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Abstract 
Acid mine lakes are the final product of open cut mining operations, and microbial 

driven biogeochemical processes can significantly influence water quality in these 

lakes. I investigated the physicochemistry and microbiology of Batman Pit, an acid 

mine lake located at Mount Todd mine in northern Australia. There were significantly 

higher levels of metals and lower pH in the Pit water for the wet season sampling 

compared to the dry season sampling. There was also a significant increase in Fe+3 in 

the wet season. Microbial abundance and diversity was assessed through the water 

column to a depth of 90 meters during both the wet and dry seasons.  Large-scale 16S 

rRNA gene sequencing was used to characterise the bacteria and archaea 

communities. For eukaryotes the 18S rRNA gene was targeted. The archaea 

community was not influenced by the changes in chemistry and did not change 

between the wet and dry season. In contrast, the bacteria community changed with 

season and was influenced by the physicochemical parameters of the water/drainage 

in the Pit. Bacteria that can cycle iron were detected in both seasons, and Acidiphilium 

and Leptospirillum dominated this community. In contrast to archaea, the eukaryotic 

community changed with season and this community shift was partially due to 

chemistry and possibly also influenced by bacterial diversity and abundance. A 

metagenomics approach was used as a step towards understanding metabolic 

processes in this pit lake. Surface water was sampled during the wet season and 

shotgun sequenced to determine whether iron cycling was a dominant process in the 

Batman Pit. Iron cycling genes were not recovered, however I gained insight into 

bacterial processes possibly associated with the detoxification of heavy metals, 

ammonia oxidation, and carbon fixation. The data suggest that bacteria are key 

players in Batman Pit and may drive the differences in water quality between the wet 

and dry season.  Any remediation strategies will therefore need to take into account 

seasonal changes in the water quality that arise due to microbial activity and increased 

runoff into the Pit.  
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1 General Introduction 

1.1 Pit lakes 

Pit lakes are unique ecosystems created by mining activities. Open pit mining 

requires excavation of material from the ground for extraction of precious metals. 

When mining ceases, a vast majority of these pits become a major environmental 

problem due to their exposed mineral surfaces (Johnson and Wright, 2003, Kumar et 

al., 2009). To avoid an adverse impact on the environment, the pits should ideally be 

backfilled; however, this is not cost effective (Zhao et al., 2009, Breitenbach, 2008, 

Puhalovich and Coghill, 2011). Instead, these holes start filling naturally from the 

ground water, or by induced diversion of water channels, or run-off water from areas 

with high rainfall (Castro and Moore, 2000). The resultant lakes are known as pit 

lakes, mining lakes or mine voids. The history of pit lakes is as old as the history of 

mining but advances in drilling during the late nineteenth and early twentieth 

centuries resulted in a mining boom and an ensuing large numbers of lakes (Gibb and 

Evans, 1978, Miller et al., 1996, Kumar et al., 2012). They are now widely 

distributed in mining districts throughout the world; the highest numbers being in 

Australia, Canada and the USA (Castendyk and Eary, 2009a).   

Pit lakes are significantly different from natural lakes in several ways. They are very 

deep by comparison to their surface area (Castro and Moore, 2000). Natural lakes 

usually cover a wider area, are shallower, and have well developed lake zones; 

whereas most of the pit lakes are cone shaped and the lower zones do not fall within 

the category of lake zones (shallow littoral zone are small or absent)(Gammons et al., 

2009). Another difference is the catchment area. Natural lakes generally have a wide 

catchment area, whereas pit lakes have limited catchment areas (Kumar et al., 2009) 

and mostly these catchment areas devoid of vegetation due to extensive mining. As 

well, the wall surfaces are exposed mineral and are accompanied by waste rock 

dumps. In terms of wild life, pit lakes with the exception of a few circumneutral or 

remediated lakes, do not have organisms of higher trophic levels (Gyure et al., 1987, 

Wollmann et al., 2000). Pit lakes are part of the 3% fresh water resource on the 

planet, so ideally the water should be available for use, particularly in arid regions. 

