells/mL

Borderline Pond 5 effluent:
BOD >10mg/L, pH =6.5, E. coli >1,000cfu/100mL, nitrogen
fixing genes/bacteria > Threshold TBD, Cyanobacteria <10ug/L,
Microcystis aeruginosa >5,000-50,000 cells/mL

Suboptimal Pond 5 effluent:
NH3 >20mg/L, BOD = 100mg/L, pH =<6.5, E. coli 10 million
cfu/100mL, annamox & denitrifier genes/bacteria < Threshold
TBD, ARB present, Chromatiaceae > Threshold TBD,
Ruminococcaceae > Threshold TBD, Microcystis aeruginosa
>50,000 cells/mL

Figure 7.1 Conceptual overview of a multi-focal assessment tool that combines the
results from multiple assays/measurements to provide a ‘traffic light’ colour scheme
for rapid pond assessment. Overview includes an example traffic light output for finalpond effluent using the integrated monitoring method. Example final pond effluent
values are derived from the Australian guidelines for sewerage systems: effluent
management (1997) Ashworth and Skinner (2011), Guidelines for managing risks in
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recreational water (2008), Hiller et al. (2019), and Filatova et al. (2020). Threshold
TBD* = threshold to be determined (available once qPCR testing method is validated).

7.5 Conclusions
This investigation of the microbiology of LSWSP using whole bacteria
community, functional gene array and physico-chemical measurements has
provided a deeper understanding of the structure, dynamics and functioning of
a tropical WSP system. Having locally relevant data for a tropical WSP can be
used to improve monitoring confidence because it reduces the dependence on
conventional measures derived from temperate regions including FIB that may
not suitably explain pond performance or behaviour, or the nature of
cyanobacterial blooms. The work has also provided water service operators
with evidence that, generally, these WSPs are working, although their
performance can always be improved. DNA-based detection methods have
shed light on the largely unknown bacterial community and have allowed the
development of a multi-bacterial species approach to wastewater monitoring
in the tropics. Indicator families and potential surrogates have been identified
that could be targeted to develop WSP-specific indicator probes and, ultimately,
lead to new tests for human faecal pollution in the tropical environment. The
baseline data provide a strong foundation for future research to validate the
new pond-indicators, and for the development of a multi-focal assessment tool
for ponds that could be combined with the extensive knowledge of operators
to develop an easily interpretable ‘traffic light’ scoring system. The system
could be used for early detection of pond dysfunction and an evaluation of
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pond design options such as adding baffles, desludging, or changing the
number of treatment ponds to directly address these performance issues.
Using a system built from local data represents a powerful and cost-effective
monitoring tool for the LSWSP that would provide reassurance to regulators
that effluent is appropriate for the receiving environment, which is a popular
fishing and crabbing area. Once developed, this approach could be developed
and applied to any tropical WSP worldwide.
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Chapter 3 Appendix A

Appendix Figure 3.A1 Sample rarefaction curves. Colors indicate pond number. P1
= Pond 1, P2 = Pond 2 and P5 = Pond 5.

Appendix Figure 3.A2 Alpha diversity (Observed and Shannon) for samples by pond
number (x-axis) and location (red = Inlet, green = Middle and blue = Outlet) P1 = Pond
1, P2 = Pond 2 and P5 = Pond 5.
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Appendix Table 3.A1 PERMANOVA analysis testing the differences in bacterial
Phyla between year (2012, 2013), season (early wet and dry), pond number (P1, P2
and P5), location within the ponds (inlet, middle and outlet), time of day (6 am and 1
pm) and depth of the water sampled (surface and benthic). The term “df” indicates
degrees of freedom, “ECV” square root of estimates of components of variation
indicating the effect size as average% SV dissimilarity due to that factor (residual ECV
32.7). P value is based on >9978 unique permutations; “PermDISP” permutational
distance-based test for homogeneity of multivariate dispersions for main factors. ***
P value = 0.001; ** P value < 0.01; * P value < 0.05.
Pseudo-F
Factor PERMANOVA

PermDISP
ECV

P Value

(df)

P Value

Year

147.6 (1)

60.3

0.001 ***

0.001 ***

Season

48.2 (1)

19.4

0.001 ***

0.001 ***

Pond

82.4 (2)

50.2

0.001 ***

0.07

Location

5.2 (2)

2.6

0.001 ***

0.8

Time of day

8.7 (1)

3.2

0.001 ***

0.6

Depth

6.8 (1)

2.4

0.001 ***

0.7

Appendix Table 3.A2 A. PERMANOVA analysis testing the differences in the
Firmicutes phylum between year (2012, 2013), season (early wet and dry), pond
number (P1, P2 and P5), location within the ponds (inlet, middle and outlet), time of
day (6 am and 1 pm) and depth of the water sampled (surface and benthic). The term
“df” refers to degrees of freedom, “ECV” square root of estimates of components of
variation indicating the effect size as average% SV dissimilarity due to that factor
(residual ECV 39.7). P value is based on >9804 unique permutations; “PermDISP”
permutational distance-based test for homogeneity of multivariate dispersions for
main factors. *** P value = 0.001; ** P value < 0.01; * P value < 0.05. B. Similarity
percentages (SIMPER) analysis identifying species contributions to the change
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between ponds 1 and 5 for Firmicutes families: Thermoanaerobacteraceae,
Lachnospiraceae, Clostridiaceae, Erysipelotrichaceae, Veillonellaceae, Bacillaceae,
Ruminococcaceae,

Peptococcaceae

and

Syntrophomonadaceae.

Average

dissimilarity between ponds 1 and 5 = 82.0%. Bray-Curtis similarity cut off = 50%.
(A)
PermDISP
Factor PERMANOVA

Pseudo-F (df)

ECV

P Value
P Value

Year

47.1 (1)

22.4

0.001 ***

0.6

Season

37.3 (1)

19.9

0.001 ***

0.01 ***

Pond

30.7 (2)

22.1

0.001 ***

0.06

Location

3.3 (2)

6.1

0.001 ***

0.6

Time of day

1.6 (1)

2.6

0.01 **

0.3

Depth

1.3 (1)

1.9

0.05 *

0.1

Pond 1 Average

Pond 5 Average

(B)
Family
Family

Cumulative
Contribution

Abundance

Abundance

Contribution (%)
(%)

Thermoanaerobacteraceae

1.7

3.9

2.0

2.0

Lachnospiraceae

3.9

2.0

1.6

3.6

Clostridiaceae

1.1

2.3

1.4

5.0

Erysipelotrichaceae

1.2

2.0

1.3

8.8

Veillonellaceae

1.6

0.1

1.1

13.4

Bacillaceae

0.7

1.6

1.0

14.4

Ruminococcaceae

1.4

0.2

0.9

17.2

Peptococcaceae

0.1

1.1

0.8

18.9

Syntrophomonadaceae

0.2

1.0

0.7

23.6

Appendix Table 3.A3 A. PERMANOVA analysis testing the differences in the
Bacteroidetes phylum between year (2012, 2013), season (early wet and dry), pond
number (P1, P2 and P5), location within the ponds (inlet, middle and outlet), time of
day (6 am and 1 pm) and depth of the water sampled (surface and benthic). The term
“df” represents degrees of freedom, “ECV” square root of estimates of components of
variation indicating the effect size as average% SV dissimilarity due to that factor
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(residual ECV 36.0). P value is based on >9912 unique permutations; “PermDISP”
permutational distance-based test for homogeneity of multivariate dispersions for
main factors. *** P value = 0.001; ** P value < 0.01; * P value < 0.05. B. Similarity
percentages (SIMPER) analysis identifying species contributions to the change
between ponds 1 and 5 for Bacteroidetes indicator families: Chitinophagaceae,
Porphyromonadaceae, Cytophagaceae and Cryomorphaceae. Average dissimilarity
between ponds 1 and 5 = 79.5%. Bray-Curtis similarity cut off = 50%.
(A)
Factor PERMANOVA

Pseudo-F (df)

ECV

P Value

PermDISP P Value

Year

85.2 (1)

27.6

0.001 ***

0.001 ***

Season

70.9 (1)

25.1

0.001 ***

0.3

Pond

28.2 (2)

19.2

0.001 ***

0.001 ***

Location

2.6 (2)

4.7

0.001 ***

0.6

Time of day

2.0 (1)

3.0

0.001 ***

0.4

Depth

1.9 (1)

2.8

0.001 ***

0.7

Pond 1

Pond 5

Family

Average

Average

Contribution

Abundance

Abundance

(%)

Chitinophagaceae

3.7

0.8

2.0

2.0

Porphyromonadaceae

2.7

0.5

1.5

5.0

Cytophagaceae

1.7

0.8

1.0

13.0

Cryomorphaceae

0.2

0.8

0.8

38.8

(B)

Family

Cumulative Contribution (%)

Appendix Table 3.A4 A. PERMANOVA analysis testing the differences in the
Cyanobacteria phylum between year (2012, 2013), season (early wet and dry), pond
number (P1, P2 and P5), location within the ponds (inlet, middle and outlet), time of
day (6 am and 1 pm) and depth of the water sampled (surface and benthic). The term
“df” means degrees of freedom, “ECV” square root of estimates of components of
variation indicating the effect size as average% SV dissimilarity due to that factor
(residual ECV 39.7). P value is based on >9912 unique permutations; “PermDISP”
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permutational distance-based test for homogeneity of multivariate dispersions for
main factors. *** P value = 0.001; ** P value < 0.01; * P value < 0.05. B. Similarity
percentages (SIMPER) analysis identifying species contributions to the change
between ponds 1 and 5 for Cyanobacteria families: Synechococcaceae and
Phormidiaceae. Average dissimilarity between ponds 1 and 5 = 19.4%. Bray-Curtis
similarity cut off = 50%.
(A)
Factor
Pseudo-F (df)

ECV

P Value

PermDISP P Value

Year

47.1 (1)

22.4

0.001 ***

0.6

Season

37.3 (1)

19.9

0.001 ***

0.01 **

Pond

30.7 (2)

22.1

0.001 ***

0.1

Location

3.3 (2)

6.1

0.001 ***

0.6

Time of day

1.6 (1)

2.6

0.01 **

0.2

Depth

1.3 (1)

1.9

0.04 *

0.1

Pond 1 Average

Pond 5 Average

Family

Cumulative

Abundance

Abundance

Contribution (%)

Contribution (%)

Synechococcaceae

0.8

0.7

16.0

16.0

Phormidiaceae

0.4

0.5

15.6

31.5

PERMANOVA

(B)
Family
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P1

P2

Firmicutes Family

P5

Aerococcaceae
Alicyclobacillaceae
Bacillaceae
Caldicellulosiruptoraceae

30

Carnobacteriaceae
Clostridiaceae
Clostridiales family xi.incertae sedis
Clostridiales family xiii.incertae sedis
Dehalobacteriaceae
Enterococcaceae
Erysipelotrichaceae
Eubacteriaceae
Exiguobacteraceae
Gemellaceae
Gracilibacteraceae
Halanaerobiaceae
Halobacteroidaceae
Lachnospiraceae
Lactobacillaceae

Relative Abundance (%)

20

Leuconostocaceae
Listeriaceae
Natranaerobiaceae
Paenibacillaceae
Pasteuriaceae
Peptococcaceae
Peptostreptococcaceae
Planococcaceae
Ruminococcaceae
Staphylococcaceae
Streptococcaceae
Sulfobacillaceae
Syntrophomonadaceae
Themoactinomycetaceae
Thermoanaerobacteraceae
Thermodesulfobiaceae
Thermolithobacteraceae
Turicibacteraceae
Veillonellaceae

10

0

Appendix Figure 3.A3 Relative abundance of the 39 Firmicutes families in Ponds 1,
2 and 5.

Appendix Table 3.A5 Relative abundance for Firmicutes families above 0.1% A * =
Pond-indicator family.
Pond Number
Family

Pond 1

Pond 2

Pond 5

Bacillaceae *

3.2

6.0

10.8

Clostridiaceae *

12.7

13.1

15.2

Dehalobacteriaceae

1.6

1.9

0.5

Erysipelotrichaceae *

8.0

14.4

10.0

Eubacteriaceae

1.7

0.9

0.2

Gracilibacteraceae

0.7

1.0

9.8

Lachnospiraceae *

38.5

37.7

19.5

Paenibacillaceae

0.1

0.1

0.8

Peptococcaceae

2.4

2.5

3.2

Ruminococcaceae *

12.4

8.0

7.6

Streptococcaceae

2.1

1.5

0.4

Syntrophomonadaceae

0.4

0.5

1.9
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Thermoanaerobacteraceae

4.1

5.8

16.9

Thermodesulfobiaceae

0.2

0.2

0.6

Veillonellaceae

11.1

5.4

1.7

Appendix Table 3.A6 Relative abundance for Bacteroidetes families. A * = Pondindicator family.
Pond Number
Family

Pond 1

Pond 2

Pond 5

Bacteroidaceae

2.2

0.4

0.0

Bacteroidales

0.1

0.0

0.0

Blattabacteriaceae

0.0

0.0

0.0

Chitinophagaceae *

30.6

32.4

35.7

Cryomorphaceae *

4.6

13.2

6.2

Cyclobacteriaceae

0.9

0.4

1.6

Cytophagaceae *

13.7

13.2

7.0

Flammeovirgaceae

0.3

0.5

0.5

Flavobacteriaceae

2.5

8.1

3.5

Flexibacteraceae

0.1

0.0

0.0

Marinilabiaceae

0.1

0.1

0.1

Porphyromonadaceae *

16.7

8.0

4.4

Prevotellaceae

0.4

0.0

0.0

Rhodothermaceae

0.0

0.0

0.0

Rikenellaceae

0.5

0.1

0.0

Saprospiraceae

8.9

6.2

17.5

Sphingobacteriaceae

17.7

14.8

22.8

Appendix Table 3.A7 Relative abundance for Cyanobacteria families. A * = Pondindicator family.
Pond Number
Family

Pond 1

Pond 2

Pond 5

Chamaesiphonaceae

0.0

0.0

0.0

Chroococcidiopsis

0.8

0.7

0.2

Microcystaceae

0.7

0.6

0.8
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Nostoc

0.0

0.0

0.0

Nostocaceae

0.3

0.3

0.0

Phormidiaceae

35.7

42.8

51.2

Pleurocapsa

0.1

0.1

0.1

Pseudanabaenaceae

0.4

0.3

0.1

Synechococcaceae *

61.6

54.5

47.2
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Chapter 4 Appendix

4.9.1 Methods
Appendix Table 4.1 PCR primers and fragment lengths for the N-cycle array.
Target

Primer

Sequence

Fragment

Reference

size (bp)
Arch amoA-1F

STAATGGTCTGGCTTAGACG
635

Francis et al.

A-amoA
Arch amoA-

TAATACGACTCACTATAGGCGGCC

2R-T7

ATCCATCTGTATGT

amoA-1F

GGGGTTTCTACTGGTGGT

(2005)

490

Rotthauwe et

B-amoA
amoA-2R-T7

al. (1997)

TAATACGACTCACTATAGCCCCTCK
GSAAAGCCTTCTTC

hzsA_382F

GGYGGDTGYCAGATATGGG

hzsA primary
fragment

2000
hzsA_2390R

ATRTTRTCCCAYTGYGCHCC

hzsA_526F

TAYTTTGAAGGDGACTGG

hzsA final
fragment

(2012)

1331
hzsA_1857R-

TAATACGACTCACTATAGAAABGGY

T7

GAATCATARTGGC

nifH2_F

GYGAYCCNAARGCNGA

Harhangi et al.

Harhangi et al.
(2012)

Zehr and
362
nifH

McReynolds
nifH1_R-T7

TAATACGACTCACTATAGADNGCCA
(1989)
TCATYTCNCC

nosZ-F

CGYTGTTCMTCGACAGCCAG

Kloos et al.
453

(2001)

nosZ
nosZ 1622R-

TAATACGACTCACTATAGCGSACCT

T7

TSTTGCCSTYGCG

nrfA_F1

GCNTGYTGGWSNTGYAA

Throbäck et al.
(2004)
490

Mohan et al.

nrfA
(2004)
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nrfA_R1-T7

TAATACGACTCACTATAGTWNGGC
ATRTGRCARTC

nxrB1F

ACGTGGAGACCAAGCCGGG

nxrB Nitrobacter

380
nxrB1R-T7

TAATACGACTCACTATAGCCGTGCT

Vanparys et
al. (2007)

GTTGAYCTCGTTGA
T7 RNA

T7

TAATACGACTCACTATAG

polymerase
promoter tag

4.9.2 Results

4.9.2.1 WSP N-cycling gene diversity (DNA)
FGA measurements of the ammonia oxidising archaeal DNA identified that six
of the 60 tested AamoA probes were positive (Figure 4.3). The AamoA probes
belong to the Archaea: C. symbiosum et rel (AamoA-32); N. spharea or N.
caldus (AamoA – 87, 85, & 86); and Soil fosmid 54d9 lineage (AamoA – 54 &
55; Figure 4.3 & Appendix Table 4.2). Of the 99 BamoA probes tested, a total
of seven were identified as ammonia oxidising bacteria from the taxa
Nitrosomonas (BamoA – 29 & 31) and Broad Uncultured AOBI (BamoA – 12,
07, 10, 08 & 09; Figure 4.3 & Appendix Table 4.2). For nxrB, a total of eight
(21) nxrB probes were identified in the DNA, of which were all Nitrobacter
except nxrB – 018, which was a LB5a clade (Figure 4.3 & Appendix Table 4.2).
The five positive nrfA probes were; nrfA – 01, 02, 03, 21 & 98, are associated
with Escherichia coli, Aeromonas (nrfA – 21) and CT clade sequences from
coal tar waste (nrfA – 98) (Appendix Table 4.2). Six of the positive Anammox
community probes were from Brocardia fulgida subgroups, while the hzsA –
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004 probe was from Brocardia anammoxidans and the n-DAMO clade, and
hzsA – 006 from another n-DAMO clade (Appendix Table 4.2). The nitrogen
fixing community (nifH) were represented by 55 (of 144 tested) probes (Figure
4.3). Of the 55 signals, 56.4% were Gammaproteobacteria, 21.8% Alpha- and
Betaproteobacteria and 21.8% were Cyanobacteria (Appendix Table 4.2). The
positive nosZ probes were represented by many different taxa, with
Rhizobiales the most common taxa, representing 13 out of the 47 positive
probes (Appendix Table 4.2).

Appendix Table 4.2 Positive N-cycle probes and their associated taxa identification.
Probe

Species ID

BamoA 29

Nitrosomonas

BamoA 31

Nitrosomonas

BamoA 12

Broad Unc AOBI

BamoA 07

Broad Unc AOBI

BamoA 10

Broad Unc AOBI

BamoA 08

Broad Unc AOBI

BamoA 09

Broad Unc AOBI

AamoA 32

C. symbiosum et rel, Dsed2

AamoA 87

N. sphaera / N. caldus

AamoA 85

N. sphaera / N. caldus

AamoA 86

N. sphaera / N. caldus

AamoA 54

Soil fosmid 54d9 lineage

AamoA 55

Soil fosmid 54d9 lineage

nxrB 001

Nitrobacter

nxrB 002

Nitrobacter

nxrB 003

Nitrobacter

nxrB 007

Nitrobacter

nxrB 004

Nitrobacter

nxrB 006

Nitrobacter

nxrB 005

Nitrobacter

nxrB 018

LB5a clade
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nrfA 01

E. coli

nrfA 02

E. coli

nrfA 03

E. coli

nrfA 21

Aeromonas

nrfA 98

CT clade (sequences from coal tar waste)

nosZ 012

Rhizobiales

nosZ 013

Rhizobiales

nosZ 019

Rhizobiales

nosZ 020

Rhizobiales

nosZ 024

Rhizobiales

nosZ 025

Rhizobiales

nosZ 038

Rhizobiales

nosZ 033

Rhizobiales

nosZ 035

Rhizobiales

nosZ 031

Rhizobiales

nosZ 034

Rhizobiales

nosZ 111

Rhizobiales

nosZ 109

Rhizobiales

nosZ 016

Brucella

nosZ 018

Brucella

nosZ 043

LS#1 - Lake sediment clade #1

nosZ 044

LS#1 - Lake sediment clade #1

nosZ 045

FS#1 - Forest soil clade #1

nosZ 046

FS#1 - Forest soil clade #1

nosZ 047

FS#1 - Forest soil clade #1

nosZ 001

Azospirillum + Salt Marsh clade #1

nosZ 002

Azospirillum + Salt Marsh clade #1

nosZ 048

Salt Marsh clade #1

nosZ 049

Nisea related

nosZ 050

Nisea related

nosZ 159

Coastal sediment clade #1

nosZ 157

M. cystis related

nosZ 145

UPs1 clade

nosZ 056

Herbaspirillum

nosZ 058

Agricult. soil clade #2

nosZ 057

Agricult. soil clade #2

nosZ 055

Herbaspirillum
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nosZ 061

Paddy Soil #1

nosZ 069

UPs2

nosZ 070

Azospirillum largimobile

nosZ 067

Aromatoleum

nosZ 077

Agricult. soil clade #4

nosZ 079

Activated sludge

nosZ 080

Lake sediment #3

nosZ 089

UPs3

nosZ 091

UPs3

nosZ 152

Activated sludge

nosZ 139

Sinorhizobium and rel.

nosZ 163

Unknown

nosZ 123

Ruegeria

nosZ 121

Silicibacter

nosZ 064

Burkholderia

hzsA 010

Brocardia fulgida subgroup 2

hzsA 011

Brocardia fulgida subgroup 2

hzsA 015

Brocardia fulgida subgroup 4 + 7 + 9

hzsA 016

Brocardia fulgida subgroup 4 + 7 + 9

hzsA 038

Brocardia fulgida subgroup 4 + 7

hzsA 042

Brocardia fulgida subgroup 9

hzsA 004

Brocardia anammoxidans + n-DAMO clade

hzsA 006

n-DAMO clade

nifH 007

Cyanobacteria -1B

nifH 005

Cyanobacteria -1B Synechococcus + Acaryochloris

nifH 004

Cyanobacteria -1B Synechococcus + Acaryochloris

nifH 006

Cyanobacteria -1B

nifH 560

Cyanobacteria -1B Synechococcus + Acaryochloris

nifH 547

Cyanobacteria -1B

nifH 548

Cyanobacteria -1B

nifH 055

Cyanobacteria -1B

nifH 516

γ Proteobacteria, 1G, Azotobacter

nifH 573

Cyanobacteria -1B

nifH 574

Cyanobacteria -1B

nifH 565

Cyanobacteria -1B

nifH 522

Cyanobacteria -1B

nifH 041

γ Proteobacteria, 1G, Azotobacter
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nifH 043