But the generally poor water quality of these lakes does not allow this. The water 
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quality of these lakes depends upon the source of water, rock-wall/water interaction, 

volume and distribution of oxygen in the water column, local geology and the extent 

of exposed area (Niccoli, 2009). The quality of water dictates the end use of these 

lakes (Doupé and Lymbery, 2005).  

1.2 Classification of pit lakes 

Pit lakes can be classified on the basis of climatic conditions, hydrological 

characteristics, metals mined from the area, or quality of their water. The 

classification of climatic and hydrological conditions can be divided into terminal pit 

lakes and flow-through pit lakes. Terminal lakes exist in arid environments and are 

mostly locked water bodies where exchange of water occurs mainly through 

evaporation (Niccoli, 2009). Because the precipitation rate is very low, internal 

factors control the hydro-biological conditions of the terminal lakes. On the other 

hand, flow-through lakes, which are located in high precipitation areas such as wet-

dry tropical environments or areas with moderate rains, receive run off which brings 

several elements that interact with the lake chemistry and biological life. Hence both 

external and internal factors determine the biochemical dynamics of flow-through 

lakes. Another criteria characteristic of pit lakes is the type of ore (type of rocks) 

mined when the site was operational. Lakes resulting from mining of unconsolidated 

rocks are referred to as gravel or sedimentary pit lakes, whereas those produced from 

mining of precious and base metals like copper, zinc, gold and silver are referred to 

as hard rock pit lakes (Geller and Schultze, 2012).  

Besides the above-mentioned criteria, pit lakes can also be classified on the basis of 

their water quality; a critical classification because of the impact on the environment 

and community. Within this classification, pit lakes are divided into neutral, saline, 

alkaline and acidic (Kumar et al., 2009). Neutral lakes have a pH of nearly 7 and 

have good water quality although not necessarily ideal for consumption because 

sometimes they contain high concentrations of one or more ions. These lakes can be  

remediated and converted into good water quality lakes and can be used for drinking 

or other purposes. An example of this is Thalanga pit lake located in Queensland, 

Australia (Zhao et al., 2009b). 

Saline lakes are characterised by a saline landscape where mining operations result in 

dissolution and mobilization of salts. The water stored in these pits is usually saline 
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with very high salt concentration. This worsens if saline pits are located in an arid 

region with low rainfall and high evaporation. An example of this is the Goldsworthy 

pit in Western Australia (Commander et al., 1994). Pit lakes located in non-acid 

producing regions rich in lime can produce highly alkaline lakes like Kemerton pit 

lake in Western Australia; whereas lakes located in acid generating sites with iron 

and sulfide minerals usually have a very high concentration of heavy metals and a 

low pH. These are called acidic lakes. Berkeley pit lake in Butte, Montana, United 

States is an example of an acidic lake. The saline, alkaline and acidic lakes are a 

great threat to ground water and natural water resources (Kumar et al., 2009). Among 

all pit lakes, acidic lakes are highest in number and are a major threat to the 

environment worldwide. 

1.3 Acid rock drainage (ARD) pit lakes 

If a pit lake is located in a mining area rich in sulfide minerals, it may transform into 

an acid rock drainage lake. When mining of sulfide rich ores ceases, a large volume 

of sulfide minerals are left exposed to the air and water. When rain falls on the waste 

rock dumps and the exposed pit walls, sulfuric acid is produced and this readily 

dissolves the heavy metals - the acidic metal rich solution is referred to as acid rock 

drainage (Egiebor and Oni, 2007, Blodau, 2006). If the pits are not backfilled, ARD 

run-off from the waste rock dumps can start filling pit lakes (King et al., 1974). To 

avoid this, it is recommended that waste rock dumps be covered with clay, and then 

vegetation be introduced (Zhang et al., 2007). However, it has been noted that these 

covers are not sufficient to stop ARD formation; hence open pit mining has ceased in 

some parts of the world although not in all (Sarmiento, 2010, Walter and Martinez-