γ Proteobacteria, 1G, Azotobacter

nifH 042

γ Proteobacteria, 1G, Azotobacter

nifH 050

α + β Proteobact- 1J

nifH 051

α + β Proteobact- 1J- Marine surface clade

nifH 052

α + β Proteobact- 1J- Marine surface clade

nifH 053

α + β Proteobact- 1J- Marine surface clade

nifH 054

α + β Proteobact- 1J- Marine surface clade

nifH 046

α + β Proteobact- 1J

nifH 047

α + β Proteobact- 1K

nifH 048

α + β Proteobact- 1K

nifH 049

α + β Proteobact- 1K

nifH 032

α + β Proteobact- 1K, Marine microbial mat clade, Intertidal microbial mat

nifH 062

γ Proteobacteria, 1P, S.Pacific gyre

nifH 517

α + β Proteobact- 1K

nifH 060

γ Proteobacteria, 10, Mangrove rhizosphere clade

nifH 501

α + β Proteobact- 1K

nifH 037

γ Proteobacteria, 1A

nifH 057

γ Proteobacteria, 10, SPOT plankton clade

nifH 515

γ Proteobacteria, 10

nifH 044

γ Proteobacteria, 10

nifH 045

γ Proteobacteria, 10, Thiorodovibrio

nifH 039

γ Proteobacteria, 1G, Azotobacter

nifH 040

γ Proteobacteria, 1G

nifH 520

γ Proteobacteria, 1G

nifH 519

γ Proteobacteria, 1G

nifH 020

γ Proteobacteria, 1P

nifH 019

γ Proteobacteria, 1P

nifH 568

γ Proteobacteria, 1G

nifH 507

γ Proteobacteria, 1G

nifH 061

γ Proteobacteria, 1G

nifH 506

γ Proteobacteria, 1P, Dechloromonas aromatica, Chesapeake Bay phylotype

nifH 036

γ Proteobacteria, 1P

nifH 035

γ Proteobacteria, 1A

nifH 064

γ Proteobacteria, 1A

nifH 065

γ Proteobacteria, 1A

nifH 518

γ Proteobacteria, 1A
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nifH 063

γ Proteobacteria, 1A

nifH 030

γ Proteobacteria, 1A

nifH 029

γ Proteobacteria, 1A

nifH 023

γ Proteobacteria, 1C

nifH 510

γ Proteobacteria, 1C
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Appendix Figure 4.1 Heatmaps of BamoA, AamoA, nxrB, nrfA, nosZ, hzsA and nifH FGA DNA in Ponds 1, 2 and 5. A value of 100 means the
signal was equal to that of the control probe (hyaBP60), whereas a value of 10 indicates that the signal was 10 % of the control. Colour coding is
indicated on the colour bar on top of heatmap. See Appendix Table 4.2 for probe label and taxa identification details. N-cycling communities in
each pond arranged by year (2012 and 2013) (A), season (dry and wet) (B) and time of day (morning and afternoon) (C). P1 = pond 1, P2 = pond
2, P5 = pond 5.
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4.9.2.2 Relationships between N-cycling functional groups and water physicochemistry and nutrients

Appendix Table 4.3 DistLM marginal tests for N-cycling bacterial communities with
the measured physico-chemistry and nutrients. Similarity matrix = Bray Curtis,
residual df = 158.
AamoA
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

4395.9

1.3

0.259

0.008

Conduct

70983.0

24.4

0.001

0.134

Temp

10683.0

3.2

0.035

0.020

pH

8879.0

2.7

0.051

0.017

TSS

51457.0

17.0

0.001

0.097

BOD

35430.0

11.3

0.001

0.067

TOC

72776.0

25.1

0.001

0.137

Alkalinity

13145.0

4.0

0.020

0.025

Carbonate

13715.0

4.2

0.011

0.026

NH3

12468.0

3.8

0.022

0.023

NO2

17837.0

5.5

0.003

0.034

NO3

36401.0

11.6

0.001

0.069

N

2923.7

0.9

0.498

0.006

P

89726.0

32.2

0.001

0.169

BamoA
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

2755.9

0.84923

0.464

0.005

Conduct

11063

3.4651

0.007

0.021

Temp

6605

2.0507

0.089

0.013

pH

1181.2

0.36286

0.841

0.002

TSS

3534.8

1.0909

0.355

0.007

BOD

25442

8.2027

0.001

0.049

TOC

1074.9

0.33016

0.882

0.002

Alkalinity

22823

7.3192

0.001

0.044

Carbonate

6355.9

1.9724

0.092

0.012
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NH3

17333

5.4973

0.002

0.034

NO2

6296.5

1.9537

0.101

0.012

NO3

3164.6

0.97594

0.417

0.006

N

6100.5

1.8922

0.081

0.012

P

9778.5

3.0551

0.025

0.019

nrfA
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

2327

0.77605

0.448

0.005

Conduct

7330

2.4706

0.083

0.015

Temp

2371.9

0.79108

0.463

0.005

pH

36271

13.03

0.001

0.076

TSS

6479.4

2.1799

0.089

0.014

BOD

8696.4

2.9397

0.053

0.018

TOC

5938.2

1.9956

0.130

0.012

Alkalinity

36029

12.935

0.001

0.076

Carbonate

1134.5

0.37741

0.745

0.002

NH3

70845

27.621

0.001

0.149

NO2

2779

0.92766

0.411

0.006

NO3

2887.7

0.96418

0.356

0.006

N

22737

7.9241

0.001

0.048

P

9830.1

3.331

0.034

0.021

nxrB
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

267.82

0.32821

0.694

0.002

Conduct

2839.1

3.5502

0.035

0.022

Temp

578.62

0.71082

0.449

0.004

pH

253.68

0.31085

0.702

0.002

TSS

292.19

0.35816

0.684

0.002

BOD

984.3

1.213

0.276

0.008

TOC

597.61

0.73426

0.415

0.005

Alkalinity

4607

5.8427

0.009

0.036

Carbonate

58.405

0.07146

0.962

0.000

NH3

6571.3

8.4673

0.004

0.051

NO2

259.39

0.31787

0.688

0.002

NO3

310.38

0.38051

0.654

0.002

N

238.32

0.292

0.416

0.002

P

1259.4

1.5554

0.213

0.010
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hzsA
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

20204

7.5262

0.002

0.045

Conduct

8254.2

2.9905

0.047

0.019

Temp

13618

4.9955

0.007

0.031

pH

11828

4.3209

0.013

0.027

TSS

4608.6

1.6559

0.185

0.010

BOD

165.05

0.058711

0.983

0.000

TOC

8658.7

3.14

0.040

0.019

Alkalinity

10808

3.9387

0.019

0.024

Carbonate

7587.5

2.7448

0.041

0.017

NH3

12837

4.7004

0.008

0.029

NO2

15600

5.7488

0.008

0.035

NO3

17841

6.6091

0.004

0.040

N

186.47

0.066332

0.994

0.000

P

5145.7

1.8511

0.155

0.012

nifH
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

1217

4.0113

0.003

0.025

Conduct

3295.6

11.355

0.001

0.067

Temp

1929.8

6.4567

0.001

0.039

pH

2003.2

6.7128

0.001

0.041

TSS

2690.6

9.1497

0.001

0.055

BOD

1753.3

5.8444

0.001

0.036

TOC

3387.5

11.695

0.001

0.069

Alkalinity

3578.7

12.407

0.001

0.073

Carbonate

1426.8

4.7236

0.001

0.029

NH3

4545.2

16.099

0.001

0.092

NO2

2206.9

7.4274

0.001

0.045

NO3

3161.4

10.861

0.001

0.064

N

1131.1

3.7217

0.029

0.023

P

3067.3

10.516

0.001

0.062

nosZ
Variable

SS (trace)

Pseudo-F

P

Prop.

DO

2588.7

3.4543

0.013

0.021

Conduct

8510.2

11.954

0.001

0.070

Temp

8240.1

11.546

0.001

0.068
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pH

2192.2

2.9155

0.022

0.018

TSS

3795.4

5.1166

0.002

0.031

BOD

3841.5

5.1808

0.002

0.032

TOC

2047.9

2.7203

0.024

0.017

Alkalinity

12086

17.533

0.001

0.100

Carbonate

2204.7

2.9324

0.022

0.018

NH3

11907

17.245

0.001

0.098

NO2

3213.3

4.3105

0.009

0.027

NO3

2735

3.654

0.015

0.023

N

800.72

1.0526

0.191

0.007

P

5138

7.0069

0.001

0.042
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Appendix Table 4.4 Average (Av) measured physico-chemistry and N-chemistry values ± standard deviation (SD). Dry = dry season; Wet = wet
season; 2012= year 2012; 2013 = year 2013; P1 = Pond 1; P2 = Pond 2; P5 = Pond 5.
Variable
Factor

Conductivity

Temperature

(S/m)

o

DO mg/L

Carbonate
pH

TSS mg/L

BOD mg/L

TOC mg/L

Alkalinity mg/L

C

NH3 mg/L

NO2- mg/L

NO3- mg/L

N mg/L

P mg/L

mg/L

2012

Av ± SD

4.6 ± 5.1

540.2 ± 42.6

31.6 ± 2.7

7.8 ± 0.8

204.8 ± 32.3

122.4 ± 40.6

92.0 ± 11.9

130.1 ± 24.9

0.2 ± 0.1

17.1 ± 6.01

0.006 ± 0.003

0.008 ± 0.006

34.08 ± 5.003

6.9 ± 0.6

2013

Av ± SD

5.6 ± 5.9

669.3 ± 79.7

28.0 ± 4.6

7.8 ± 0.6

147.9 ± 30.8

73.9 ± 19.8

59.01 ± 19.5

140.8 ± 20.4

0.3 ± 0.2

18.3 ± 6.1

0.6 ± 0.8

0.3 ± 0.2

36.4 ± 17.1

4.0 ± 0.6

Dry

Av ± SD

6.7 ± 6.3

551.6 ± 53.5

27.0 ± 3.8

7.8 ± 0.8

194.3 ± 41.0

114.2 ± 48.5

79.9 ± 20.6

121.6 ± 21.4

0.3 ± 0.2

14.6 ± 5.8

0.5 ± 0.8

0.2 ± 0.3

36.5 ± 16.8

5.5 ± 2.0

Wet

Av ± SD

3.4 ± 3.9

657.9 ± 89.5

32.6 ± 2.2

7.8 ± 0.6

158.4 ± 36.0

82.2 ± 18.8

71.2 ± 24.8

149.3 ± 15.7

0.2 ± 0.1

20.8 ± 4.6

0.1 ± 0.1

0.1 ± 0.1

34.0 ± 5.7

5.4 ± 1.0

P1

Av ± SD

5.0 ± 5.7

624.1 ± 84.7

30.1 ± 3.6

7.4 ± 0.6

182.3 ± 47.7

113.0 ± 42.0

73.3 ± 23.5

151.9 ± 20.5

0.3 ± 0.2

21.9 ± 6.7

0.3 ± 0.5

0.1 ± 0.1

41.6 ± 24.2

5.5 ± 1.6

P2

Av ± SD

4.4 ± 4.7

600.7 ± 88.3

30.1 ± 4.0

7.6 ± 0.6

187.6 ± 41.3

98.7 ± 47.6

82.7 ± 21.8

141.3 ± 17.0

0.2 ± 0.1

20.7 ± 2.8

0.1 ± 0.1

0.1 ± 0.1

37.6 ± 5.6

5.4 ± 1.5

P5

Av ± SD

5.8 ± 6.1

599.1 ± 96.2

29.3 ± 4.6

8.1 ± 0.7

162.2 ± 37.1

90.2 ± 27.2

69.5 ± 22.6

121.4 ± 22.4

0.2 ± 0.2

12.6 ± 4.3

0.5 ± 0.9

0.2 ± 0.3

29.7 ± 4.7

5.5 ± 1.7

Time-of-

6am

Av ± SD

1.8 ± 2.0

608.2 ± 88.8

28.3 ± 4.2

7.4 ± 0.4

175.1 ± 43.3

90.7 ± 38.4

77.2 ± 20.9

138.3 ± 24.5

0.2 ± 0.1

18.0 ± 6.3

0.3 ± 0.5

0.1 ± 0.2

36.5 ± 16.4

5.5 ± 1.6

day

1pm

Av ± SD

8.4 ± 5.9

601.3 ± 93.3

31.3 ± 3.7

8.1 ± 0.8

177.6 ± 41.9

105.7 ± 40.5

73.9 ± 25.1

132.6 ± 21.8

0.3 ± 0.2

17.4 ± 5.9

0.4 ± 0.7

0.2 ± 0.2

34.0 ± 6.7

5.4 ± 1.6

Inlet

Av ± SD

5.8 ± 5.6

606.0 ± 90.1

30.2 ± 4.4

7.7 ± 0.8

182.0 ± 43.3

102.5 ± 42.1

77.0 ± 23.4

140.7 ± 23.4

0.2 ± 0.2

19.1 ± 6.2

0.3 ± 0.7

0.1 ± 0.2

36.9 ± 15.0

5.5 ± 1.6

Outlet

Av ± SD

4.1 ± 5.2

602.8 ± 92.6

29.2 ± 3.9

7.8 ± 0.6

167.8 ± 40.0

91.7 ± 36.1

73.3 ± 22.7

127.6 ± 21.0

0.2 ± 0.2

15.6 ± 5.2

0.3 ± 0.5

0.2 ± 0.2

32.7 ± 7.0

5.5 ± 1.6

P1 6am

Av ± SD

3.6 ± 3.2

623.0 ± 87.1

29.3 ± 4.0

7.2 ± 0.4

180.2 ± 50.9

104.9 ± 42.9

74.0 ± 25.7

158.1 ± 17.5

0.2 ± 0.1

22.9 ± 6.9

0.4 ± 0.7

0.2 ± 0.2

47.8 ± 33.2

5.5 ± 1.9

P1 1pm

Av ± SD

6.3 ± 7.3

625.2 ± 84.9

31.0 ± 3.0

7.7 ± 0.8

184.4 ± 45.8

121.1 ± 40.8

72.7 ± 21.9

145.7 ± 21.9

0.3 ± 0.2

20.9 ± 6.7

0.2 ± 0.2

0.1 ± 0.1

35.4 ± 5.6

5.5 ± 1.4

P2 6am

Av ± SD

1.4 ± 1.2

605.5 ± 82.7

28.4 ± 4.0

7.4 ± 0.4

183.5 ± 40.9

86.9 ± 43.9

86.4 ± 16.3

143.1 ± 18.8

0.2 ± 0.2

20.8 ± 2.8

0.1 ± 0.1

0.1 ± 0.1

38.0 ± 4.4

5.4 ± 1.5

P2 1pm

Av ± SD

7.4 ± 5.0

596.0 ± 94.8

31.8 ± 3.4

7.8 ± 0.7

191.7 ± 42.1

110.4 ± 48.9

78.9 ± 26.0

139.5 ± 15.0

0.2 ± 0.1

20.6 ± 2.7

0.1 ± 0.2

0.1 ± 0.1

37.3 ± 6.7

5.4 ± 1.6

P5 6am

Av ± SD

1.2 ± 1.3

603.5 ± 97.1

27.6 ± 4.5

7.6 ± 0.3

164.2 ± 40.6

87.3 ± 28.4

69.6 ± 19.5

123.75 ± 24.1

0.1 ± 0.0

12.7 ± 4.6

0.4 ± 0.6

0.2 ± 0.2

29.4 ± 4.2

5.6 ± 1.7

P5 1pm

Av ± SD

10.4 ± 5.7

594.8 ± 96.7

30.9 ± 4.2

8.6 ± 0.7

160.2 ± 33.8

93.2 ± 26.0

69.4 ± 25.6

119.2 ± 20.8

0.3 ± 0.2

12.4 ± 4.1

0.7 ± 1.1

0.2 ± 0.3

29.9 ± 5.2

5.5 ± 1.7

Year

Season

Pond

Location

Pond/time
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Pond 1

4.9.2.2 WSP N-cycling gene expression (cDNA)

Inlet
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Appendix Figure 4.2 Heatmap of BamoA, AamoA, nxrB, nrfA, nosZ, hzsA and nifH FGA cDNA in Ponds 1, 2 and 5. For clarity, a subset of: 7
(99) BamoA; 6 (60) AamoA; 8 (21) nxrB; 5 (138) nrfA; 47 (182) nosZ; 8 (42) hzsA; and 55 (144) nifH probes are shown. A value of 100 means
the signal was equal to that of the control probe (hyaBP60), whereas a value of 10 indicates that the signal was 10 % of the control. Colour coding
is indicated on the colour bar on top of heatmap. N = 40. See Appendix Table 4.2 for gene label and taxa identification details and the FGA
data_cDNA supplementary excel for results values.
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Chapter 5 Appendix

Supplementary material related to this article can be found, in the online
version, at doi: https://doi.org/10.1016/j.jwpe.2019.100802

5.7.1 Microarray development
Seven functional marker genes were selected, corresponding to 6 key steps
in the microbial nitrogen cycle. Long oligonucleotide (70 - mer) probes were
designed to cover broad clades of the functional genes to the maximum extent
possible. Where possible, hierarchically nested and multiple probes were
designed. Selected 60 - mer nifH probes were also included from the
MicroTools microarray (Shilova et al. 2014). The final NC array contains 692
probes spotted in 4 replicates (Appendix Table 5.2). These include a
normalisation control targeting an externally spiked PCR product (E. coli
hyaB); 5 negative controls with broad coverage of bacterial and archaeal 16s
rDNA; 159 amoA probes; 42 hzsA probes; 144 nifH probes; 182 nosZ probes;
138 nrfA probes; and 21 nxrB probes. Based on literature consensus from a
number of long oligonucleotide microarray works (Deng et al. 2008; VilchezVargas 2013; Hughes et al. 2001; Shilova et al. 2014), we expected probes
with up to 5 weighted mismatches to give clear positive signals and probes
with over 10 weighted mismatches to be negative; while probes with 5 - 10
weighted mismatches were expected to give varying results depending on their
exact sequence. Validation with seven environmental clones from five different
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functional markers confirmed these overall specificity expectations (Appendix
Figure 5.1). Out of 27 probe-target pairs with < 5 wMM, no false negative
hybridisations were detected. Out of 4747 probe-target pairs with > 10 wMM,
only 4 false positive hybridisations were detected (with 10.2, 10.9, 12.0 and >
15 wMM, respectively). Due to the intrinsically complicated issue of exact
specificity predictions for long oligonucleotide arrays, results were interpreted
with extreme care, considering nested and multiple probes to increase
confidence. Mismatch weights for basepairs were as follows (probe-target
bases): CC, CT, CA 1.5; GA 1.0; GT 0.6; AG 0.5; TG 0.2; all other mismatched
basepairs 1.1. Mismatches were further weighted according to their position
using the algorithm:

exp [ (- ln (10) / 3) x ( (2 x Pos-Length) / Length) ^ 2]

5.7.2 Microarray printing
Oligonucleotides for immobilization were custom synthesized (Integrated DNA
Technologies, Coralville, Iowa, USA). A 384 well flat bottom plate was
prepared with 30 µl of 50 µM oligonucleotide solutions in ArrayIt spotting
solution (ArrayIt Corp., Sunnyvale, CA, USA). Samples were spotted with a
NanoPrint spotter, using a single 946MP3 pin (ArrayIt Corp., Sunnyvale, CA,
USA) at 70 % relative humidity at room temperature onto Corning® GAPS™ II
Coated Slides (Corning Incorporated, New York, USA). Before spotting, slides
were incubated for 4 h in the spotter at 70 % relative humidity. Arrays were
always spotted in triplicate to enable a statistical correction for errors (SI 7).
Spotted slides were given a UV dose of 65 000 µJ in a Spectrolinker UV
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Crosslinker (Spectroline, New York, USA) to assist binding of the probes to the
slide surface then stored at room temperature and at low humidity in the dark
prior to use. Slides were processed on the day of hybridization and all solutions
were prepared fresh immediately prior to processing. Slides were rinsed in 5
× SSC, 0.1 % lauroylsarcosine wash solution followed by 15 min incubation in
blocking solution (3.6 g succinic-anhydride in 200 mL methyl-pyrrolidinone and
8.96 mL 1 M sodium borate buffer pH 8.0) at room temperature in the dark with
vigorous agitation to remove the unbound DNA. Slides were rinsed five times
with milli-Q water (dH2O), incubated 2 min in 100 °C dH2O (without agitation)
and incubated 1 min in - 20 °C absolute (100 %) ethanol (without agitation).
Slides were then dried individually with an oil-free air gun.

5.7.3 Microarray target preparation and hybridisation
Amplification of partial fragments of selected N-cycle functional marker genes
was achieved via PCR using PCR primers and annealing temperatures and
cycle numbers shown in Appendix Table 5.1. The hzsA fragment was amplified
via a nested protocol (Harhangi et al. 2012). PCR amplifications were carried
out in 96 well plates, with 25 µL volumes, and contained 1 x GoTaq mix
(Promega), 40 nM of forward primer, 0.1 µL of 50 ng / µL molecular grade BSA
(Promega) and 10 ng environmental DNA. Amplification reactions for nifH, nrfA
and nxrB contained 40 nM of the corresponding reverse primers with a T7 RNA
polymerase promoter site at the 5’ end. Amplification reactions for hzsA, AOA,
AOB and nosZ contained 10 nM of the corresponding reverse primers with a
T7 promoter tag at the 5’ end plus 30 nM of the T7 promoter as a second
reverse primer. Following amplification PCR products were pooled and purified
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using AMPure-XP PCR purification (Beckman Coulter, USA). Purified, pooled
PCR products (150 ng) were labelled via in vitro transcription as described
elsewhere (Stralis-Pavese et al. 2011). Briefly, PCR products were transcribed
into Cy3 labelled RNA via T7 RNA polymerase and fragmented via chemical
fragmentation to ~ 50 nt fragments. A rotary hybridisation oven and
conventional hybridisation tubes were preheated for at least 2 h at 55 °C.
HybriWell (Grace BioLabs) adhesive hybridisation chambers (custom made,
containing 3 chambers per slide, 100 µL each in volume, order number 46170)
were applied onto the microarray slides. Slides were preheated to 55 °C on a
dry heating block. For each hybridisation, 24 µL DEPC-treated water, 40 µL
formamide, 30 µL 20 x SSC, 1 µL 10 % SDS, 2 µL 50 x Denhardt’s reagent
(Sigma) and 1 µL salmon sperm DNA (10 mg / mL) were added to a 1.5 mL
Eppendorf tube and incubated at 55 °C for 1 - 15 min. Two µL of unpurified
denatured PCR target kept on ice was added to the pre-warmed hybridisation
buffer immediately prior to loading into HybriWells. Chambers were sealed with
seal spots (Grace BioLabs) and slides were placed into preheated,
conventional hybridisation tubes and incubated overnight at 55 °C in a rotary
hybridisation oven at lowest rotation setting (approximately 10 rpm). Following
hybridisation, HybriWell chambers were individually removed and slides were
immersed immediately into 2 x SSC, 0.1 % (w / v) SDS pre-warmed to 55 °C.
Washing was performed in four successive steps for 5 min each : 2 × SSC +
0.1 % SDS at 55 °C; 0.2 x SSC (two times) and 0.1 × SSC at room temperature.
Slides were dried individually with an oil-free air gun. Slides were stored at
room temperature in the dark and scanned the same day.
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5.7.4 Microarray analysis
Hybridised slides were scanned at 10 µm resolution with a GenePix 4000B
laser scanner (Molecular Devices, Sunnyvale, CA, USA) at wavelengths of 532
nm and 635 nm for Cy3 and Cy5, respectively. Fluorescent images were
captured as multi-layer tiff images and analysed with the GenePix Pro 6.0
software (Molecular Devices). Hybridisation signal for each probe was
expressed as the F635 / B635 ratio where F635 is the median signal and B635
is the median background signal for the spot. Signals were corrected for
background by deducting the signal of a negative control probe (targeting
archaeal 16S genes), and then normalised to a positive control probe,
hyaBP60, targeting the hyaB gene of E. coli, used as a spike added to the
Klenow labelling reaction. Final results were expressed as average
percentage of the hyaBP60 control signals.

Appendix Table 5.1 PCR primers and conditions for the N-cycle array.
Target

Primer

Sequence

Tann / # cycles

Fragment

Reference

size (bp)
A-amoA

Arch

amoA-

STAATGGTCTGGCTTAGACG

1F
Arch

B-amoA

63 °C - > 50 °C / 13

635

Francis et al. (2005)

490

Rotthauwe

49 °C / 25
amoA-

TAATACGACTCACTATAGGCG

2R-T7

GCCATCCATCTGTATGT

amoA-1F

GGGGTTTCTACTGGTGGT

63 °C - > 50 °C / 13
49 °C / 25

amoA-2R-T7

et

al.

(1997)

TAATACGACTCACTATAGCCC
CTCKGSAAAGCCTTCTTC

hzsA

primary

hzsA_382F

GGYGGDTGYCAGATATGGG

fragment

hzsA

65 °C - > 55 °C / 10

2000

55 °C / 25

final

hzsA_2390R

ATRTTRTCCCAYTGYGCHCC

hzsA_526F

TAYTTTGAAGGDGACTGG

fragment

60 °C - > 45 °C / 30
44 °C / 30

hzsA_1857R-

TAATACGACTCACTATAGAAA

T7

BGGYGAATCATARTGGC
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Harhangi

et

al.

et

al.

(2012)

1331

Harhangi
(2012)

nifH

nifH2_F

GYGAYCCNAARGCNGA

60 °C - > 45 °C / 30

362

44 °C / 30
nifH1_R-T7

Zehr & McReynolds
(1989)

TAATACGACTCACTATAGADN
GCCATCATYTCNCC

nosZ

nosZ-F

CGYTGTTCMTCGACAGCCAG

63 °C - > 50 °C / 13

453

Kloos et al. (2001)

49 °C / 25

nrfA

nosZ 1622R-

TAATACGACTCACTATAGCGS

Throbäck

T7

ACCTTSTTGCCSTYGCG

(2004)

nrfA_F1

GCNTGYTGGWSNTGYAA

et

al.

60 °C - > 45 °C / 30
44 °C / 30

nrfA_R1-T7

TAATACGACTCACTATAGTWN

490

Mohan et al. (2004)

380

Vanparys

GGCATRTGRCARTC
nxrB -

nxrB1F

ACGTGGAGACCAAGCCGGG

Nitrobacter

63 °C - > 50 °C / 13
49 °C / 25

nxrB1R-T7

et

(2007)

TAATACGACTCACTATAGCCG
TGCTGTTGAYCTCGTTGA

T7

TAATACGACTCACTATAG

Appendix Table 5.2 The NC array probe set.
Probe

Sequence

hyaBP60

TTTCTTCGACGTACAAAACCGCCTGAAAAAATTTGTTGAAGGCGGGCAGTTGGGGATCTT

16S-B1

CAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCC

16S-B2

GACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAAC

16S-A1

GAGAGGAGGTGCATGGCCGCCGTCAGCTCGTACCGTGAGGCGTCCTGTTAAGTCAGGCAACGAGCGAGAC

16S-A2

AATTGGCGGGGAGCACTACAACCGGAGGAGCCTGCGGTTTAATTGGACTCAACGCCGGACATCTCACCA

16S-A3

CTGAACTTAAAGGAATTGGCGGGGGAGCACCACAAGGGGTGGAACCTGCGGCTCAATTGGAGTCAACGC

BamoA-05

CATTTTTGGCCCGACCCACCTGCCGCTCGTGGCTGAAGGCGTCCTGCTCTCCCTGGCCGACTACACCGGC

BamoA-06

TGCTGTTCTACCCGGGCAACTGGCCGATCTTTGGGCCGACCCACCTGCCGCTCGTGGCTGAAGGCGTCCT

BamoA-56

GGTGGTACTTTGGCAAGGTCTACTGCACCGCCTTCTACTATGTCAAGGGTGCGCGCGGCCGAGTCAGCAT

BamoA-57

CCATGCTCATGTTCACCGTCTGGTGGTACTTTGGCAAGGTCTACTGCACCGCCTTCTACTATGTCAAGGG

BamoA-04

TGGCAAAGTCTACTGCACCGCCTTCTACTACGTAAAAGGCGCCCGTGGCCGCGTCAGCATGAAGAACGAC

BamoA-52

TACTTTGGCAAAGTCTACTGCACCGCCTTCTACTACGTAAAAGGCGCCCGTGGCCGCGTCAGCATGAAGA

BamoA-53

TAGCCGACTACACAGGCTTCCTGTATGTACGCACCGGCACGCCCGAGTACGTGCGCCTGATCGAACAAGG

BamoA-02

GGCTGACTACACCGGCTTCCTGTATGTCCGCACGGGCACCCCGGAATACGTACGGCTGATCGAACAAGGC

BamoA-03

GAATACGTACGGCTGATCGAACAAGGCTCACTACGCACCTTTGGTGGCCACACCACCGTGATTGCGGCCT

BamoA-01

CGTTCGTCTCCATGCTCATGTTCTGCGTCTGGTGGTACTTTGGCAAACTCTACTGCACCGCGTTCTACTA

BamoA-54

TCTCCGCGTTCGTCTCCATGCTCATGTTCACCGTCTGGTGGTACTTTGGCAAGGTCTACTGCACCGCCTT

BamoA-55

CCATGCTCATGTTCACCGTCTGGTGGTACTTTGGCAAGGTCTACTGCACCGCCTTCTACTATGTCAAGGG

BamoA-50

AGGCGCACTGGTCATGGACACTGTCATGCTGCTCAGCCGTAACTGGATGATCACAGCCTTGGTTGGGGGT

BamoA-51

ACACTGTCATGCTGCTCAGCCGTAACTGGATGATCACAGCCTTGGTTGGGGGTGGCGCATTCGGACTGCT

BamoA-48

ACCCATCTGCCGTTGGTAGCAGAAGGCGTCCTGTTGTCGGTTGCTGATTACACGGGCTTTCTCTATGTTC
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al.

BamoA-49

AGCTGGTTGATTACAGCACTGGTTGGTGGCGGCGCATTCGGTTTGTTGTTCTATCCGGGTAACTGGCCGA

BamoA-45

ATCGAGCAAGGATCGTTGCGTACCTTTGGTGGTCACACCACGGTAATTGCCGCGTTCTTCTCGGCCTTCG

BamoA-46

CGGTTGATCGAGCAAGGATCGTTGCGTACCTTTGGTGGTCACACCACGGTAATTGCCGCGTTCTTCTCGG

BamoA-47

ACCTGCCGCTGGTTGCAGAAGGGGTCTTGCTGTCGGTTGCTGACTACACCGGGTTCCTCTATGTTCGTAC

BamoA-43

GGTGGTGGATTCTGGGGCTTGTTCTTCTACCCAGGTAACTGGCCAATCTTTGGACCAACCCACTTGCCAC

BamoA-44

ACTGGCTGATCACAGCATTAGTTGGTGGTGGATTCTGGGGCTTGTTCTTCTACCCAGGTAACTGGCCAAT

BamoA-41

AAAATCTATTGCACCGCGTTTTACTATGTTAGAGGCGAAAGAGGCCGTATCTCGCAGAAACACGACGTCA

BamoA-42

ACTTTGGCAAAATCTATTGCACCGCGTTTTACTATGTTAGAGGCGAAAGAGGCCGTATCTCGCAGAAACA

BamoA-36

ATCAACGATGATTCCAGGTGCACTGATGCTGGATACCATCATGCTGTTGACGGGTAACTGGTTGATTACG

BamoA-37

CTGTTGGGTGGTGGTTTCTGGGGCTTGTTCTTTTACCCAGGCAACTGGCCTATTTTCGGCCCGACCCACT

BamoA-38

ATGATACCTGGCGCATTGATGCTGGACACAATCATGTTACTGACTGGTAACTGGTTGATTACTGCATTAT

BamoA-39

TGATACCTGGTGCATTGATGCTGGATACAATCATGTTACTGACTGGTAACTGGTTGATaACTGCATTATT

BamoA-40

CTGGACACAATCATGTTACTGACTGGTAACTGGTTGATTACTGCATTATTGGGTGGTGGATTCTGGGGAT

BamoA-34

TTACGGCATTGCTAGGTGGTGGTTTCTGGGGTCTGTTCTTTTACCCTGGTAACTGGCCGATTTTTGGGCC

BamoA-35

CTGGGGTCTGTTCTTTTACCCTGGTAACTGGCCGATTTTTGGGCCAACCCATTTACCGTTGGTTGTAGAA

BamoA-32

GTAGAAGGCGTATTGCTTTCAGTTGCTGACTACACTGGTTTCCTCTATGTGCGTACAGGTACACCTGAAT

BamoA-33

ATGTGCGTACAGGTACACCTGAATATGTGAGGCTGATTGAACAAGGGTCGCTACGAACCTTTGGTGGTCA

BamoA-29

ATGTTCTGCGTATGGTGGTACTTTGGCAAACTGTACTGCACCGCTTTCTACTATGTTAAAGGAGAAAGAG

BamoA-30

CTTTGGCAAACTGTACTGCACCGCTTTCTACTATGTTAAAGGAGAAAGAGGacgTaTcTcgaTgaagaaC

BamoA-31

GTATCCATGCTGATGTTCTGTGTATGGTGGTACTTTGGCAAACTGTATTGCACCGCTTTCTACTATGTTA

BamoA-15

CTGTACAGCCTTTTTCTACGTTAAAGGTAAAAGAGGTCGTATCGTACATCGCAATGATGTTACCGCATTC

BamoA-16

GTATGGTGGTATCTTGGAAAAGTTTACTGTACAGCCTTTTTCTACGTTAAAGGTAAAAGAGGTCGTATCG

BamoA-17

ACCCCATCGATCATGATTCCGGGTGCATTGATGTTGGATATCACGTTGTACTTGACCCGTAACTGGTTGG

BamoA-18

ATGTTGGATATCACGTTGTACTTGACCCGTAACTGGTTGGTAACGGCGCTGATCGGAGGCGGATTCTTTG

BamoA-26

GTCGTCTGGTGGTATCTCGGTAAAATTTATTGCACAGCCTTCTACTATGTTAAAGGCAAAAGAGGACGTA

BamoA-27

GTCGTCTGGTGGTATCTCGGTAAAATTTATTGCACAGCgTTCTACTATGTTAAAGGCAgAAGAGGcCGTA

BamoA-28

AGTCGGCGGTGGATTTTTTGGTTTGTTGTTTTATCCAGGAAACTGGCCAATTTTTGGACCCACCCATCTG

BamoA-24

GGTGGATTCTTTGGTTTACTCTTCTATCCAGGCAACTGGGTAATTTTTGGACCAACTCACTTGCCAGTCG

BamoA-25

AGTTTACTGTACAGCTTTCTTCTACGTTAAAGGTAAGAGAGGCCGTATTGTGAAAAGAGACGACGTTACA

BamoA-20

ATCGATGGCTGACTATATGGGACACATGTATGTACGTACAGGTACTCCTGAATATGTTCGCTTAATCGAA

BamoA-21

TCGTAGTTGAAGGCCAATTATTATCGATGGCTGACTATATGGGACACATGTATGTACGTACAGGTACTCC

BamoA-22

AATCATGATTCCAGGCGCGTTAATGTTAGATATTACTTTATATCTAACCCGTAGCTGGCTCGTGACAGCG

BamoA-23

TGTTAGATATTACTTTATATCTAACCCGTAGCTGGCTCGTGACAGCGTTAATCGGTGGCGGGTTCTTTGG

BamoA-19

ACGGCGCTACTTGGTGGTGCATTTTTTGGTTTATTGTTCTATCCGGGCAACTGGACAATATTTGGACCTA

BamoA-13

AATCACAGCATTGCTTGGCGGCGGAGCTTTTGGTTTGCTGTTTTATCCGGGCAACTGGGTAATTTTTGGA

BamoA-14

ACAGCGTTCTACTATGTTAAAGGTCCAAGAGGCAAGATAACAGAGAAGATGGATGTTACCGCTTTTGGAG

BamoA-59

CGATGATTCCTGGGGCATTGATGATGGATACGATACTATTGTTGACCCGTAACTGGATGATTACAGCGTT

BamoA-60

GATGATGGATACGATACTATTGTTGACCCGTAACTGGATGATTACAGCGTTGCTTGGCGGCGGATGTTTT

BamoA-11

ACGATGATTCCTGGGGCATTGATGATGGATACGATACTATTGTTGACCCGTAACTGGATGATTACAGCGT

BamoA-12

AACTCACCTCCCATTAGTAGTAGAAGGGGTGTTACTCTCAGTGGCTGACTATACCGGGTTCCTATATGTA

BamoA-07

CCTGAGTATGTTCGGTTGATTGAACAAGGATCGCTACGTACCTTCGGTGGTCATACTACGGTGATTGCTG

BamoA-10

ATGTTCGTACTGGTACACCTGAGTATGTTCGGTTAATTGAACAAGGGTCACTACGTACCTTCGGTGGTCA

BamoA-58

GTTCACCGTCTGGTGGTACTTTGGCAAGGTCTACTGCACCGCCTTCTACTATGTCAAGGGTGCGCGCGGC

BamoA-08

CGGCCTTTGTATCCATGTTAATGTTCGTTGTCTGGTGGTACCTGGGAAGGTTCTACTGCACTGCGTTCTA

284

BamoA-09

GCGGAGCCTTTGGGCTACTGTTCTATCCGGGTAACTGGCCGATCTTCGGACCGACTCACCTCCCGTTAGT

AamoA-06

AACAGTCCTGTTGCTTTAGGTGCTGGTGCTGGTTCGGTATTGGGAGTAACGTTTACAGCACTTGGTTGTA

AamoA-07

AAGTTCTATAACAGTCCTGTTGCTTTAGGTGCTGGTGCTGGTTCGGTATTGGGAGTAACGTTTACAGCAC

AamoA-08

CAGGTAGGAAAGTTCTATAACAGTCCTGTTGCTTTAGGTGCTGGTGCTGGTTCGGTATTGGGAGTAACGT

AamoA-09

ACTTCGTACACGGTATTCTCAATATCGCAAACGTTGATGCTTGTAGTAGGTGCAACATATTACCTTACAT

AamoA-10

ACTGGGCTTGGACTTCGTACACGGTATTCTCAATATCGCAAACGTTGATGCTTGTAGTAGGTGCAACATA

AamoA-12

ATATCCAAGACCAACGCTACCACCATACATGGTACCAATTGAACCGCAGGTCGGAAAGTTCTATAACAGT

AamoA-13

TGTTGACAGTCGCAGACCCACTAGAAACAGCGTTCAAATATCCAAGACCAACGCTACCACCATACATGGT

AamoA-11

GTAGGAATGTCATTGCCACTGTTTAACATGGTTAACTTGATTACGGTCGCAGACCCACTAGAAACGGCAT

AamoA-14

ACATCTTCTACACTGACTGGGCCTGGACTTCATACACTGTATTCTCAATTTCACAAACATTGATGCTTAC

AamoA-15

AACCCCAAGTAGGCAAGTTCTATAACAGCCCTGTAGCATTAGGTGCTGGAGCTGGTGCAGTATTGTCGGT

AamoA-01

ACACTGTTAACAATTAATGCAGGAGACTACATCTTCTACACTGACTGGGCTTGGACTTCGTACACGGTAT

AamoA-02

GACTACATCTTCTACACTGACTGGGCTTGGACTTCGTACACGGTATTTTCAATATCGCAAACGTTGATGC

AamoA-04

AGTTAACTCAACACTGTTAACAATTAATGCAGGAGACTACATTTTCTATACTGACTGGGCTTGGACTTCG

AamoA-05

ACTACATTTTCTATACTGACTGGGCTTGGACTTCGTTCACGGTATTTTCAATATCGCAAACGTTGATGCT

AamoA-03

TTCAACATGGTAAACCTGATAACAGTAGCAGACCCACTAGAAACGGCATTCAAATATCCAAGACCAACAT

AamoA-16

ACACGTGGGTGGCCAAAGGTGCATGGTTTGCACTGGGTTATCCATACGACTTCATCGTAGTGCCAGTATG

AamoA-17

CCCTGTTATCAATCAATGCAGGTGACTACATCTTCTACTCAGACTGGGCCTGGACATCATTTGTAGTATT

AamoA-19

CTTGGTATACTGGGCCACCAAGAAGAACAAACACAGTCTGATACTGTTCGGAGGTGTGTTGGTAGGCATG

AamoA-18

AATGTTACTTGACTTGGTATACTGGGCCACCAAGAAGAACAAACACAGTCTGATACTGTTCGGAGGTGTG

AamoA-20

CAATCAACGCGGGTGACTACATCTTCTACACAGACTGGGCTTGGACATCGTTTGTCATATTCTCAATATC

AamoA-21

ATCTTCTACACAGACTGGGCTTGGACATCGTTTGTCATATTCTCAATATCACAAACGCTGATGCTCTCAG

AamoA-22

GTGGAATGTCATTGCCGTTGTTTAACATGGTCAACCTCATCACTGTGGCTGATCCATTAGAGACTGCATT

AamoA-23

TTAACATGGTCAACCTCATCACTGTGGCTGATCCATTAGAGACTGCATTCAAATATCCAAGACCAACGCT

AamoA-24

AGAACAAGCACTCACTGATTCTATTCGGTGGTGTGTTGTGTGGAATGTCATTGCCATTGTTCAACATGGT

AamoA-25

ACTCACTGATTCTATTCGGTGGTGTGTTGTGTGGAATGTCATTGCCATTGTTCAACATGGTCAACCTAAT

AamoA-26

AGTTCTATAACAGTCCAGTTGCACTCGGTGCAGGAGCAGGTGCTGTATTGTCAGTTACCATGTGCGCACT

AamoA-27

ACACTGACTGGGCCTGGACTTCGTTTGTCGTATTCTCAATATCGCAAACGTTGATGTTGGTAGTCGGCGC

AamoA-28

CATCTTCTACACTGACTGGGCCTGGACTTCGTTTGTCGTATTCTCAATATCGCAAACGTTGATGTTGGTA

AamoA-29

CAGATTGGGCTTGGACATCCTTTGTAGTATTTTCCATCTCACAAACTTTGATGCTTTGTGTTGGTGCAA

AamoA-30

CATCCTTTGTAGTATTTTCCATCTCACAAACTTTGATGCTTTGTGTTGGTGCAACATATTACCTAACATT

AamoA-31

ACATGGTAAACCTGATTACAGTAGCGGATCCATTGGAGACTGCATTCAAGTATCCAAGACCTACGTTGCC

AamoA-32

ATGGTCTGGCTTAGACGTTGTACTCACTATTTATTCATAATAGTGGTCGCGGTAAACGGAACTCTGCTTA

AamoA-33

ACGTTGTACTCACTATTTATTCATAATAGTGGTCGCGGTAAACGGAACTCTGCTTACAATTAATGCCGGT

AamoA-34

AACATTTACAGGCGTTCCAGGGACAGCTACTTACTACGCGTTAATTATTACTGTGTATACTTGGGTAGCA

AamoA-35

CAGTAAACTCAACATTACTTACCATTAATGCTGGAGACTACATTTTCTACACCGATTGGGCCTGGACATC

AamoA-36

GACAAAAAAGAACAAGCACTCTCTGATTCTATTCGGCGGTGTATTGGTAGGAATGTCGTTACCTTTGTTC

AamoA-37

TGGACATCATACACCGTATTTTCAATTTCACAAACTTTGATGTTAACGGTAGGTGCAGTATACTACCTTA

AamoA-38

TCAATATCGCAAACGTTGATGCTAGCTGTTGGAGCTTCGTATTATCTTACATTTACTGGGGTTCCTGGAA

AamoA-39

TGGAGTTTTAGTCGGAATGTCGTTACCGCTATTCAACATGGTAAATTTGATTACGGTAGCAGATCCACT

AamoA-40

ATGCTTACGGTAGGAGCAGTATACTATCTAACATTTACAGGTGTTCCAGGAACCGCAACATACTACGCAT

AamoA-41

CTAACGTTTACAGGTGTTCCAGGAACTGCAACATATTATGCACTAATCATGACGGTGTATACATGGGTAG

AamoA-42

CTTTATTGTTACACCAGTATGGATCCCATCGGCGATATTGTTAGATTTGGCGTATTGGGCTACAAAGAAG
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AamoA-43

TGTTCGGCGGAGTCTTAGTTGGAATGTCATTACCACTATTCAACATGGTCAATTTGATCACAGTGGCTGA

AamoA-44

GCGTACTGGGCAACAAAGAAGAATAAGCACTCTCTGATACTGTTCGGCGGAGTCTTAGTTGGAATGTCAT

AamoA-48

ttaattcaggAGACTATATCTTCTATACTGACTGGGCTTGGACATCATTCGTAGTTTTCTCTATCGCCAA

AamoA-45

TACTGGTGTACCTGGTACTGCAACGTACTATGGTCTGATTATGCAAGTCTATACTTGGGTTGCAAAAGTT

AamoA-46

ATCGTATTACGGTCTGATTATGCAGGTCTATACATGGGTTGCAAAAGTTGCATGGTTTGCacttggctat

AamoA-47

CCGATAGAACCGCAGGTAGGTAAGTTCTACAATAGCCCAGTAGCTCTGGGAGCGGGAGCTGGATCTGTAC

AamoA-49

GAAAATTCTATAATAGCCCAGTCGCGCTGGGTGCGGGTGCTGGTGCAGTATTAGCCGTTACGATGGCAGC

AamoA-50

TCGACCTTGTTGACAATCAACGCAGGAGACTACATCTTCTATACTGACTGGATGTGGACATCTTATGTGA

AamoA-51

TGTCAATGTCGTTGTTCAACATGATCAATCTAATCACAATAGATGATCCTCTTGAGACTGCTTTCAAATA

AamoA-52

GCTTGCTGTCGGTGCCGCGTACTACCTTACATTCACTGGAGTTCCAGGAACTGCAACTTACTATGCACTG

AamoA-53

TATTCTCAGTATCACAGACACTCATGCTTGCTGTCGGTGCCGCGTACTACCTTACATTCACTGGAGTTCC

AamoA-56

GTTGTGGGAGCAATATACTACATGCTCTTTACTGGAGTCCCTGGAACGGCGACATATTATGCTACCATCA

AamoA-57

TTTCGCAATCTACGATGTTAGTTGTGGGAGCAATATACTACATGCTCTTTACTGGAGTCCCTGGAACGGC

AamoA-58

TTACATATTCTACACGGACTGGGCCTGGACATCATTTGTAGTATTTTCCATCTCACAATCTACTATGCTT

AamoA-59

GGCCTGGACATCATTTGTAGTATTTTCCATCTCACAATCTACTATGCTTGTTGTTGGGGCGATTTACTAC

AamoA-60

CCCTCGGCAATGTTGTTGGATCTTACATATTGGGCTACAAGGCGCAATAAACACGCCGCCATTATCATTG

AamoA-64

CCTCTCGAGGTCGCGTTCAAGTATCCAAGACCTACACTTCCTCCCTATATGACACCTATAGAGCCTCAGG

AamoA-61

GTAGGGGCTATATACTATATGCTCTTTACAGGTGTTCCAGGAACCGCTACATACTATGCAACCATTATGA

AamoA-62

AATCTACACATGGGTTGCAAAAGGTGCATGGTTTGCATTAGGATATCCATATGACTTCGTAACAACACCA

AamoA-63

GTTATTAGATCTTACATACTGGGCTACAAGACGTAACAAGCATGCTGCAATAATTATTGGTGGAACTTTG

AamoA-65

ATACCTTCAGCCATGTTGTTGGACCTTACGTATTGGGCTACGCGGCGCAATAAGCACATGCTAATACTTG

AamoA-66

GGGCTTGGACATCCTTTGTAATATTTTCGATTTCACAATCGACTATGCTTGCAGTAGGAGCTGTCTATTA

AamoA-67

AGGTACAGCGACATATTACGCAACCATTATGACAATTTATACATGGGTTGCAAAAGGAGCTTGGTTTGCA

AamoA-68

AGGTCGGTAAGTTTTACAACAGTCCTGTTGCCTTAGGAGCAGGTGCAGGGGCCGTGTTGACTGTGCCTAT

AamoA-69

TTCGTCGTGTTCTCTATATCGCAGTCAACGATGCTTGTTGTGGGTGCCATCTATTACATGTTGTTTACGG

AamoA-70

AACGATGCTTGTTGTGGGTGCCATCTATTACATGTTGTTTACGGGAGTGCCAGGGACAGCGACCTACTAT

AamoA-71

ACTATAATGACGATTTATACATGGGTTGCAAAAGGGGCTTGGTTTGCTCTTGGATATCCATACGACTTCA

AamoA-72

AAAGGGCGCCTGGTTTGCATTAGGATACCCATACGACTTCGTTACAGTACCGGTTTGGATACCTTCAGCA

AamoA-73

ACGATATATACGTGGGTTGCAAAGGGCGCCTGGTTTGCATTAGGATACCCATACGACTTCGTTACAGTAC

AamoA-74

AATATACTATATGCTATTTACAGGAGTGCCGGGTACGGCTACTTATTATGCAACCATTATGACGATATAT

AamoA-75

TACACTGAtTGGGCATGGACTTCATTCGTcGTATTcTCTATCTCTCAATCGACAATGCTTGTGGTGGGGG

AamoA-76

GCACCTTACTTACTATCAATGCAGGAGACTACATTTTCTACAcTGAcTGGGCTTGGACATCATTCGTAGT

AamoA-77

CACCTTACTTACTATCAATGCgGGAGACTACATTTTCTACAcTGAcTGGGCgTGGACATCcTTtGTAGTA

AamoA-78

TaGTCGTTGCTGTTAACAGTACATTATTGACTATCAATGCaGGTGACTATATCTTCTATACTGATTGGGC

AamoA-79

ACAACGCACTATCTATTCATAGTaGTCGTTGCTGTTAACAGTACATTATTGACTATCAAcGCTGGTGACT

AamoA-80

ACCAGTTTGGATACCTTCGGCTATGTTATTGGACCTTACTTACTGGGCAACAAGACGAAACAAACATGCT

AamoA-81

ATTtTCGATTTCTCAATCCACAATGCTTGTGGTAGGAGCTATATACTATATGTTGTTTACaGGTGTCCCT

AamoA-82

AGTAGGAGCTATATACTATATGTTATTTACGGGTGTTCCTGGAACGGCTACGTATTATGCAACTATTATG

AamoA-83

ACAATGCTTGTAGTAGGAGCTATATACTATATGTTATTTACGGGTGTTCCTGGAACGGCTACGTATTATG

AamoA-84

AATTATCATTGGAGGCACTTTGGTAGGATTATCATTACCAATTTTCAATATGATAAACCTCTTGCTTGTA

AamoA-90

CTACACAGACTGGATGTGGACATCATTTGTCGTATTTTCGATCTCTCAATCTACaATGCTCGCAGTGGGA

AamoA-87

GCTTAGACGTACAACGCACTACCTgTTCATAGTAGTgGTTGCTGTCAACAGCACaCTGCTAACCATCAAC

AamoA-88

AAATCTATTGCTGGTACAGGATCCGCTTGCAATGGCGTTCAAGTATCCTAGACCGACACTGCCTCCGTAT

AamoA-89

ACCACAGGTGGGGAAGTTCTATAACAGCCCCGTGGCCTTGGGAGCAGGCATTGGCGCCGTGATATCGGTT

286

AamoA-85

ATAGTAGTCGTTGCTGTCAACAGCACGCTGCTAACCATCAACGCAGGAGACTACATCTTCTACACAGACT

AamoA-86

GGCACGGCCACATACTACGCCACAATCATGACCATCTACACATGGGTTGCAAAGGGTGCATGGTTCGCAC

AamoA-94

TACAGATTGGGCATGGACATCATTTGTTGTATTCTCAGTATCCCAATCAACAATGCTTGTAGTGGGAGCA

AamoA-97

ACATGGGTAGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCAATGGACTTCATCACCGTACCTGTTTGGA

AamoA-99

TGGCGCTAGGATCGGGAGCTGGAGCTGTGCTAAGTGTTCCGATAGCTGCACTGGGTGCGAAACTCAATAC

AamoA-95

GTTCTACAATAGTCCCGTGGCGCTAGGATCGGGAGCTGGAGCTGTGCTAAGTGTTCCGATAGCTGCACTG

AamoA-96

TGCTTGTAGTTGGTGCAATCTATTACATGCTATTCACCGGAGTACCAGGGACTGCAACATATTATGCAAC

AamoA-91

GTGTACCAGGGACTGCAACATATTATGCAACAATCATGACTATCTATACATGGGTAGCCAAAGGAGCTTG

AamoA-92

TCTATTACATGCTATTCACCGGTGTACCAGGGACTGCAACATATTATGCAACAATCATGACTATCTATAC

AamoA-93

TATTGGGCAACAAGAAGGAATAAACATGCTGCCATTATAATTGGCGGAACATTGGTTGGACTTTCATTGC

AamoA-98

aatcatgacTATCTATACATGGGTAGCCAAAGGAGCTTGGTTTGCGCTAGGATATCCAATGGACTTCATC

AamoA-54

ATGGTCTGGCTTAGACGTACAACCCACTATCTGTTCATTGTTGTAGTTGCTGTCAATAGCACGCTGCTGA

AamoA-55

ATGGTCTGGCTTAGACGYACNACRCACTANCTRTTCATNGTNGTAGTTGCTGTNAAYAGYACNYTNYTNA

hzsA-001

CGGGGACAGGAGATTGGTGTATGTAGAGTCGCCGTATATGAACTGGGGAGTAGGTCAGTTGGCATCGGTA

hzsA-002

CGGTAAGCTGGGATGCCCCGTATAACAAGACCTATGAGAGGTTGACGAAGGATGATGGTGGATTGTACCG

hzsA-003

AACTGGGGAGTAGGTCAGTTGGCATCGGTAAGCTGGGATGCCCCGTATAACAAGACCTATGAGAGGTTGA

hzsA-035

AACCCCGGATGGGAATATCCTGTTCTCCAGCACCCAGGCCAATGGGAGCAGGGCAGGTGGCAAGGGCAGG

hzsA-036

AAAGGTGGAAGGATATCCACATTCCTGGGGCACATGGATTTGTTTCGATACGACGCTGACCGATCTTCCG

hzsA-010

AGGCCGATCTACGGGAACTGCGATGATGAGATTGGTGGTACCAGTGGCAAGTCGCAGGCCAAGATCACGT

hzsA-011

CTTATCCGAGGCCGATCTACGGGAACTGCGATGATGAGATTGGTGGTACCAGTGGCAAGTCGCAGGCCAA

hzsA-039

ACAACTGGGATGGTGCTTATCCGAGGCCTATCTATGGGAACTGCGATGAGGAGATTGGTGGGGCAAATGG

hzsA-040

ACCGGTCACGTGCTGTCTGGTATAGAGTTTCCTAGTATAAATACATCAATAGACCAGATTACCTACAACA

hzsA-032

AAACTGCGATGATGAGATTGGCGGTGCATGTGGCAAGTCACAGGCCAAGATCACTTTTGGGGAAAGAAGG

hzsA-033

AATGATCCTGAGTGGAACGATCATCAACCAGCCCCGGTCTATATCAAGTACAGGCCGAGGTGGATCAATA

hzsA-012

AACAAGACCTATGAGAGGTTGACCAAGGACGAGGGTGGGTTATACAGGAGTCCCTATCCGCTTCCCGATG

hzsA-013

ACATGAACTGGGGAGTAGGTCAGTTGGCGGCGGTAAGTTGGGATGCCCCCTATAACAAGACCTATGAGAG

hzsA-014

AGCATAAATACATCAATAGACCAGATTACGTACAACATCAGTTCGAACTTTGATCCTGCGCTTACGCCGG

hzsA-015

ACGATAGGATGTTAGTATCGTATGCGGAGAGGGGAGATTTTGGTATTTACTGGTTTGATTGCAAGAACGG

hzsA-016

ACTTCCGGACGATAGGATGTTAGTATCGTATGCGGAGAGGGGAGATTTTGGTATTTACTGGTTTGATTGC

hzsA-037

GTGCGTATCCAAGACCGATCTATGGAAACTGTGATGACGAAATTGGCGGCGCATCATGCAAGTCACAGGC

hzsA-038

GGATAACTGGGATGGTGCGTATCCAAGACCGATCTATGGAAACTGTGATGACGAAATTGGCGGCGCATCA

hzsA-041

AAATTGAGCAAGGGTGAAGGTGGTTTATACAGGAGTCCATATCCACTTCCAGACGATAGGATGTTGGTAT

hzsA-042

AAATTGGCGGTGCATCTGGCAAGTCACAGGCCAAGGTCACCTTTGGTGACAGGAAGTTAGTATACATAGA

hzsA-004

CAATGTGAGTTCGAACTTTGATCCTGCGCTTACGCCGGATGGAAACATCCTGTTTTCAAGCGTGCAGGCC

hzsA-005

AGGTGAAGGTGGAGGGTTATCCACACTCATGGGGTACGTGGATTTGTTTCGATACGACATTAACGGATCT

hzsA-006

GCGCTTACGCCGGATGGAAACATCCTGTTTTCAAGCGTGCAGGCCAATGGGAGCAGGGCAGGTGGCAAAG

hzsA-007

AAACATCCTGTTTTCCAGCGTCCAGGCCAATGGTAGCAGGGCAGAAGGCAAAGGCAGGGTGTTGCTGGAA

hzsA-008

AAAGCTGGTATATGTAGAGTCACCCTATATGAACTGGGGTGTTGGTCAATTGGCAGCAGTCAGTTGGGAT

hzsA-009

AACAAGACCTACGAGAGGCTGACGAAGGATGATGGTGGATTGTACAGGAGCCCATACCCACTTCCAGATG

hzsA-034

ATAGAGTTTCCGAACTTAAATACGTCAGTTGATCAGATTACGTATAATGTGAGTTCGAACTTTGATCCAG

hzsA-017

AGGTCCGTATCCAAGCCAGAGGGCAAAGGCAACGAAGCCAGGGGATGTAAAGGCAGTGAGAATCGTAGAA

hzsA-018

CTCCTTACTACATTCAGAATTTGGATGAGAGGGGTATGGCAGTGCAGACGGCTCTGATGTGGGCATATTT

hzsA-019

ACATTCAGAATTTGGATGAGAGGGGTATGGCAGTGCAGACGGCTCTGATGTGGGCATATTTGAGGCCATA
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hzsA-020

AGGATGTTAGTGTCCTATGCAGCAAGAGGTGACTTTGGTATTTATTGGTTTGACTGTAAGAATGGGAGAG

hzsA-021

GTCCTATGCAGCAAGAGGTGACTTTGGTATTTATTGGTTTGACTGTAAGAATGGGAGAGCCGGTGAGGTA

hzsA-023

AATCTGTTCAGATTAGATACGCAGGGtGGTCATGTAACCGAAAGAATcACcGGcCACGTTCTcTCCGGTA

hzsA-022

AATCTGTTCAGGTTGGATACGCAGGGCGGTCATGTAACCGAAAGAATTACGGGACACGTTCTTTCCGGTA

hzsA-024

AGGGCGGTCATGTAACCGAAAGAATTACGGGACACGTTCTTTCCGGTATAGAGTTTCCGAGTTTAAACAC

hzsA-025

AAACTGTGATGGGGAAATCGGTGGCACCAGCGGAAGGTCTCAGGCGAAGATCACCTTTGGAGACAGGAAG

hzsA-026

AAAGAGGGGATTTTGGCATATACTGGTTTAATTTTAGCAAATGTGCTGCAGGGGACAAGGTATATGATGA

hzsA-027

AAGATCATACAGAGAATCACCGGACACGTGCTATCTGGCATAGAGTTTCCGCACCTCAATACCACGATAG

hzsA-030

AATGGCAGCACATGCCTGTTAGTTAACAACTGGACTGGCGCTTACCCAAGACATATCTACGGTAACGAGG

hzsA-031

ATGAATTTGGAAGACCATTCGCTTTTGACTTATACAGGCTTGATCCGCAGGGTGGAAAGTCAATGGATCG

hzsA-028

CAGTTCTGGCAGATGAGCCGGATTCTAAGAGATATCTTCAGGGTGCTGGTGCACACCTTCTTGGTGGCGC

hzsA-029

TGGTGTCTTCTGCTGAAAGACAGGATTTTGGTATTTATTACTTCTGCGCTGATAAGGGCACTGTTTCAGA

nifH-003

GGAGACGTTGTTTGTGGTGGTTTCGCTATGCCTATCCGTGAAGGAAAAGCACAAGAAATCTACATCGTTA

nifH-008b

GTATTAGGTGACGTTGTATGTGGTGGTTTTGCTATGCCTATCCGTGAAGGTAAAGCACAAGAAATCTACA

nifH-007

CATCAACTTCCTGGAAGAAGAAGGCGCTTACGAAGATCTAGATTTCGTTTCCTACGACGTATTGGGTGAC

nifH-005

GCTGTGCCGGTCGGGGCATCATCACCGCCATCAACTTCCTGGAAGAAGAAGGCGCTTACGAAGACCTCGA

nifH-004

ACCGCCATCAACTTCCTGGAAGAAGAAGGCGCTTACGAAGACCTCGATTTCGTTTCCTACGACGTATTGG

nifH-006

ATCATCACCGCCATCAACTTCCTAGAAGAAGAAGGCGCTTACGAAGACCTCGATTTCGTCTCCTACGACG

nifH-560

GCCGGGTGTAGGCTGTGCCGGTCGTGGCATCATCACCGCCATCAACTTCCTTGAAGAAGA

nifH-552

CTGGCTATAACAACGTGCGCTGCGTTGAGTCTGGCGGTCCCGTACCTGGTGTTGGCTGTG

nifH-537

ACTTCACTTAGCTGCTGAACGCGGTGCAGTGGAAGACTTAGAACTTGATGAAGTAGTACT

nifH-551

GTAGGTTGTGCAGGTCGTGGTATTATCACAGCTATCAACTTCCTCGGAGAAGAAGGTGCT

nifH-547

TGAGTCCGGCGGTCCAGAACCAGGAGTAGGCTGCGCCGGTCGCGGTATCATCACCGCCAT

nifH-548

GTCCGGCGGTCCAGAACCAGGAGTAGGCTGCGCCGGTCGCGGTATCATCACCGCCATCAA

nifH-579

GTTTTACATCTAGCAACAGAAAGAGGAACTGTAGAGGATATCGAACTTGATGAAGTAGTA

nifH-580

GCTATCAACTTGATTGAAGGAGAAGGTGCTTACGAAAATCTAGATTTCGTATCTTATGAC

nifH-563

TACCCGTTTGATGCTACACACTAAAGCACAAACTACCATTCTTCACTTAGCAGCAGAACG

nifH-564

TTTGATGCTACACACTAAAGCACAAACTACCATTCTTCACTTAGCAGCAGAACGGGGAAC

nifH-008

CCTATCCGTGAAGGTAAAGCACAAGAAATCTACATCGTTACCTCTGGTGAAATGATGGCGATGTACGCTG

nifH-535

AACTTTATACACTCACTGTCTAACAAGCGAGAATCAACTATGCGTCAGATTGCATTTTAC

nifH-561

TCCCGCTTAATGCTTCACTGTAAAGCGCAAACCACCATTCTGCACTTAGCTGCTGAAAGA

nifH-542

CTGCACAGCAAAGCCCAGACCACGACTTTGCACCTGGCCGCCGAGCGTGGCGCAGTCGAA

nifH-570

CCTCCGTGCTGCAACTAGCCGCCGAACTCGGTGCCGTTGAAGATGTCGAACTTGAGCAAG

nifH-055

AAAATGGCGCGTACGAAGACCTGGATTTCGTCTCCTACGACGTATTAGGTGACGTTGTGTGCGGTGGTTT

nifH-056

AAATCGACGAAGTATTGCTCACAGGCTTCAACGGTGTCAAGCGCGTTGAATCTGGCGGTCCAGAACCAGG

nifH-549

TACCGTATTGCACTTGGCTGCTGAGAAAGGTGCTGTAGAAGACCTGGAATTGGAAGAAGT

nifH-516

TTCGTATTCTACGATGTATTGGGTGACGTGGTATGTGGTGGATTCGCCATGCCCATTCGT

nifH-573

GTATTAGGTGACGTTGTGTGCGGTGGTTTCGCAATGCCTATCCGTGAAGGCAAGGCACAA

nifH-574

TTAGGTGACGTTGTGTGCGGTGGTTTCGCAATGCCTATCCGTGAAGGCAAGGCACAAGAA

nifH-569

GTGTGCTGGTCGTGGTGTTATCACTGCCATTAATTTCCTCGAAGAGGAAGGCGCGTATGA

nifH-556

TGCACTCCAAAGCACAAACCACAATTCTCAGCTTAGCTGCAGAACGGGGTGCAGTAGAAG

nifH-557

ACCTAGCTGCCGAGCGGGGCGCTGTCGAAGACTTGGAACTCGATGAAGTGCTGCTGACCG

nifH-559

TCTACTCGCCTGATGCTGCACAGCAAGGCTCAGACTACGATTCTGCACTTGGCCGCCGAG
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nifH-565

CCTGAGCCTGGTGTTGGTTGCGCAGGTCGCGGCATCATCACAGCCATCAACTTCCTCGAA

nifH-541

CTGATGCTGCACAGCAAAGCCCAGACCACGACTTTGCACCTGGCCGCCGAGCGTGGCGCA

nifH-578

TGCACAGCGAGGCTCAAACCACCATCCTGCACCTGGCTGCCGAGCGCGGTGCAGTAGAAG

nifH-558

TACGATTCTTCACTTAGCTGCTGAGCGTGGCGCGGTTGAAGATCTAGAGCTAGAGGAAGT

nifH-555

TGGCAGCCGAGCGCGGCGCAGTCGAAGATCTGGAACTCGAAGAAGTACTACTCGAAGGCT

nifH-571

GCAGTTGAAGATGTGGAACTTGAAGAAGTTCTACTCACTGGCTACAAAGGCGTTAAGTGC

nifH-567

CAGTCGAAGATCTAGAGCTCGACGAAGTACTACTCACTGGCTACAAAGATGTGAAGTGCG

nifH-582

CTACACACTAAAGCTCAGACTACTATTCCATCCCTTGCAGCAGAAAGAGGTGCAGTAGAA

nifH-553

GACTACAATTCTACACTTAGCCGCAGAACAGGGTTCAGTGGAAGACATCGAACTGGAAGA

nifH-554

TCGAACTTGAAGAAGTATTACTCACTGGCTACGACAATGTACGTTGCGTTGAGTCTGGCG

nifH-522

AGAACCAGGTGTTGGTTGTGCTGGTCGCGGTGTAATCACTGCTATCAACTTCCTTGAGGA

nifH-572

GCTCAAACAACCGTTCTTCACCTCGCCGCAGAACGTGGTGCAGTAGAAGATATCGAACTC

nifH-550

CTCACTCGTTTAATGCTTCACTCTAAGGCTCAAACCACTGTGCTGCACTTAGCAGCAGAA

nifH-575

AAAGCTCAAACCACCGTGCTGCACTTAGCAGCAGAAAGAGGTACAGTAGAAGACTTAGAA

nifH-576

GCACTTAGCAGCAGAGAGAGGCGCAGTAGAAGACTTAGAGCTCGAAGAGGTAATGTTACC

nifH-543

CGTTGTTTGCGGTGGCTTTGCAATGCCAATTCGAGAAGGCAAAGCACAAGAGATCTACAT

nifH-009

AGGTGACGTTGTTTGCGGTGGATTTGCAATGCCTATCCGTGAAAACAAAGCTCAAGAAGTCTACATCGTA

nifH-010

GTATTATTACTGCTATCAACTTCCTAGAAGAAGAAGGAGCTTATACAGATCTAGATTTCGTAAGCTATGA

nifH-011

AAGGAGCTTATGCAGATCTAGATTTCGTAAGCTATGACGTACTAGGTGACGTTGTTTGCGGTGGATTTGC

nifH-538

CCGTAAAGTTGATCGTGAAACTGAGTTAATTGAGAACTTAGCAGCTCGTCTCAACACTCA

nifH-012

ACCCGGTTGATTCTGCAcTGTAAAGCCCAAACCACCGTGTTGCACTTGGCTGCGGAACGGGGTGCTGTAG

nifH-041

CGGCGACATCAaGTGCGTTGAGTCCGGTGGTCCTGAGCCCGGTGTCGGCTGCGCCGGTCGCGGCGTtATC

nifH-545

TCTTATGACGTACTTGGTGACGTTGTATGTGGTGGTTTTGCTATGCCTATCCGCGAAGGA

nifH-546

GAGATTGACTTAATCGAAGAGTTAGCTGAACGCTTGAACACCCAAATGATCCACTTTGTA

nifH-014

TTGTcCAGAAGGGCTTCGGTGACATTCTGAACGTGGAATGTGGCGGTCCAGAGCCTGGTCCAGAGCCTGG

nifH-021

AGCTGGAGGATGTTGTcCAGAAGGGCTTCGGTGACATTCTGAACGTGGAATGTGGCGGAGCTGGAGGATG

nifH-577

TTCTGGTGAAATGATGGCAATGTACGCTGCTAACAACATTGCAAGAGGTATTCTTAAATA

nifH-566

GCAGTTGAAGACCTCGAACTCGGAGAAGTGCTATTAGATGGCTACAACGGTGTCCGTTGC

nifH-013

AACTTCCTGGAAGAGCAAGGCGCTTATGACGGCATGGACTTCATCTCCTACGACGTACTGGGTGACGTTG

nifH-016

ATTATCACCTCCATCAAcTTCCTGGAGGAGCAAGGCGCTTATGAGGATATGGACTTCGTTTCCTATGACG

nifH-015

AAGAAGAAGGCGCTTATGAAGGGAAAGATTTTATtTCTTATGACGTATTAGGaGACGTTGTTTGTGGTGG

nifH-539

ACTAAGCTTGGCTGCTGAGCGCGGTGCAGTAGAAGATTTAGAACTTGAAGAAGTAATGCT

nifH-562

CTTCACTTGGCTGCTGAAAGAGGATCTGTTGAAGATTTAGAACTTCATGAAGTAATGCTC

nifH-536

AGATTTAGAACTCGAAGAAGTAATGCTCGCAGGCTTCCGTGGTGTGAAGTGCGTTGAGTC

nifH-043

GGCGACATCAGGTGCGTTGAGTCCGGTGGTCCTGAGCCtGGTGTCGGCTGCGCCGGTCGCGGCGTtATCA

nifH-042

GGCGACATCAGGTGCGTTGAGTCCGGTGGTCCTGAGCCCGGTGTCGGCTGCGCCGGTCGCGGCGTCATCA

nifH-050

ATCAACTTCCTGGAAGAGAACGGCGCCTATGACGACGTCGACTACGTCTCCTACGACGTGCTGGGCGACG

nifH-051

GCCGGCCGCGGCGTCATCACCGCCATCAACTTCCTGGAAGAGAACGGCGCCTACGACGACGTGGACTACG

nifH-052

CTGATCCTGAACTCCAAGGCGCAGGACACCGTGCTGCACCTGGCCGCCGACATGGGCTCGGTCGAGGATC

nifH-053

ATCAACTTCCTGGAAGAGAACGGCGCCTATGACGATGTGGACTATGTGTCCTATGACGTTCTGGGCGACG

nifH-054

GGGGTTGGCTGCGCTGGTCGCGGTGTGATCACCTCGATCAACTTCCTGGAAGAGAACGGCGCCTATGACG

nifH-046

TACGTGTCCTACGACGTGCTGGGCGACGTGGTCTGCGGCGGCTTCGCGATGCCGATCCGCGAGAACAAGG

nifH-504

CTGGCCGCCGACATGGGCTCGGTCGAGGATCTGGAGCTGGAGGACGTCCTCAAGGTCGGC

nifH-047

TACGTCTCCTACGACGTGCTCGGCGACGTCGTCTGCGGCGGCTTCGCCATGCCGATCCGCGAGAACAAGG

289

nifH-048

TACGTCTCCTACGACGTGCTCGGCGACGTCGTCTGCGGCGGCTTCGCGATGCCGATCCGCGAGAACAAGG

nifH-049

ACGACGTCGACTACGTCTCCTACGACGTGCTGGGCGACGTGGTCTGCGGCGGCTTCGCCATGCCGATCCG

nifH-032

AAGTGCGTTGAATCAGGCGGTCCTGAGCCCGGTGTCGGCTGTGCCGGCCGCGGTGTTATTACCGCTATCA

nifH-062

CGGCTGCGCCGGTCGCGGTGTTATCACCGCCATCAACTTCCTGGAAGAGGAAGGCGCTTACGACGAAGAT

nifH-531

GCGTCGAGGACCTCGAACTCGAAGACGTGATGAAGATTGGCTACAAGGACATCCGTTGCG

nifH-532

CGAGGACCTCGAACTCGAAGACGTGATGAAGATTGGCTACAAGGACATCCGTTGCGTGGA

nifH-534

CTCGACCTCGCCGAGGCCCTGGCCAAGCGCCTGAACTCGCAGCTGATCCACTTCGTGCCG

nifH-517

GATATCGACTACGCGTCCTACGACGTTCTCGGCGACGTCGTCTGCGGCGGCTTCGCGATG

nifH-530

CAAGGTAGCGTCGAGGACCTCGAACTCGAAGACGTGATGAAGATTGGCTACAAGGACATC

nifH-060

AAGAcCTGGACTTCGTGTTCTACGATGTgCTGGGTGACGTTGTCTGCGGTGGTTTTGCCATGCCGATTCG

nifH-533

CGCGACAACATCGTGCAGCACGCGGAACTCCGCCGCATGACCGTGATCGAGTATGCCCCG

nifH-501

TCAGGACACCATCCTGTCGCTGGCCGCTGAAGCCGGTTCGGCGGAAGACCTCGAGATCGA

nifH-037

ATGCCGATCCGCGAGAACAAGGCCGAGGAGATCTACATCGTGGTCTCCGGCGAAATGATGGCGATAAGGG

nifH-057

AGCCAGGGGTTGGTTGTGCCGGTCGTGGTGTTATCACGGCGATTAACTTCCTTGAGGAAGAAGGCGCTTA

nifH-515

TGGTGTTATCACCGCTATCAACTTCCTCGAAGAGGAAGGCGCCTACGAAGACGATCTCGA

nifH-521

GGTGTAATCACTGCAATCAACTTCCTGGAAGAGGAAGGTGCATATGAAGATGACCTGGAC

nifH-044

AAGGCGCAGGACACCATCATGCAGATGGCGGCTGACGCGGGcTCgGTTGAGGATCTGGAGCTTGAGGATG

nifH-045

CGACCCGTCTGATTCTGCACTCCAAGGCGCAGGACACCATCATGCAGATGGCGGCTGACGCGGGTTCGGT

nifH-039

AACTGGAAGATGTATTAAAAGTCGGTTACGGCGGTGTGCGCTGTGTTGAGTCGGGCGGTCCTGAGCCAGG

nifH-040

AAGACTTAGAACTGGAAGATGTATTAAAAGTCGGTTACGGCGGTGTGCGCTGTGTTGAGTCGGGCGGTCC

nifH-526

GCACAGGCTGGTACGGTAGAGGATCTTGAGCTTGAAGAAGTGCTTAAGGTTGGCTTTGGC

nifH-527

TGAAGAAGTGCTTAAGGTTGGCTTTGGCGATATTAAGTGCGTGGAGTCAGGTGGTCCTGA

nifH-001

AGAAGTGCTTAAGGTTGGCTTTGGCGACATTAAGTGCGTGGAGTCAGGTGGTCCTGAGCCTGGAGTTGGC

nifH-002

AGAGGATCTTGAGCTTGAAGAAGTGCTTAAGGTTGGCTTTGGCGACATTAAGTGCGTGGAGTCAGGTGGT

nifH-505

CATGGAAATGGCTGCCCAGGCAGGTACGGTTGAGGATTTAGAGCTTGATGACGTACTTAA

nifH-525

ATCTCGAGCTCGATGACGTGCTTAAGGTTGGTTATGGTAACATTAAGTGTGTAGAAGCAG

nifH-513

TTGATCCTTCACTCCAAAGCTCAGAACACCATTATGGAAATGGCTGCTGAAGCTGGCACC

nifH-514

CAAAGCTCAGAACACCATTATGGAAATGGCTGCTGAAGCTGGCACCGTTGAAGATCTGGA

nifH-520

GAAATGGCTGCTGAAGCCGGCACCGTGGAAGATCTGGAACTGGAAGATGTATTAAAAGCC

nifH-519

TGCGATCCGAAAGCGGACTCCACTCGTCTGATTCTTCACTCCAAAGCACAGAACACCATC

nifH-523

TGCTATCAACTTCCTTGAGGAAGAAGGTGCGTACGAAGACGATCTTGACTTCGTATTCTA

nifH-038

ACACTAAGATGCAAAACACCATCATGGAAATGGCAGCGGAAGCCGGTACTGTTGAAGACATCGAAtTAGA

nifH-529

TGGTTGCGCTGGTCGCGGTGTAATAACAGCGATTAACTTCCTTGAAGAGGAAGGTGCATA

nifH-020

TACGACGACGAcCTCGACTTCGTGTTCTACGACGTGCTGGGCGACGTGGTcTGCGGCGGTTTCGCcATgc

nifH-019

CGTACGACGACGAACTCGACTTCGTGTTCTACGACGTGCTGGGCGACGTGGTGTGCGGCGGTTTCGCGAT

nifH-568

GTTGCGCTGAATCAGGTGGTCCCGAGCCCGGTGTTGGGTGTGCTGGTCGTGGTGTTATCA

nifH-058

AAAACACAATCATGCAGATGGCACCTGATGCCGGTTCTGTAGAACATCTGGAACTCGAAGATGTACTGAA

nifH-059

AAAGCAGATGCTACACGTCTAATTCTTCATTCAAAGGCTCAGGAGACTATTATGCATCTGGCCGCCGATG

nifH-507

ATGGCGGCCGAGAAGGGCTCCGTTGAAGATCTGGAACTCGAAGATGTGCTGCAAATCGGT

nifH-061

AAAAGCACAAAACACCATTATGGAAATGGCGGCCGAAGCGGGCACCGTTGAAGATCTGGAATTGGAAGAT

nifH-508

ACCGTGGAGGATCTGGAGCTCGAAGACGTGCTCAAGACCGGCTTCGGCGACATCAAGTGC

nifH-017

AAACTACTGTTATGCATCTGGCTGCTGAGGCCGGTACCGTAGAAGACCTGGAGCTGGAAGATGTATTGTC

nifH-018

ACCGTAGAAGACCTGGAGCTGGAAGATGTATTGTCTGTCGGTTACGGCGACGTTAAATGTGTTGAGTCTG

nifH-506

CGCAGACCACGGTGATGCACCTGGCCGCTGAAGCCGGCTCGGTGGAAGATCTCGAACTCG

290

nifH-036

ACGTCGTCTGTGGCGGATTCGCTATGCCGATCCGTGAGAACAAGGCGGAAGAGATTTACATCGTTGTCTC

nifH-031

ACCCGTCTGATCCTTCATGCCAAAGCGCAGGAAACGGTGATGGACAAGGTCCGGGAACTCGGCACCGTCG

nifH-035

AGGGTTGGCTACGGCGGCATCAAGTGCGTTGAATCAGGCGGTCCTGAGCCCGGTGTCGGCTGTGCCGGCC

nifH-064

ACCCGCCTGATCCTTCATGCCAAAGCCCAGGACACGGTTATGGACAAGGTCCGTGAACTCGGCACCGTTG

nifH-065

ACCCGTCTGATCCTCCATGCCAAAGCCCAGGAAACGGTTATGGACAAGGTCCGGGAACTCGGCACCGTCG

nifH-518

TGATCCTGCACGCCAAGGCTCAGGATACCGTTATGGACAAGGTCCGTGAGCTCGGTACCG

nifH-034

AAGAAGAAGGCGCTTACACCCCCGACCTCGACTTTGTTTTTTATGATGTTCTTGGTGACGTCGTCTGTGG

nifH-033

AAACGGTCATGGACAAGGTCCGGGAGCTGGGCACCGTTGAGGATCTGGAACTGGATGATGTGCTCCGGAT

nifH-528

TTAGAGTTAGAAGATGTCATGAAGCGCGGTTATGGCGAAGTGATGTGCGTTGAATCTGGT

nifH-063

GCGGCGTCATCACCGCCATCAACTTCCTCGAGGAGAACGGCGCCTACACCCCCGATCTCGACTTCGTCTT

nifH-030

ATCACCGCCATCAACTTCCTgGAaGAGAACGGCGCCTACACCCCCGATCTCGACTTCGTCTTCTACGACG

nifH-029

CCGGACCTGGACTTCGTaTTCTACGACGTTCTCGGCGACGTCGTCTGCGGCGGGTTTGCCATGCCGATCC

nifH-022

AAAAAGGCGCAGGCGACAGTCATGGACATGGCAAGGGAGATGGGAAGTGTCGAAGACCTTGAGATAGGGG

nifH-023

AAAACGGGGCCTATGATGCTGACACCGATTTCGTCTTTTACGATGTGCTCGGCGACGTCGTCTGCGGCGG

nifH-024

AGGCTGCGCAGGTCGCGGCGTTATCACTGCCATCAACTTTCTTGAAGAGAACGGCGCGTACGGCGATGAT

nifH-524

TGAGGATCTCGAGCTAGAAGATGTTCTAAAGGTTGGATACGGCGATATTAAGTGTGTAGA

nifH-502

TCCTGGTTTCGGCGGTTCATTGTGCACCGAATCTGGTGGCCCAGAGCCTGGCGTTGGCTG

nifH-503

ATCAACATGCTTGAGCAGCTCGGTGCCTACGAGACCCACGACCTCGACTACACCTTCTAC

nifH-509

TCATCTTGCACTCCAAGGCTCAAAACACCATCATGGTGATGGCTGCTCAGGCAGGCACGG

nifH-510

GGCGCGGTATCATCACCTCCATCGGTCTGCTGGAACGCCTTGGCGCTTACACCGAAGACC

nifH-511

CTGATCCTGGGCGGCAAGCCGCAGGAGTCGCTGATGGAAGTGCTGCGCGAGGAAGGCGCC

nifH-512

GTGAAGATGTTGATATTGAAGACATTGTAAAGGCAGGGTACAGTAATGTACGTTGCGTTG

nifH-540

TTGGCCGCCGAGCGTGGTGCTGTAGAAGATCTCGAACTCGATGAGGTCCTCCTCACTGGC

nifH-544

CATGTGCCGGCGGAACTGGGCGCGGTGGAAGATGTGGAACTGGATCAGGTGCTGAAACCG

nifH-581

CATCAATATGCTAGAGCAGCTCGGCGCCTACGAAGAGGACGAAGAACTCGACTACGTGTT

nrfA-01

AAAAACAAAGCGGTTAAATTCCCGTGGGATGACGGCATGAAAGTCGAAAATATGGAGCAGTATTACGACA

nrfA-02

ACTTCGACGGCAAAAACAAAGCGGTTAAATTCCCGTGGGATGACGGCATGAAAGTCGAAAATATGGAGCA

nrfA-03

GCTGGAGTTGTAAAAGCCCGGATGTGGCGCGTCTGATCCAGAAAGACGGCGAAGATGGCTACTTCCACGG

nrfA-04

AACAGTCTGCCCGTGAAGATGCGCTGGCGGAAGACCCTCGTCTGGTGATCCTGTGGGCGGGCTATCCCTT

nrfA-05

AACGATATTCGCCACGCGCAGTGGCGTTGGGATCTGGCGATTGCGTCACACGGTATTCATATGCATGCCC

nrfA-06

AAAGCCGCATGGGATGCGGGGGCGACAGACGCGGAAATGAAACCGATTCTGAACGATATTCGCCACGCGC

nrfA-94

AAACAGGATTTCCTGAACACGGTGGTGCCGCAGTGGGATGAGCAAGCGCGTAAAGCTGGACGACTGAACT

nrfA-95

AAACCTGGAGCATTGGTATTCACGGTAAAAACAACGTGACCTGTATCGACTGCCATATGCCGAAAGTGAA

nrfA-13

AAAAAATGCTGAAGACGGTCCAATGCCTATGGCATGTTGGAGCTGTAAAAGCCCTGACGTACCTCGCGTG

nrfA-10

AAAGAGTTCATGGTTAACCTAGATAACGAGCGTAAAGCTAAGGTTAAGCAGATCCAACTTCAAGCTGAAG

nrfA-11

AAGCTGGCGCAACTGAAGCTGAAATGGCACCAATCCTAATGGATATCCGTCATGGTCAATGGCGTTGGGA

nrfA-12

AAAAAATCCTTTGCACTGAGTGCATTGGTCGCAGCAAGCCTAATGGCTTCTGGTGCGATGGCAAGTGATA

nrfA-08

AAAAAAGAAGGCAGAAAAGGTTTCGTTAAATTCCCTTGGGATATGGGCACAACCGTTGAGCAAATGGAAA

nrfA-09

CTGTCACATGCCTAAAGTGACTAACGACAAAGGTCGTAAGTACACAGATCATAAAGTGGGTAACCCATTC

nrfA-14

AAAAAGGCACCCCTAAACTGCGCCTGTCTCGTCCTTTTGCTTCCCGCGCCATGGAAGCCATTGGTACCCC

nrfA-07

AAAACTGAACCTCGCAATGAGGTTTATAAAGATAAATTTAAAAATCAATACAATAGCTGGCATGATACCG

nrfA-120

CGACCTTATGTTGAGCGTGCATTCGAAGCGATTGGCAAGAAGTTTGATGAGCAGAGCCGCCTCGATCAAC

nrfA-121

AGATGTGGCTCGTGTTATCGAAGAGCGTGGCGAAGATGGTTACTTCGAAGGCAAATGGGCACGCCTAGGC

291

nrfA-23

AAAAAATGAACGCAGATAAGAAACACTTCCTAGAGACTGTCGTTCCGGACTGGGATAAAGCCGCGGCCGA

nrfA-122

AACGGTGAACCAGCGCTGGCAATAACTCGCCCTTATGTAGAACGCGCTTTCGATGCCATCGGCAAAAAGT

nrfA-123

AAAGATTGGACACACGCAGTATCGAAGGCACCAATGTTGAAAGCACAGCACCCAGGTTACGAAACATGGC

nrfA-15

AAAAAATGAACGCGGATAAAAAGCACTTCTTAGACACCGTTGTGCCAGATTGGGATAAAGCAGCGGCCGA

nrfA-18

AAACAAGCGTCTGTGTGTGCTCAGTGCCATGTCGAATACTACTTTACAGGACCAACGAAAGCGGTGAAAT

nrfA-24

AAAAAGAAATTGGCGACCCTCGTAACGACCAGTTCGAGCAAAACCACCCAGATCAATACCATTCATGGAG

nrfA-25

AAAAACAAATCGTTGCGGCTCACTTTGAAGCGGGTGCAGCGTGGAAAGCTGGCGCTACTGAAGAAGAAAT

nrfA-26

AAAAACAAAGTGGCGTGTGTCGACTGTCATATGCCAAAAGTGACCAAAGAAGATGGCACTGTCTACACCG

nrfA-16

AAAAAGAAATGGCACCAATCCTACAAGACATTCGCCACGCACAATGGCGTTGGGATTATGCGATTGCTTC

nrfA-17

AAAAAGCAATGGACCCGTCGTTCAGCCGCTGCAATAGCAATGGTGACTACTTTATTATTAAGTAGCCACA

nrfA-19

AAAGACTGGACTCACAAAGTATCTAAAGCGCCTATGTTAAAAGCGCAGCATCCTGGTTATGAAACATGGC

nrfA-20

AAGGATTACAACAAGCCGCGCGGCCACTTCTATGCGCTGACCGACGTGCGGGAAACCCTGCGCACCGGCG

nrfA-21

GCCAGAACAACGTCGCCTGTGTCGACTGTCACATGCCCAAGGTGCAAAACGAGCAGGGCAAGGTCTACAC

nrfA-22

ATCCGTCACGCCCAATGGCGCTGGGACTTCTCCATCGCTTCCCACGGGGTGCAGATGCACGCCCCGGAAG

nrfA-27

AAAAACTAGGAGTGGTAGTAGAATCAGCAAACCATAAATTTGCTGAAAAATATCCGCTTCAATATAACTC

nrfA-28

AAAAAGGTGAACGTGGTTATTTTGATCCTAAATGGGCGAAATACGGTGCGGAAATCGTAAACTCAATCGG

nrfA-29

AAACACGGCGTGACAACACCGGTAGCAATTCCTGATATCTCTACTAAAGAAAAAGCACAAAAAGCGATTG

nrfA-31

AAAAAGCACAAAAAGCGATTGGTTTAGATATTCCTAAAGAACAAGCTGCAAAAGATGAATTCTTACGTAC

nrfA-32

AAAAATACTACGATGAAATTGAATTTGCTGACTGGACTCACGCATTATCAAAAGCACCAATGTTAAAAAC

nrfA-30

AAAAAACAAGTAAAAGATGCAATGATCAAATTAGAAGATCAATTAGTTAAGGCGCACTTTGAAGCGAAAG

nrfA-34

AAAATGATGGCCCGCAACCAATGGCTTGTTGGACATGTAAAGGCCCAGATGTTCCTCGCTTAATCGAAGA

nrfA-33

AAAAGTAGAAACTAAAGATGGTAAAGTCTATACCGATCACAAAATCGGCAATCCGTTTGATAACTTTGAG

nrfA-36

AAAGCATGGAAAGTAATGGGTATTGATATCGAGAAAGAACGTAAAGCGAAAAAAGAATTCTTAGAAACTG

nrfA-38

AAAAACGGCGTGACCTGTATCGATTGCCACATGCCGAAAGTGCAAGGGGCGGATGGTAAAGTTTATACCG

nrfA-35

AAACTGTCACGATCAAAGCAAAGAAAAATTACGCGATATCGTCACTTCACGTAAAAAAGAAGTGAAAGAT

nrfA-37

AACTCAGCGGTAGCTGATATGGTTTATAAGCCATTAGAACAACCTGTTGAACCAGTAAAACCAGATTTGA

nrfA-39

TATGAAACCTGGATGCTCGGTGTGCATGGTAAAAATGGAGTGACTTGTATTGACTGCCATATGCCAAAAGTACA

nrfA-40

AAAAGCCGAATTCCTCAAAACTGTTGTTCCTCAATGGGATAAAGAAGCCCGTGAAAAAGGCTTACTTCCT

nrfA-41

AAGAGGCTTCCGGGACAGAAGGGGAGTTGTCTACAGTGCAAGGGTTCGTATGTTTATGATGTGTACTTCA

nrfA-42

TTGAGTAACAGAcAGAAAATCATCGCgGGTGTTGCCGGCGTCTGTGCCCTGTTCTTTGGATTcGTGGCcGTTCG

nrfA-43

AACGAGATGCGCGCCTACGTTTGCGGACAGTGCCATACGGAGTATTACTTCACGGCTGAGGACGGCCGCG

nrfA-44

AAAAAAACAGATCGGCTCCTGTCTGACCTGCAAATCGGCGGAAGTGCCCGGTATGATCGCCAAGATGGGC

nrfA-45

AAAAAAGAAATTTTTATGAATGGGTACATCCTTTAAGCGGCACTAAAATGCTGAAATCCCGCCATCCGGA

nrfA-126

AAAAACAACGAGACGTCCGTCATGACCGAGTACAAGGGTTCGGTGCCGTTCCACAAGAACGACGACGTGA

nrfA-128

AACAAGCTCTCCCGCAACGAAAAGCGCACCCTGGTCTGCGCCCAGTGCCATGTGGAATACTACTTCACCC

nrfA-129

AACAAGCTCTCGCGCAACGAAAAGCGCACCCTTGTCTGCGCCCAGTGCCATGTGGAATACTACTTCACCC

nrfA-127

AAAAACCTCTGGCTGGGCTATCCGTTCATGTATGAATATAATGAAACGCGCGGCCACACCTATGCCATTG

nrfA-124

AACGAATTCCGCGACAAGATCGACATGAAGGATCACACCATCGGGTGTGCCACCTGTCACGACCCCCAGA

nrfA-125

AACAAGAAGCCGGTGTTCCCGTGGGCCGAGGGTTTCGACCCTGCCGACATGTATCGCTACTACGACAAGC

nrfA-46

AAAAAGCAACATTTGATCAATTGTTGATAGCTCAGGAGCTTTCTGTAAAAGCCCATGAAGCAGTACGGTT

nrfA-49

AAAAGAAATTAAAATCATGGCAAGGATGGCTGTTGTTCGGAGGTTCAATGGTCGTTGTATTTGTTTTGGG

nrfA-52

TTGTATTTGTTTTGGGATTATGCGTTTCTGCGTTGATGGAACGGAGGGCGGAAGTTGCCAGCATTTTCAA

nrfA-53

AACGAGAGACATGCGGAGGTCACTAGCGTAATGAATAATAAGAAGACGGAGATCACAGGAATCGAGGCTC

nrfA-54

AAAGTGTTAGCGAAATTAGGTTATACGGATGATGTTCCGATGCCGGACTTCTCTACGAAAGAAAAGGCTC

292

nrfA-50

AAAAAGCACAGGAATACATCGGTCTGGATATGGAGAAGGAGCGTAAGGCGAAAGACAAATTCCTGAAAAC

nrfA-51

AAAAGATATAGACAAAGCGACTCCACAGGAGATGCGTTCGCTGGTATGTGCGCAATGTCATGTAGAGTAC

nrfA-47

AAAAACAAATGGAGCAGTCTGGGCAGTGACATAGTGAATCCGATAGGGTGTGCAGACTGCCATGATCCGG

nrfA-48

AAAAACGTTTACGAACGTCAGCGGAAAGCAAATGAAGTGCGCAATCAGTTGGAAAACGAACTGGCCAAAG

nrfA-56

AAAAACTATAATACGCCCCGAGGGCACCGTCATGCCATTGAAGACATGCGCAAGATTCTGCGCACGGGCA

nrfA-58

AAAAGAAAGTGTACGACTTCGCGGTCAAGGTGAACCATGAATTGGCTTTAGCCCACCTCGAAGCAGAGTT

nrfA-57

AAACAAAGCCAGTCATCAAGAAATGCGTTCGTTGGTTTGTGCACAGTGCCATACCGAGTATTACTTTGAA

nrfA-55

AAAGGAACGGATAAATTCTATGCTGCCAAGTGGAGCGACTGGGGACCAGAGGTCATGAACACCATCGGTT

nrfA-59

AAAGATGCACGTCTGCAGATAGCCCGTGTCGTAGCACGTCACGGATTTACAGGTCAGATTCCTCTGCCCG

nrfA-132

AAAAAGACAATGGGAACTATCTTCACTTCCCACAAGAGAAGGGACTTACATGCGAAGCAGCTGAAGAATA

nrfA-133

AAAAATACTGCGTACCGGAAGCCCGGGAGTAGACGGTCAAGCAGACATACAGCCCGGCACTTGCTGGACT

nrfA-131

AAAAACATGTTTAAAGAAGACATTGTTGCACAGAACGAGAAGTTTGCAGGCGACTTTCCACGCGAATACG

nrfA-130

AAAAACAACGGTTCGTCAACAACATAGTACCCAAGTGGATAGACGACGCCCGCAAGAACCACCGATTCGT

nrfA-134

AAAACAATGGACCTCAAGCCCGCTCGTCCTGCACTGTACGAGGCCTGGCAACGCGTAGGTAAAGACGTTA

nrfA-136

AAAACCATGAATCTTCGTATTACACGTCCGGCTCTGGTCGAAGCGTTTCAGCGTAGAGGCAAAGATATCA

nrfA-135

GTAAAAGTACGGACGTTCCGCGCGTGATGAACGAACGCGGCGTGGCTGAATTCTATAAGGACAAATGGGA

nfrA-96

AAAAGTCCCGATGTACCCAGGTTAATGAATGAGCTGGGAGTTGCAGAATTTTATGGCGGATCCTGGGAAT

nfrA-97

AAAGCGCCAATGCTGAAGGCACAGCATCCGGGCTATGAATTGTATATGACAGGGATACATGCCGAAAGGG

nfrA-98

GTGAACCCGATTGGCTGTGCCGATTGCCAcGAtTCGAAAACcATGAACCTGCACATTTCGCGCCCCGGAT

nfrA-99

CTGAAGTAGTGAACCCGATTGGTTGTGCCGATTGCCACGATTCGAAAACCATGAACCTGCACATTTCGCG

nrfA-64

AAAAAAAGGAATTTAAACAAAATGTGCTGCCTCAATGGTTAAAAGCAGCAAAAGAACGTGAAGCGAAAAT

nfrA-100

AAAGAAATTCTGGAAGGTATCAGGCACGCCCAATGGAGATGGGACTTTGTAGTGGCATCACATGGGGGAG

nrfA-60

AACGCCTCCTTAGCGATGGTCTTATCTATGCTTATCAAGCTGAAAATAATTTAGATGTGCTTAAAGAAAA

nrfA-61

AAACCTACTTTGGCACTTATCCGCAAATCACAATGGCGTTGGGATATGGTACACTCTTCACACGGTGCCG

nrfA-62

AAGTCTCAATGGCGTTGGGATATGGTACACTCCTCACATGGAGCGGCTTTCCATGCTCCTATAGAGTCAG

nrfA-63

AAAGTGAGTCGTGCTCCTATTATCAAGGCACAACACCCCGATTATGAGCTTTCTCAGCTCGGTATCCACG

nrfA-66

AAAAAATATCTTACCTTCCCTTGGGATGAGGGAAAAGCAGTGGAGGATATGGAGAAATATTATGATGAAT

nrfA-137

AAAAAATGGACTGACCTGGGCTCTGAAATAATTAATCCAATCGGATGTCAGGATTGCCATGATCCTAAAA

nrfA-138

ACGCAATTTTCCAGACAAGAGATGCGTTCACTTGTTTGTGCACAATGCCACGTTGAATATTACTTTAAAG

nrfA-65

AAAAAACTATTGCAGCAGCACATATTGAGGCAAAAATTGCGTGGGATAATGGTGCAACACAAGAGCAGAT

nrfA-69

AAAGAGGGCATTTTTGGGTTCAAGTAGATCAAATGAAAACAGCAAGAAACAACAAAGATTTTCTTAATGC

nrfA-70

ATCCAAATTTTGAAAAATGGGGTAAGGTTTTTCCAGAGCAACTAAAAATGTATTTAACGGTTGAAAAAGA

nrfA-76

AAAAAACTTACGATGAATTTGACACTTGGAGAGATGGTAACAAGCCTACCGAAATCGAAGTAGCGGGGAT

nrfA-74

AAAAAACAAAATGAAGGTACAGGAGGCATAGCCTCTAAGGAATTTGTAGAGCTTAGCGATAATAACCCTA

nrfA-75

AAAAAACGTTCCAGCAGTAAATGGTATGGAAGAAAACTCTGTTGAACACAGCGGTCCTCACGGTGGTAAA

nrfA-77

AAAAAAGGAACTCCATTTAGAATTGAAATGTTCGATGATCATTATGAAGCGGTACGCGGTGTATTTGATA

nrfA-82

AAAAACGGTATAACCGGCTTCAAAACATCTAATCTCGGTTTTGAAGATATGCAAAAACTAAATCCGGGCG

nrfA-84

AAAAATCCAACACCCAGAGTACGAGCTATACAGCGGCGGCGTACATGCTGCAAACGGCGTAAGCTGCGCT

nrfA-71

AAAAAAAGTTACTAACCATAACATCACTTCACCTTTAGTTGATATTAACTCAGCTTGTAAAACTTGCCAT

nrfA-79

AAAAACAAGGCATTAAAGCTTCAAGAAGCGAGATGAGAACTTTAGTATGCTCTCAATGCCATGTTGAGTA

nrfA-72

AAAAAAATCGCGGCTAAACACGGCGAGAGTATCCATGGGTCGCATCTAGGCAGCACCTGTGCGGACTGCC

nrfA-78

AAAAACAAAGTGTTGTATGTAGCTACTTTCTTAGTGGCTGTCGTACTCGGTGCGGCTATGTTCGCGCTTT

nrfA-80

AAAAACCGCGTAAGTTTTATACAAAACCGCCACGCTTATGAACTTAGAGGTTGCGAAAACGCTCTGCTTT

nrfA-73

AAAAAAATGGAGCATAAAAGCGACGAAAATCCAAACGGAACCGAGCTAATAGAGACTCCTTTCGGCGGTT

293

nrfA-81

AAAAACGCTTCTTTTCCATAGAAAAGCTCATATTCGCTGGGACTTCAGCTTTAGCGAAAACAGCTACGGA

nrfA-83

AAAAAGGTACCTGTGTAAACTGTCACACCGGACACCTTATGGCTATGATGGTAGATACGGACTACAAACA

nrfA-89

AAAAAATTTACCGGAACCACCCTCATCCTCACCGGCATCATTGTGGTGCTGAGCGCCCTGCTGATTGGCG

nrfA-93

AAACACGCCGACTCCGGCGCAAACATGATCAAGATGCAGCACCCCGATTATGAGATGTACACCGCCAACA

nrfA-92

AAAATTACGGCCCGACAACTTACGGGGGCTCTGAACCGTACAGTAAGCTCGAACGCTATCCGGCGATGGT

nrfA-67

AAAACGGCCACGTTGACTTTGTCAATGCAAAAACCGGTGCAGACATTGTGAAAGCACAGCATCCGGAATT

nrfA-68

AAAGAAAGCCGTCAGCCGGATGACAAAGATCCACGGACTGAAGTAGCTAAGAGCCGCATCGAAGAAGACC

nfrA-101

AACCAGGAGATGCGCACCTACGTGTGCGCCCAGTGCCACGTCGAGTACTACTTCGCCGGTGAGGGCAAGA

nrfA-91

AAAACCCTCACGTTCCCCTGGAAGAACGGCCTGACCGTCTACGACGAGATGAACTACTACGACGAGGTCG

nfrA-102

AAAAAGACCGAAGAGCCCACCGTGGCGGGTAAGAGCCGGTACAAGAAGGGGTATGACGACGACGGCGTTT

nfrA-103

AAGCAGATCGACAAGGCCCTCTATGACCAAGCCAGGGATCACTACGAAGAGGCGTTCTACCGGGTAGTCT

nrfA-90

AAAAACGACATGAAGGCCTGCATCCAGTGCCACACCGAAAGCCCGGACTGGCTCAAGCAGCAGGTCATCA

nfrA-104

AAAAAGCTCACCCGCCAGGAAATGCGCTCCGTGGTTTGCGCTCAGTGCCACGTGACGTACAACATCCCCA

nfrA-105

CCGGAAGTGCCTGGTCTGATCGCTCAAATGGGAGACAGCTATTATACGGCTTCTTTTGATTCCTTAAAGG

nrfA-86

AAAAAGATGGGGTAGATGTAAACTCTATGGATTTTGATGAATTTGTAGATTCAAAGCCAGATATGTCTAC

nfrA-106

AAATCACCTGATGTACCCCGGCTGATTGACAAGATGGGTGAGCTTGACTATTTCACCGGCAAATGGGCCC

nfrA-107

ATGACAGAAGTTTTACGGACTGGACAAATAAAGTCAGCAAGGCGCCAATGCTTAAAGCGCAGCATCCCGG

nfrA-108

AACATTCCCATGGGATAACGGTTTCAGCGCTGAGGCCATGGAAAAGTACTACGACGCCATTAGCTTTGTA

nfrA-109

AGTGCCATTCCGAATACTACTTTAAGAAGACCGCATGGACCGACAAAAAAGGTAAGGAACAAACCGCCGG

nfrA-110

AAAACTGAGTGGACCGATCCCAATGGAGACAAACAGACGGCCGCCGTAGTTACCTATCCCTGGGACAACG

nfrA-111

AAACTGACCGTTACCAGGGAGTACCTGAAGCGGGGTCTCGCTGCTGAAGGCAGCCTCAAGTATGCCGATG

nrfA-112

CACGTAGAGTATTATTTCAAAAAAACCGAATGGAAAGATGCCAAAGGTGTGGATAAAACAGCAATGGTGG

nrfA-113

AAAAACACCCATGCTAAAGGCGCAACATCCTGATTATGAGTTTTGGAAAACAGGTATTCATGGTCAAAAA

nrfA-114

AAAAAGACCAAAGAGAGCGACAATATTACCGATATGCTCAAAGAGAAGCCCGCCCTTGTGGTGGCTTGGG

nrfA-115

AAAACAGCCCACAGCCAAGGCATCGAGGGCAAGGCAATGAGCGAGGAGTGGGCGAGATACTATCCAAGAC

nrfA-116

AGACCTTATCTCAAACGCGGCCTCGAAGCGAGCGGCAGAAAACTGGAAGATCTCACTTTTCAGGATATGC

nrfA-117

CTCTGGCCTGCGCCCAGTGCCACTCTGAGTATTACTTCAAAAAGACCCCTTACACCGACGAAGCAGGCAA

nrfA-88

AAAAAAAAGCGACAAAATCACCGATCTTCTGAGAGAAAAGCCTCAACTTGCGATCATCTGGGCCGGCTAT

nrfA-85

AAAAGAATTTTAGTTTTGGCCTGTATCGTTGTAGCGATACTTGCGATGATTTTTATCGGGTTTGACATAA

nrfA-87

AAAAAAAGAGGAGCAGCGTATCGCGATAAATACACCTCGCGGAGTGCCGCAGATGCCTAGTAAAAGTTCC

nrfA-118

AAGACTGCCGAGTTGACCGTCGGCAGGCCCTCACTGCAAAGTGGGCTCGAAAGTGCCGGTCTGGACATGA

nrfA-119

GGGCTCGAAAGTGCCGGTCTGGACATGAAGAAAGTCAGTGAAACAGAGATGCGCTCGCTCGTTTGCGCCC

nosZ-012

ACGCCACCATCGTGCACCGTTCCAAGATCAATCCGATCTCGATCTGGGACCGCGCCGATCCGATGTTTGC

nosZ-013

CCGAGCTTCGCCGAACCCCACGACGCCACCATCGTGCACCGTTCCAAGATCAATCCGATCTCGATCTGGG

nosZ-014

GTCTACATGACCTCGACCGCGCCGGCGTTCGGCCTCGAGCAGTTCCAGGTCAAGCAGGGCGATGAAGTCA

nosZ-015

ACGGCGTCAACATGGAAGTCGCGCCGATGGCGACGGCGTCGGTAACGTTCGCCGCCGATAAGGCCGGCGT

nosZ-019

ATCAGCCCGGCCACAACCACTCCTCGATGGGTCAGACCAAGGAGGCGGATGGAAAGTGGCTGATCTCGCT

nosZ-020

CCTCGATGGGTCAGACCAAGGAGGCGGATGGAAAGTGGCTGATCTCGCTCAACAAGTTCTCGAAGGACCG

nosZ-021

AGATCAATCCGATTTCGATCTGGGATCGCGCCGATCCGTTCTTTGCCGAAGCGGTCAAACAGGCCAAGGC

nosZ-022

ATGGAAGTTGCGCCGATGGCGACGGCCTCGGTATCGTTCTCGGCCGATAAGGCCGGCGTCTACTGGTACT

nosZ-023

TGGAGCAGTTCCAGATCAAGCAGGGCGATCAGGTCACCGTCTACGTCACCAACATCGATGCGGTGGAAGA

nosZ-005

GTCAAGCAGGGCGACGAGGTTACGGTCTACGTCACCAATATCGACGAAGTCGAAGACCTCACGCACGGCT

nosZ-006

AACCCAACCTTTGCGGAGCCACATGACGCCACGATCGTGCATGCCTCCAAGATCAACCCGGTCAGCCTGT

294

nosZ-007

AACGATCAGCTGATCGACATTTCGGGCGACCAGATGGTTCTGGTGCACGATAATCCGACCTTCGCCGAGC

nosZ-008

AAAAAGTAGACCCGATCCGCCAGAAGCTTGATGTCCAATACCAGCCCGGACACAACCACACGTCCATGGG

nosZ-009

ATGGGTCAGACCAAAGACGCGGACGGAAAGTGGCTCATTTCGCTGAACAAGTTCTCGAAGGATCGCTATC

nosZ-010

AAAGTGGCTCATTTCGCTGAACAAGTTCTCGAAGGATCGCTATCTTAACGTCGGCCCCCTGAAGCCGGAG

nosZ-011

ACTGTCTACGTCACCAACATCGACGAGGTCGAGGACCTGACGCACGGCTTCGCCATCGTCAACTACGGCA

nosZ-024

ACCGAGTTCACCGTCCAGCAGGGCGATGAGGTGACGGTGTATGTCACCAATATCGACGAGATCGAAGATC

nosZ-025

AACTACGGCATCAACTTCGAGGTTGCGCCGCAGGCCACCGCCTCGGCCACCTTCACCGCCGACAAGCCGG

nosZ-026

ACCAGCTGATCGATATATCGGGCGACGAGATGGTGCTGGTGCACGACAATCCGACCTTCGCCGAGCCGCA

nosZ-027

AACAAGGTGCGCGTTTACATGACGTCCTCGGCGCCGGCCTTCGGGCTGGAGAGCTTCAGCGTCAAGCAGG

nosZ-028

AACATGGAGGTGGCCCCCCAAGCCACGGCATCGGTGACGTTCAAGGCAAGCAAGCCCGGCGTCTACTGGT

nosZ-029

GAGCTTCACcGTGAAGCAGGGCGACGAGGTGACGGTGTATGTCACCAACATCGACGATGTCGAGGACCTG

nosZ-030

GAGGTGACGGTcTATGTCACCAACATCGACGAcGTCGAGGACCTGACCCACGGCTTCACCATCGTCAATT

nosZ-038

TCGACAGCCAGGTCTGCAAGTGGAGCATCGATCTCGCCAAGCGCGCCTTCAAGGGCGAGAAGGTCAATCC

nosZ-033

AAGATCAACCCGTTGCACGTGTGGAAGCGCGATGACCCGTTCTTCGCCGACGCGGTGCAGCAGGCCAAGG

nosZ-035

AGACCAAGGAGGCGGACGGCAAATGGCTGATCTCGCTTAACAAGTTCTCGAAGGACCGCTTCCTCAACGT

nosZ-031

ACAAGTTCTCGAAAGACCGTTTCCTCAACGTTGGTCCGCTCAAGCCCGAGAACGACCAACTCATCGACAT

nosZ-034

GGTGCTCGTGCACGACGGCCCGAGCTTCGCGGAGCCGCATGACGCCACCATCGTGCATCGCTCGAAGATC

nosZ-032

ACGGCTTCTGCATCAACAACTACGGCATCAACATGGAGATCGGTCCTCAGCAGACATCCTCCGTCACCTT

nosZ-111

GTGCACTATCAGCCAGGCCACAACCACTCGTCCATGGGCCAGACCAAGGAGGCCGATGGCAAATGGCTCA

nosZ-110

AAACAGGGGGATGAGGTCACTGTCTTCGTCACCAATATTGACGAGGTTGAGGACCTGACCCACGGCTTCT

nosZ-113

ACGATCAGCTCATCGATATTTCGGGCGACGAGATGGTACTCGTGCACGAtGGTCCGAGCTTCGCCGAACC

nosZ-109

AACGAATGGTGCTCGTTCACGACGGCCCGAGCTTTGCAGAGCCCCATGACGCCACCATCGTCCACCGCTC

nosZ-112

CTACATGATCTCCACGGCGCCGCAGTTTGGGCTCGAGGAGTTCCAGGTGAAGCAGGGCGACGAGGTGACG

nosZ-036

AACAAGGTTCGCGTCTACATGACCTCCACCGCCCCGGCCTTCGGCCTCGAAAGCTTTCAGGTGAAGCAGG

nosZ-037

AACCTCCTCGGTCACGTTCAAGGCCGATAAGCCGGGCGTCTACTGGTATTACTGCACATGGTTCTGCCAT

nosZ-016

TGGTATTACTGCTCGTGGTTCTGCCACGCCATGCATATGGAAATGCAGGGCCGTATGCTCGTCGAACCGA

nosZ-017

ATTACTGCTCGTGGTTCTGCCACGCCATGCATATGGAAATGCAGGGCCGTATGCTCGTCGAACCGAAAAA

nosZ-018

ATTTCGCTGAACAAGTTCTCCAAGGACCGTTACCTCAATGTCGGTCCGCTCAAGCCTGAGAACGACCAGC

nosZ-039

ACGCACGGTTTCTGCATCGTCAACTACGGCGTCAACATGGAGATCGGCCCGCAGCAGACCTCGTCGGTGA

nosZ-040

ACTACGGCGTCAACATGGAGATCGGCCCGCAGCAGACCTCGTCGGTGACCTTCATCGCCGACAAGCCGGG

nosZ-043

AAACCAAGGAGGCCGACGGCAAGTGGGCCGTCGCGTTGTGCAAGTTCTCCAAGGACCGCTTCCTGAACGT

nosZ-044

AAATGGAACATTGAAGAGGCCATCCGCGCCTACAAGGGCGAGACGGTGAACCCGATCAAGCAGAAAATCG

nosZ-041

AACGCCACGCAGGCCGAAACCAAGGAGGCTGACGGCAAGTGGTGCGTCGCGCTGAACAAGTTCTCCAAGG

nosZ-042

AACAAGGGCGACGAGGTCACAATCTTCGTAACCAATGTCGACAGCGTCGTCGATCTCACTCACGGCTTTA

nosZ-045

CCTCCATGGGCCAGACCAAGGAGGCTGACGGCCAGTGGCTGTTGTCCTTGAACAAGTTCTCCAAGGACCG

nosZ-045B

CAGCCTGGAGCAGTTTACCGTCAAGCAGGGCGACGAGGTGACGGTCTACGTCACCAACATCGACGACGTC

nosZ-046

CCGACGGCGTGGTGCTGGAGGACGCGGCCGACGTGATCCGCGACGGCAACAAGGTGCGCGTCTACATGTA

nosZ-047

CTGTCGCTGAACAAGTTCTCCAAGGACCGgTTCCTcAACGTcGGGCCGCTGAAGCCCGAGTGCGACCAGC

nosZ-001

CCGGCGACGAGATGAAGCTGGTGCATGACGGCCCCACCTTCGCCGAGCCGCACGACACGCTGATCGTCCA

nosZ-002

ATGGGCGAGACCAAGGAGGCCGACGGCAAGTGGCTGGTGTCGCTGAACAAGTTCTCCAAGGACCGCTTCC

nosZ-048

CTGTCGCTGAACAAGTTCTCCAAGGACCGCTTCCTGAACGTGGGGCCGCTGAAGCCCGAGTGCGACCAGC

nosZ-049

AAAGACCGGTTCCTCAATGTCGGCCCGCTGAAACCTGAAAACGAGCAGCTGATCGACATTTCAACGGACG

nosZ-050

ACGGCGTGGTTCTGGAGGACGGTTCCGACACGGTGATCCGcGACGGCAACAAGGTGCGTGTCTACATGTG

nosZ-159

AAGCTGGTGCACGATAGCCCGACCTTCGCCGAGCCGCACGACTGCATCATCGTGCGCGCCGACATCGTCA

295

nosZ-051

AAGGTCAATCCGCTGCGCGTGTGGAAGCGCGACGATCCGAGTTGGGAGGACGCGCGCCGGTGGGCGGCAA

nosZ-052

AAACCGGACAACGATCAGCTGATCGACATTTCCGGTGATGAGATGAAGCTGGCGCACGACGGGCCCGTCT

nosZ-156

AAAAGGACGGGGTCAAGCTCGAGGAAGCGCAGCATGTCATTCGCGACGGCAACAAGGTCCGCGTCTACAT

nosZ-157

AAACTCGTTCAtGAtGGCCCAAGTTTCGCCGAGCCGCATGACTGCCTCCTCGTTCACCGCTCCAAGGTGA

nosZ-155

ACGACATCGAGAACTTGACACACGGCTTCACCATCGTGCGCTACGGCATTGCgATGGAGATCAGCCCGCA

nosZ-157B

AACATGGACGACATCGAGAACtTGACGCACGGCTTCACCATCGTCCGCTACGGCATtGCGATGGAGATCA

nosZ-158

AAAAAGGATGGCGTCGATCTGGACGACGCGGCGAAGGTCGTTCGAGACGGCAAAAAGGTgCGCGTTTACA

nosZ-144

ATCTTCGGCCTGGGCACCTTCAAGGTGAAGAAGGGCGACGAGGTGACCGTGGTGGTGACCAACATCGACG

nosZ-143

AAGAAGGTCAACTACCTGCGCCAGAAGATCGACGTGGCCTACCAGCCCGGGCACTGCCACACCTCGATGG

nosZ-145

AAGAAGGTCAACTACCTGCGCCAGAAGcTCGACGTGGCCTACCAGCCCGGtCACTGCCACACCTCGATGG

nosZ-136

AAACCATGGAAATCGCATGGCAAGTCATGGTGGACGGCAACTTGGACAACGGCGATGCCGACTACCAAGG

nosZ-137

AAACCATGGACATCGCATGGCAAGTATTGGTGGACGGCAACTTGGACAACGGCGATGCCGACTACCAAGG

nosZ-138

AAACCGGAATGCGACCAGTTGATCGACATCTCCGGCGACGAAATGCGCCTGGTACACGACAACCCGACCT

nosZ-146

ACGATCCGTTCTTCGCCGAAACCGTTGCCCAGGCCAAAAAGCACGGCATCGCCCTGGAGAGCGACAGCAA

nosZ-053

ACAAGGTGGAAGAcCTGACCCACGGTTGCGCGATCCCGAccTACAACATCAACTTCATCGTCAATCCGCA

nosZ-054

TGGAAGATCTGACCCACGGTTGCGCGATCCCGATGTACAACATCAACTTCATCGTCAATCCGCAGGAAAC

nosZ-056

CGATGGGCGAAACCAAGGAAGCCGACGGCAAGTACTACAACTCGGGCAACAAGTTCTCGAAGGATCGCTT

nosZ-058

AACCGCACGACGGCATCATCGTGCGCCGCGACCGCGTGAAAACGCGCCAGGTGCACACCATGACCGACTT

nosZ-076

AACATCAATTTCATTGTCAACCCGCAGGAGACCAAATCGGTCACCTTCAAGGCTGACAAGGCGGGCGTGT

nosZ-057

CAAGATCGACGTGCACTATCAGCCCGGCCACGGCTACTCGTCGATGGGCGAAACCAAGGAAGCCGACGGC

nosZ-059

AAACCAAATCGGTCACGTTCAAGGCCGACAAGCTGGGCGCGTACTGGATCTATTGCACCCACTTCTGCCA

nosZ-060

AACAAGGTGAaTGTGCGCCTGATGTCGCAGGCGCCGGCCTACAGCATGCCGATCATCAAAGTGAAGAAAG

nosZ-055

CCGACGGCAAGTACTACAACTCGGGCAACAAGTTCTCGAAGGATCGCTTCCTGCCGGTCGGCCCGCTGCA

nosZ-061

AATTCCGGAAACAAGTTCTCGAAGGACCGCTTCCTCCCGGTGGGGCCGCTGCATGTCGAGACCGAGCAGC

nosZ-063

GTGAAACTGGGCGACGAAGTCACCATTACCCTGACCAACCACGACAAGGTGGAAGACCTGACCCACGGCT

nosZ-062

AACGCgTACACGACGCTCTTCCTCGACAGCCAGATCGTGAAGTGGAgCATCGACAAGGCGATCGCGCAGT

nosZ-071

AGCCTGCGGGAGTTCAAGGTCAAGAAGGGtGACGAaGTGACCATCATCCTGACCAACCACGACAAGGTGG

nosZ-072

AGCCTGCGGGAGTTCAAGGTCAAGAAGGGCGACGAGGTGACCATCATCCTGACCAACCACGACAAGGTGG

nosZ-073

AAGGTCAAGAAGGGCGATGAAGTGACCATCATCCTGACCAACCACGACAAGGTGGAAGATCTGACCCACG

nosZ-068

AGATGATCGACATCAGCGGCGACAAGATGAAGCTGGTGGCCGACCACTCGGTGCTGTCCGAGCCGCACGA

nosZ-069

CGCAGCTGATCGACATCAGCGGAGACAAGATGAAGCTGGTGGCCGACCACGCCGTCTATTCCGAGCCGCA

nosZ-070

GCAAGTTCTTCATCTCGGACAACAAGTTCTCGAAGGATCGCTTCCTGCCGGTGGGGCCGCTGCACCCGGA

nosZ-067

AAGATGAAGCTGGTGGCCGACCACTCGGTGCTGTCCGAGCCGCACGACTCCATCGTCATCCGCCGCGACA

nosZ-066

CAGCGGCGACAAGATGATGCTGGTCGCCGACCACTCGGTGACGTCCGAGCCGCACGATTCGATCGTCATC

nosZ-074

AAGGTGGTGCTCGACCGCATTGACGTCCACTATCAGCCGGGTCACAGCTACGCCTCGATGGGTGAAACCA

nosZ-075

TGCGTGAATTCAAGGTCAAGCGCGGTGACGAAGTGACCATCATTCTGACCAACCTGGACAAAGTGGAAGA

nosZ-077

GCGACAAGATGGTGCTGCTGGCGGACCACCCGGTGCGCGGCGAGCCGCACGACTTCATCATCTTCAAGCG

nosZ-078

CTCGCTGGCGCCGGCCTTCAGCCTGCGCGAGTTCAAGGTGAAGAAGGGCGACGAGGTCACGCTGATCCTG

nosZ-079

AGTGGCTGTGCGTGGGCTGCAAGTTCTCCAAGGACCGCTTCCTGCCGGTCGGCCCGCTGCACGCCGAAAC

nosZ-080

CAGCCGGGCCACATCAACGCCTCGCAATCGGAAACGAAAGCGGCCGACGGCAAGTGGCTGGCGGTGGGCT

nosZ-081

TCGCGATCCCGAAGTACAACGTCAACTTCATCGTCAATCCGCAGGAAACCGCGTCGGTGACCTTCAAGGC

nosZ-082

AACGCGAAGGTCGTGCTCGATCGCATCGACTGCCATTACCAACCCGGGCACCTGAACGCCAGCATGGCCG

nosZ-083

AAGATGAAGCTGCTCGCCGACCATCCGGCGCATCCGGAACCGCACGATTTCATCATCGTGAAGCGCGAAA

nosZ-085

AAATCATCGACATCTCCGGCGAGAAGATGAAGCTGCTCGCGTCGTTCCCGACGCCGCCCGAGCCGCACGA
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nosZ-086

GGAAATCATCGACATCTCCGGCGAGAAGATGAAGCTGCTCGCGTCGTTCCCGACGCCGCCCGAGCCGCAC

nosZ-087

TCCGACTACATCGTCGACCGCATCAACGTGCACTACAACATCGGCCATCTGCAGGCGGTGGGCGGCGACC

nosZ-088

CCAAGACGATCACGTTCGATGCGGGCAAGCCGGGCGTCTACTGGTACTACTGCACGAACTTCTGCCACGC

nosZ-089

TCGAGACGATTCGCGACATGATTCATGGCTTCGCGCTGCCCGACCACAACCTGAACATCGCGCTGGCGCC

nosZ-090

ACCCGGCCGGCGACTACCTGATCGCGCTCAACAAGCTGTCGAAGGACATGTATGTCCCGGTTGGGCCCGA

nosZ-091

AAATCATCGACATCTCCGGCGAGAAGATGAAGCTGCTCGCGTCGTTCCCGACGCCGCCCGAGCCGCACGA

nosZ-094

AAATCATCGACATCTCGGGCGAGAAGATGAAGATGCTCGCGTCGTTTCCGACGCCGCCCGAGCCGCACGA

nosZ-092

AAGCCGCTCGTTCGCCAGACCTACACGCCGGCGGCGGACGCGGTTGAAGCCGGAAAGGAGCGAGTGGTGC

nosZ-093

AACATCGGCCATCTGCAGGCGGTGGGCGGCGACCATACGCAACCGGCCGGCGACTACCTGATCGCGCTCA

nosZ-093B

AACGTGCACTACAACATCGGGCACCTGCAGGCGGTCGGCGGCGACTCGACGCATCCGGCCGGCGACTACC

nosZ-096

AACCAGGAAATCATCGACATCTCAGGCGAGAAGATGAAGATGCTCGCGTCGTTCCCCACGCCGCCCGAGC

nosZ-097

AACCAGGAGATCATCGACATCTCGGGCGAGAAGATGAAGATGCTCGCGTCGTTCCCCACGCCGCCCGAGC

nosZ-095

CGACTACATCGTCGACCGCATCAACGTGCACTACAACATCGGTCACCTCCAGGCGGTCGGCGGCGACTCG

nosZ-098

AACATCGCGCTCGGCCCCGGCTACACCAAGACCATGACGTTCGACGCTGGTAAACCGGGCGTCTACTGGT

nosZ-100

AAAGATCAGTACCTCGGCGTCGGCCCCGACCTGCCCGAGAACCAGGAAATCATCGACATCTCCGGCGAGA

nosZ-101

AACATCGGCCACCTGCAGGCGGTCGGCGGCGATCACATGCATCCCGCGGGCGATTACCTGCTCGCGCTCA

nosZ-104

ATCGACATCAGCGGCGACAAGATGAAGTTGCTGCTgGATTTCCCGACGATCGGcGAGCCGCACTACGCGC

nosZ-103

AAATACATCATCGGCAGCGGCAAGCTGCAGTCGATCACCACCGCCTTCAATATGGAGAAGATCCTCACCG

nosZ-105

AGCCGATCGAGGTCTACCCGAAGGAGGAGAACAAGAACCCGCACGCGATCTGGGACGTCAAGGACGCGGG

nosZ-154

TCGAGCCGGGCAAGACGGTGACGGTGAAGTTCAAGGCCGACAAGGAAGGCGTCTATCCGTACTACTGCAC

nosZ-152

ACCGCTTCGTGCCGGTGGGCCCGCTGCAcCCGCAGAACCACCAGCTGATCGACATCAGCAACGACAAGAT

nosZ-147

AAAACGGCTACGGCTATTCGGAAGAAACGAAGCCGATGCTGGAGACCACCTTCGGCAACATCCCGTGGGA

nosZ-107

AAACAGAAACtCTCGTTTGGAAACCTACCaAAGTAGGGGTATGGCCATTCTACTGTACaGACTTCTGTTC

nosZ-106

CCCTTCACCAAGAAATGCAAGGATACATTCGTGTATCTGCTGCTAACGCCAACACTCCGCTTAAGTGGAG

nosZ-153

CGAGAAGATCCAGGCCGCCATCAAGGCCGGCAAGTTCGAATCCAAGGATCCGTACGGCATTCCGGTCATC

nosZ-004

GAGAAGATCCAGGCTGCCATCAAGGCCGGCAAGTTCGAATCGAAGGATCCGTACGGCATTCCGGTGATCG

nosZ-133

GGGCGGTGATCTTCGACATCAAGGCGATCGAGGCCGCGGTCAAGGGCGGCAAGGCGGAGATGATCAACGG

nosZ-134

TTTGACGGCAAGGGCAACGCCTTTACCACGCTGTTCCTGGATAGCCAGGCGGTGAAaTGGAATATCCAGA

nosZ-135

TTTGACGGCAAGGGCAACGCCTTTACCACGCTGTTCCTGGAcAGCCAGGCGGTGAAgTGGAATATCCAGA

nosZ-124

ACCACCCGCACATGTCGTTCACCGATGGCACCTATGACGGTCGCTATCTGTTCATGAACGACAAGGCCAA

nosZ-139

AACGCCTATACGACcCTGTTCATCGACAGCCAGGTcTGCAAATGGAACATCGAGGACGCCAAGCGcGCCT

nosZ-140

AACGCCTATACGACcCTGTTCATCGACAGCCAGaTtTGCAAATGGAACATCGAGGACGCCAAGCGcGCCT

nosZ-141

AACGGCCCGCACGGCATGAACACCGCGCCGGACGGCATCCATATCGTCGCCAACGGCAAGCTGTCGCCGA

nosZ-142

CCCGCACGGCATGAACACCGCGCCGGACGGCATCCATATCGTCGCCAACGGCAAGCTGTCGCCGACCGTG

nosZ-162

AGCATCGTGTGCCGATCCCAAATGACGGCAGCATTCTGGATGAGCCGGAAAAGTATCACGCGATTTTTAC

nosZ-163

CGCGGTGGCACCTGGCAAAACGGTGACCTGCATCATCCGCATATGTCGTTTACAGATGGAACCTATGACG

nosZ-160

GCTCGAAGTACACGCGCTACATACCGGTGCCCAACAGCCCGCACGGCTGCAACACCGCGCCGGACGGCAT

nosZ-161

GCTCGAAGTACACGCGCTACATcCCGGTGgCCAACAGCCCGCACGGCTGCAACACCGCGCCGGACGGCAT

nosZ-163B

ACACCATGGAAGTcGCCTGGCAGGTTATGGTGGACGGCAACCTGGACAACTGCGATGCCGACTAcCAGGG

nosZ-165

ACACGATGGAAGTCGCCTGGCAGGTGATGGTGGACGGCAACCTTGATAACTGCGATGCCGACTATCAGGG

nosZ-164

ACGTCACCAAGGTCCCGGACGTGTTCGCCGACAAGATCGAACCGCGCGGCTGCATCGTCGCCGAGCCGGA

nosZ-166

AGCCGCGGCGGCATCTTCCTGAACGGCGACCTGCATCATCCGCATATGTCGTTCACcGACGGCACCTACG

nosZ-167

AAAACATATAGTCATCAACGGCAAGCTGTCACCGACAGTTTCCGTCATTGACGTCACCAAACTGCCGGAC

nosZ-168

AAAGCACATCGTCATCAACGGCAAGCTTTCGCCGACGGTATCGGTGATCGATGTCACCAAGCTGCCcGAC
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nosZ-172

AAAAAATATGTATCCATTTTCTCGGCGATTGATGGAGACACCATGAAGGTCGCCTGGCAGGTGATCGTCG

nosZ-173

AAAAATTTCCGCGTACCGGTTATGTTTTCGCAAATGGTGAGCACCGGATTCCCATTCCCAACGACGGAAT

nosZ-171

ACGGCAAGGGCAATGCCTATACAACGCTGTTCCTGGACAGCCAGGTGGCCAAGTGGAACATCGACAAGGC

nosZ-169

AGCAGATGACCGCCAACGAGCAGGACTGGGCGGTCATCTTCGACCTCAAGGCGATCGAAGCGGCCGTCGC

nosZ-170

ACGGCCAAAAGGGCTCGCCCCTCACCCGCTACGTGCCGATCTCCAACAGCCCCCACGGCTGCAACACGGC

nosZ-176

AACCTGGCAAGTCGTCGTCGACGGCAACCTCGACAACGTCGACGCCGACTATCAGGGCAAGTATGCGATT

nosZ-174

AAgCTGCCGGACGTGTTTGCTGACAAGATCAAGCCGCGCGACGCAATCGTTGCCGAGCCGGAACTGGGTC

nosZ-175

AACACACGCGTTGCCCGGATCCGCTGCGACATCATGAAGACCGACAAGATCATATCGATCCCGAATGCAT

nosZ-177

AACGGCAAGCTTTCACCCACAGTGACGGTCATAGACGTTCGCAAACTGCCGGACGTCTTTGCCGACAAGA

nosZ-178

AATGTGGACGCGGACTACCAAGGTAAGTACGCCATCTCCAGCTGCTATAACTCGGAGGAAGGCGTCACGC

nosZ-179

GGCGAGGAAGGCGTCACTCTCGCCGAGATGACCGCCAACGAGCAGGACTGGGCGGTGGTGTTCGACAtCG

nosZ-180

AtACGGCCTTCGACGGCAAGGGGAATTGCTATACGACCCTCTTCCTCGATAGCCAGATGTGCAAGTGGAA

nosZ-181

AACCTGGCGGAGATGACgTCGAGCGAGCAGGACTGGGCGGTGATCTTCGATATCAAGGCGATCGAAGCGG

nosZ-122

ACCTCGACAACACCGATTGTGACTATCAGGGCAACTATGCCTTCTCGACCTCGTACAACTCGGAAATGGG

nosZ-123

GACGTGATGAAATGCGACAAGATCATCGAGATCCCGAACGCGCATGACATCCACGGCCTGCGTCCGCAGA

nosZ-119

GGCAGGTGATGGTGTCGGGCAACCTCGACAACACCGACTGCGACTATCAGGGCAAATACGCCTTCTCGAC

nosZ-120

ACCTCGACAACACCGACTGCGACTATCAGGGCAAATACGCCTTCTCGACCTCCTACAACTCGGAAATGGG

nosZ-121

TGCACCACCCGCACATGTCGTTCACCGACGGTACCTATGACGGCCGTTTCCTGTTCATGAACGACAAGGC

nosZ-131

GTGATCAACGGCAAGCTGTCGCCGACCGTCTCGGTGATCGACGTCACCAAGGTCGACGCCCTGTTCGAGG

nosZ-132

AGATCCCGAACGCCCATGACATCCACGGCATGCGCCCGCAGAAATATCCGCGCACCGGCTATGTCTTCGC

nosZ-125

AAACACCGATCGTCAATGACGGCTCGATCCTGGATGATCCCAGCCAATACGTGAACTTCTTCACCGCGCT

nosZ-126

AAATCGAAGCGGGTATCGCCGCCGGTGACTTCACCGAGATGAACGGCGTGAAGGTGATCGACGGTCGCAA

nosZ-127

GGGCTGACCAACGAGTCGCTCAAGATCCTGACCGAAGGCCTGCTGCCGGAAACCAAAGAATTTCTCGCCA

nosZ-128

CCGCGGTCCTGCATCGTGGCGGAACCGGAACTGGGCCTTGGCCCGCTTCACACTGCCTTCGATGGCAAGG

nosZ-129

AAAAGGGCATCGCCGAGGGCGACTATCAGGAGCTGCAGGGCGTCAAGGTCATCGACGGGCGCAAGGGCAA

nosZ-130

AAATACGCTTTCTCGACCAGCTATAACTCAGAAATGGGCACTAACCTTGCCGAAATGACCGAATCTGAGC

nosZ-003

ACCACCCGCACATCTCGATGACCGACGGCAAGTACGACGGCAAGTACCTGTTCATCAACGACAAGGCCAA

nosZ-114

ACCACCCGCACATCTCCATGACCGACGGCAAGTACGACGGCAAGTACCTGTTCATCAACGACAAGGCCAA

nosZ-115

ACCTGCTACAACTCCGAGAAGGCCTACGACCTGGGCGGCATGATGCGCAACGAGCGCGACTGGGTGGTGG

nosZ-116

AACGGCGACTGCCACCACCCGCACATCTCCATGACCGACGGCCGCTACGACGGCAAGTACCTGTTCATCA

nosZ-117

AAGTACCTGTTCATCAACGACAAGGCCAACACCCGGGTGGCCCGCATCCGTCTCGACATCATGAAGACGG

nosZ-118

CCTGGGGCCGCTGCACACCACCTACGATGGCCGCGGCAACGCCTACACCACGCTGTTCATCGACAGCCAG

nosZ-064

AAAGTCGTCGTCGACCGGATCGACGTGCACTACCAGCCGGGCCACGGCTTCACGTCGATGGGCGAGACGA

nosZ-065

AACATCGACTGCATGTCCGGCTGGGGCATCACGAACGAATCGCGCAAGATCATCGGCACCAAGGCCAACG

nosZ-084

AACGTCCAGGGCTTCCACGGCATCTTTCCGGACAAGCGCGACCCGGTCGACCCGAAGATCAACTACACGA

nosZ-149

AGAAGATGAAGCTGCTGTACGACGCGTTCACCGAGCCGGAGCCGCACTACGCGCAGATCATCAAGGCCGA

nosZ-148

ACGACGCGTTCACCGAGCCGGAGCCGCACTACGCGCAGATCATCAAGGCCGACAAGCTCCACCCGATCGA

nosZ-150

AACACTGAGGAGGCGACCGGCCGTCTCGAGGTGACCGCGAGCCAGAAGGATCGTGACTACCTCGTGTTCG

nosZ-151

AAGTACCTCGTCTCGATGAACAAGATGTCGAAGGGCCAGCACCTGAACATCGGTCCCTCCGAGCCCGAAT

nxrB-001

TACCCGACACGTTGGGAAGACCAGACCAAGTATCGCGGCGGCTGGGTGGTTGACGGTCAGAGGCAGAAGA

nxrB-002

CCAGACCAAGTATCGCGGCGGCTGGGTGGTTGACGGTCAGAGGCAGAAGAGCCTTCGGCTGCGGCTGCAG

nxrB-003

CCGAACTGGGACGACGACCTCGGCGGTTCGCAGGTTTACGCCAACAACGACCCGAACTTCGACGGCGCCT

nxrB-007

ACGATCGAGGCGGGCCCGAACTGGGACGACGACCTCGGCGGTTCGCAGGTCTATGCGAACAACGACCCGA
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nxrB-004

ACCAGAACCTGATCAATGCGCCGCTGGCTGACGAGCAGCCGACCGCGCGGGCGATCTCGATGGTGACCGG

nxrB-006

TCGAGCCGTGGACCTACGATTACCAGAACCTGATCAATGCGCCGCTGGCTGACGAGCAGCCGACCGCGCG

nxrB-005

CGATGGTGACCGGCAAGTACATGGACACGATCGAGGCGGGCCCGAACTGGGACGACGACCTCGGCGGTTC

nxrB-010

ACGAGGATCTCTTCAACGCGCCTGAAGGCGCAGACCAGCCAACCGCCCGACCAGTCTCGATGGTCACGAA

nxrB-012

AACGCGCCTGAAGGCGCAGACCAGCCAACCGCCCGACCAGTCTCGATGGTCACGAACCGGCCGATCGATA

nxrB-013

AACGGCACGACCGATCTCGATGGTCACGAACAGGCCGATCGATATCAATGCCGGGCCGAACTGGGATGAC

nxrB-014

CCAACGATCCCAATTTCGCAGCCCTCACTCCTGAGCAGCGCGAGGAGATATTCGAAGTAGAACGGCTGGT

nxrB-008

AGGCTCGCCGATCTATGCGGAGAACGATCCCAACCTGTCAGCGCTTTCGCCAGAACAGCGCGAACAGTTG

nxrB-009

CGGAGAACGATCCCAACCTGTCAGCGCTTTCGCCAGAACAGCGCGAACAGTTGTTCGCGACCGAGCGGTT

nxrB-011

CAGCCAAGCCAATCTCGATGATTACGGGCGAATACGTGAACATCGAGAGCGGGCCGAACTGGGATGACGA

nxrB-015

CGATGATCGATGGTGAGAAGATCGATGTGCAGGCCGGCCCGAACTGGGACGACGACTTGGGGGGATCGCC

nxrB-016

ctcaccgagcagcAAAAGTTGCAATTGAGTTCCGTCGAGCGGCTCGTCTTCTTCTACTTGCCGCGCATCT

nxrB-020

CGGTCTCGATGGTGACAGGTGACCTGATCCAGATCCAGTCCGGTCCGAACTGGGATGACGATCTTGGCGG

nxrB-021

GGTTCCGGTCTCGATGGTGACAGGTGACCTGATCCAGATCCAGTCCGGTCCaAACTGGGAcGACGATCTT

nxrB-017

ACGAGCACTTGTTCACGGCGCCGCGGGAAGCGGATCAGCCAACCGCGCGGCCGATTTCCTTGATCAGCGG

nxrB-018

AGTCGGGGCCGAACTGGGACGACGACCTCGGCGGCTCGCCGGTCTATGCCGAGCGCGATCCGAATCTCGA

nxrB-019

ACTACGAGCACTTGTTCACGGCGGCGCAGGAAGCGGATCAGCCGACCGCCCGGCCGATTTCCCTGATCAG
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Appendix Figure 5.1 Validation of the FGA microarray with pure clones.
Hybridisation signals are expressed as percentage of the positive control probe
hyaBP60. Cut - off for positive signals is 1.0. Weighted mismatch values between
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probes and targets are displayed. Only probes having a weighted mismatch value <
12 and / or yielding positive signal with at least one of the validation targets are
displayed.
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Chapter 6 Appendix

A.

B.

C.

Appendix Figure 6.1 Leanyer pond 2 photos before and after desludging
(PowerWater Corporation, 2012). A. Pumping water out of pond 2 (on the right-hand
side) and into the Pond 1 outlet (facing north). B. Pond drying after pumping has
stopped (facing south). C. The desludged pond before it is refilled with water (facing
south).
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Appendix Figure 6.2 Rarefaction curves for Leanyer samples. Sample colours reflect
the pond location in which they were collected (Red= Inlet, Green = Middle, and Blue
= Outlet samples). The black line indicates the minimum 8,000 read sequence depth.

A)
Reed (1985) equation:
Ce =

Ci e(-0.0064 Tx)(q + 60.6 (pH - 6.6))

Tx = (1.039)T-20
T = design temp [oC]
pH = 7.3 e(0.0005 Alk) or pond pH if known
Alk = Alkalinity, [mg CaCO3/L]

B)
Silva (1995) equation:
Ci
Cc =
1 + 0.00865 * (A/Q) e(1.727 (pH - 6.6))
Ci = Influent ammonia [mg/L]
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Cc = Effluent ammonia measured at column mid-depth [mg/L]
A = Pond mid-depth area [m³]
Q = Flow rate [m³ /day]
pH = 7.3 e(0.0005 Alk)
Alk = Alkalinity, [mg CaCO3/L]

Appendix Equation 6.1 Pond models applied for TN and NH3 removal calculations.
A. Reed (1985) equation for effluent TN calculation. B. Silva et al. (1995) equation for
effluent free NH3. Note; models are dependent on daily flow and air temperature
values.

Appendix Table 6.1 Pairwise tests and average Euclidean distance between groups
for bacterial communities before and after desludging.
Pairwise Test

Groups

t

P(perm)

Average distance
between groups (%)

0mths, 0.25mths

8.4

0.001

39.1

0mths, 6mths

8.7

0.001

38.8

0mths, 12mths

11.5

0.001

46.3

0.25mths, 6mths

8.4

0.001

39.5

0.25mths, 12mths

8.4

0.001

39.1

6mths, 12mths

9.5

0.001

41.3

Inlet, Middle

3.2

0.001

36.5

Inlet, Outlet

4.2

0.001

37.9

Middle, Outlet

1.6

0.003

35.7

Inlet, Middle

3.8

0.001

28.7

Inlet, Outlet

4.4

0.001

30.1

Middle, Outlet

1.6

0.01

19.5

Inlet, Middle

1.6

0.02

22.7

Inlet, Outlet

2.0

0.002

22.8

Middle, Outlet

1.1

0.2

21.3

Inlet, Middle

3.1

0.001

24.8

Inlet, Outlet

3.4

0.001

29.0

Middle, Outlet

1.6

0.03

19.8

Period

Location

0mths

Period
Location

x
0.25mths

interaction

6mths
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12mths

Inlet, Middle

2.5

0.002

24.9

Inlet, Outlet

3.4

0.001

27.3

Middle, Outlet

1.6

0.01

19.3

Appendix Table 6.2 Measured mean TN, NH3 and BOD inlet concentrations (mg/L)
and mean standard error (SE) before and after desludging.
Measured variable (mg/L)
Sample timing

TN

NH3

BOD

Before desludging inlet average

30.0

19. 4

27.1

Before inlet mean SE

0.8

0.4

0.1

1 week after inlet average

36.3

22.1

82.1

1 week after inlet mean SE

0.7

0.1

2.6

6 months after inlet average

30.7

18.6

68.6

6 months after inlet mean SE

0.2

0.9

0.6

12 months after inlet average

46.4

26.5

101.0

12 months after inlet mean SE

0.4

1.3

0.5
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A)
Predicted

Measured

30.0

N removal (mg/L)

25.0
20.0
15.0
10.0
5.0
0.0
Before

1 week

6mths

12mths

Before

1 week

6mths

12mths

Before

1 week

6mths

12mths

B)
25.0

NH3 removal (mg/L)

20.0

15.0

10.0

5.0

0.0

C)
32.0
27.0

BOD removal (mg/L)

22.0
17.0
12.0
7.0
2.0
-3.0
-8.0
-13.0
-18.0

Time

Appendix Figure 6.3 Predicted and measured removal for TN, NH3 and BOD before
and after desludging. A. Nitrogen removal. B. NH3 removal. C. BOD removal. White
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bars = modelled prediction, black bars= measured removal, error bars = ±1 Standard
Error (SE).

Inlet bacterial communities

Middle bacterial communities

Outlet bacterial communities

Before //

7d

6m

12m Before //

7d

6m

12m Before // 7d

6m

12m

Appendix Figure 6.4 Correlated profiles of bacterial taxa at the pond inlet, middle
and outlet sites based on sPCA analysis. Component 1 = ‘pattern 1’, Component 2 =
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‘pattern 2’ and Component 3 = ‘pattern 3’. Before = Before desludging, 7d = 7 days
after desludging, 6m = 6 months after desludging, 12m = 12 months after desludging.

Appendix Table 6.3 Inlet sPCA bacterial taxa clusters.
Family

Location

Component cluster

Oxalobacteraceae

Inlet

1

Methylophilaceae

Inlet

1

Sphingobacteriaceae

Inlet

1

Chthoniobacteraceae

Inlet

1

Tm7 (candidate division)

Inlet

-1

Cytophagaceae

Inlet

-1

Porphyromonadaceae

Inlet

-1

Spirochaetaceae

Inlet

-1

Ruminococcaceae

Inlet

-1

Methylococcaceae

Inlet

-1

Enterobacteriaceae

Inlet

-1

Xiphinematobacteraceae

Inlet

-1

Lachnospiraceae

Inlet

-1

Clostridiaceae

Inlet

-1

Microbacteriaceae

Inlet

2

Chitinophagaceae

Inlet

2

Chitinophagaceae

Inlet

2

Bacillaceae

Inlet

-2

Chlorodendraceae

Inlet

-2

Comamonadaceae

Inlet

-2

Caldilineaceae

Inlet

-2

Caulobacteraceae

Inlet

-2

Sphagnopsida

Inlet

-2

Ruminococcaceae

Inlet

-2

Ruminococcaceae

Inlet

-2

Candidatus_solibacter

Inlet

3

Planctomycetaceae

Inlet

3

Brc1 (candidate division)

Inlet

3

Planctomycetaceae

Inlet

3

Cytophagaceae

Inlet

3

Explained variance

0.5292812

309

0.2586919

0.2120269

Chromatiaceae

Inlet

-3

Caulobacteraceae

Inlet

-3

Xanthomonadaceae

Inlet

-3

Chromatiaceae

Inlet

-3

Op3 (candidate division)

Inlet

-3

Ignavibacteriaceae

Inlet

-3

Appendix Table 6.4 Middle sPCA bacterial taxa clusters.
Family

Location

Component cluster

Caulobacteraceae

Middle

1

Clostridiaceae

Middle

1

Xiphinematobacteraceae

Middle

1

Chthoniobacteraceae

Middle

1

Nannocystineae

Middle

1

Nannocystineae

Middle

1

Porphyromonadaceae

Middle

1

Gemmatimonadaceae

Middle

1

Candidatus_solibacter

Middle

1

Nannocystineae

Middle

1

Porphyromonadaceae

Middle

-1

Rhodospirillaceae

Middle

-1

Xiphinematobacteraceae

Middle

-1

Chromatiaceae

Middle

-1

Burkholderiaceae

Middle

2

Nc10 (candidate division)

Middle

2

Xiphinematobacteraceae

Middle

2

Chitinophagaceae

Middle

2

Cystobacterineae

Middle

2

Anaerolineaceae

Middle

2

Alcaligenaceae

Middle

2

Chromatiaceae

Middle

2

Clostridiaceae

Middle

2

Planctomycetaceae

Middle

-2

Rhodocyclaceae

Middle

-2

Pseudomonadaceae

Middle

-2

Explained variance

0.473673

0.2818126
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Desulfobacteraceae

Middle

-2

Desulfobulbaceae

Middle

-2

Opitutaceae

Middle

-2

Op3 (candidate division)

Middle

3

Patulibacteraceae

Middle

3

Comamonadaceae

Middle

3

Syntrophaceae

Middle

3

Cystobacterineae

Middle

3

Op3 (candidate division)

Middle

3

Cytophagaceae

Middle

3

Cytophagaceae

Middle

3

Anaerolineaceae

Middle

3

Sphingobacteriaceae

Middle

3

Spirochaetaceae

Middle

3

Anaerolineaceae

Middle

3

Verrucomicrobiaceae

Middle

3

Cryomorphaceae

Middle

3

Chlorodendraceae

Middle

-3

Flavobacteriaceae

Middle

-3

Veillonellaceae

Middle

-3

Sorangiineae

Middle

-3

Verrucomicrobiaceae

Middle

-3

Cryomorphaceae

Middle

-3

Comamonadaceae

Middle

-3

Cystobacterineae

Middle

-3

Geobacteraceae

Middle

-3

Rubritaleaceae

Middle

-3

Rhodospirillaceae

Middle

-3

0.2445144

Appendix Table 6.5 Outlet sPCA bacterial taxa clusters.
Family

Location

Component cluster

Chromatiaceae

Outlet

1

Oxalobacteraceae

Outlet

1

Xiphinematobacteraceae

Outlet

1

Sporichthyaceae

Outlet

1

Explained variance

0.5038267
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Desmidiaceae

Outlet

1

Oxalobacteraceae

Outlet

1

Sporichthyaceae

Outlet

1

Alcaligenaceae

Outlet

1

Planctomycetaceae

Outlet

1

Verrucomicrobiaceae

Outlet

1

Sphingomonadaceae

Outlet

1

Desulfovibrionaceae

Outlet

1

Opitutaceae

Outlet

1

Spirochaetaceae

Outlet

1

Corynebacteriales

Outlet

1

Rhodocyclaceae

Outlet

1

Thermoanaerobacteraceae

Outlet

1

Nitrospiraceae

Outlet

1

Chromatiaceae

Outlet

1

Anaerolineaceae

Outlet

1

Phycisphaeraceae

Outlet

1

Pseudomonadaceae

Outlet

1

Caldisericaceae

Outlet

1

Xanthomonadaceae

Outlet

1

Porphyromonadaceae

Outlet

1

Bdellovibrionaceae

Outlet

1

Sporichthyaceae

Outlet

1

Chromatiaceae

Outlet

1

Chthoniobacteraceae

Outlet

1

Rhodocyclaceae

Outlet

-1

Chromatiaceae

Outlet

-1

Holophagaceae

Outlet

-1

Comamonadaceae

Outlet

-1

Rhodospirillaceae

Outlet

-1

Neisseriaceae

Outlet

-1

Lachnospiraceae

Outlet

-1

Victivallaceae

Outlet

-1

Acetobacteraceae

Outlet

-1

Patulibacteraceae

Outlet

-1

Ruminococcaceae

Outlet

-1

Candidatus_cloacamonas

Outlet

-1

312

Xanthomonadaceae

Outlet

-1

Ignavibacteriaceae

Outlet

-1

Chromatiaceae

Outlet

-1

Clostridiaceae

Outlet

-1

Clostridiaceae

Outlet

-1

Verrucomicrobiaceae

Outlet

-1

Bdellovibrionaceae

Outlet

-1

Rhodospirillaceae

Outlet

-1

Nocardioidaceae

Outlet

-1

Ksb1 (candidate division)

Outlet

-1

Simkaniaceae

Outlet

-1

Xanthomonadaceae

Outlet

-1

Ignavibacteriaceae

Outlet

-1

Chromatiaceae

Outlet

-1

Cytophagaceae

Outlet

-1

Op3 (candidate division)

Outlet

-1

Clostridiaceae

Outlet

-1

Xiphinematobacteraceae

Outlet

-1

Enterobacteriaceae

Outlet

-1

Sporichthyaceae

Outlet

-1

Bacteriovoraceae

Outlet

-1

Synechococcaceae

Outlet

-1

Clostridiaceae

Outlet

-1

Candidatus_captivus

Outlet

-1

Porphyromonadaceae

Outlet

-1

Tm7 (candidate division)

Outlet

-1

Chromatiaceae

Outlet

-1

Comamonadaceae

Outlet

-1

Clostridiaceae

Outlet

-1

Op11 (candidate division)

Outlet

2

Cystobacterineae

Outlet

2

Op3 (candidate division)

Outlet

2

Op3 (candidate division)

Outlet

2

Xanthomonadaceae

Outlet

-2

Cryomorphaceae

Outlet

-2

Anaerolineaceae

Outlet

-2

Op3 (candidate division)

Outlet

-2

0.2486541
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Sphingobacteriaceae

Outlet

-2

Comamonadaceae

Outlet

-2

Verrucomicrobiaceae

Outlet

-2

Sphingomonadaceae

Outlet

-2

Ignavibacteriaceae

Outlet

-2

Sporichthyaceae

Outlet

3

Conexibacteraceae

Outlet

3

Nkb19 (candidate division)

Outlet

-3

Anaerolineaceae

Outlet

-3

Candidatus_cloacamonas

Outlet

-3

Ws3 (candidate division)

Outlet

-3

Zygnemataceae

Outlet

-3

Op3 (candidate division)

Outlet

-3

Bdellovibrionaceae

Outlet

-3

Nannocystineae

Outlet

-3

Ignavibacteriaceae

Outlet

-3

Rhodocyclaceae

Outlet

-3

0.2475192
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