Alier, 2010). Australia is one country where this is still in progress and there is a 

very high number of resultant pit lakes.  It is also expected there will be more 

noxious acid rock drainage pits in the near future (Kumar et al., 2009). For example 

Fimiston Open Pit located in Kalgoorlie, Western Australia will be 500 meters deep 

by the time mining ceases in 2018 (Bawden, 2006). Although this pit has a low and 

manageable risk of ARD (Envirosciences, 2000) nonetheless it significantly affects 

the natural landscape by creating a lake in area where prior to mining no lake was 

present. The exact number of pit lakes in Australia is not known but with past and 

current mining activity (Figure 1-1), it is thought to be a high number as the vast 

majority of these mines generate acidity. A survey of mining operations in Australia 
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shows that about 60% of them generate acid producing wastes (Harries, 1997, Zhao 

et al., 2009).  

 

Figure 1-1: Historic and current mining operations in Australia 
(www.australiaminingatlas.com.au) 

Some of the significant ARD lakes in Australia include Collie Basin pit Lakes 

Western Australia, Collinsville pit lake and Mount Morgan pit lake in Queensland 

(Lund and McCullough, 2008, Salmon et al., 2008, Edraki et al., 2005, Kumar et al., 

2009). The other important ARD lakes located in the world include Berkeley pit lake 

USA, a string of acidic lakes in eastern Germany and ARD lakes located in the 

Iberian pyrite belt in Spain (Sánchez España et al., 2008, Fyson et al., 2006).  

1.4 Characteristics of ARD lakes 

Most ARD lakes are formed in lignite, coal and metal mines. The ores in these mines 

contain heavy metals, which leach into the water held in the lakes. Usually these 

lakes are very deep and subjected to strip-mining, which results in several trenches in 

the walls. The storage capacity mainly depends upon the extent of mining and type 

of rocks. In unconsolidated rock, lake walls are not very hard and do not have a 

permanent shape.  These will most likely develop sediment. In contrast, sediment is 
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rare in hard rock metal mines (Lu, 2004, Stevens and Lawrence, 1998).  ARD lakes 

have a small surface to depth ratio, therefore a high percentage of relative depth. As 

a result, these lakes often do not undergo turnover and instead develop an almost 

permanent stratification. This is known as a meromictic lake (Boehrer and Schultze, 

2008) (Figure 1-2). The relative depth is a weak predictor of stratification as there 

are several ARD lakes globally with a high relative depth yet they undergo turnover 

on an annual basis (Castendyk, 2009b).   These are called holomictic lakes (Wetzel, 

2001) (Figure 1-3). The cycling of elements, redox reaction and metal speciation are 

strongly influenced by the lake’s meromictic or holomictic nature. Meromictic lakes 

tend to develop an anoxic bottom layer. If these meromictic lakes have sediment, 

then several interfaces are formed, which include air/water interface on the surface, 

rock/water interface, oxic/anoxic interface in the water column and water/sediment 

interface at the bottom. All of these interfaces are present in holomictic lakes also, 

except the oxic/anoxic layers, which do not exist permanently due to the complete 

turnover of the water column. The stratification in meromictic lakes can be broken 

by extensive wind or change in density gradient (Boehrer et al., 2008, Boehrer and 

Schultze, 2009). The breaking and formations of layers is a common phenomenon in 

shallow ARD lakes. 

                                  

 

Figure 1-2: A conceptual model of meromictic lake. 
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Figure 1-3: A conceptual model of holomictic lake.  

 

The water/sediment interface is a site of extensive redox reactions (Read, 2002, 

Küsel, 2003). Microbial and chemical reactions at the water/sediment interface affect 

the water quality and cycling of elements in ARD pit lakes. The air/water interface 

and water/wall rock interface are the sites where pyrite oxidation takes place by both 

biological and chemical reactions (Wielinga, 2009a). When oxygenised water and 

rocks containing pyrite meet, the reaction occurs which generate ARD (Johnson, 

1995). If the lake is devoid of sediment, then this process will occur in the bottom as 

well. The wall-rock/water interface is also a point where leaching of heavy metals 

can ensue as well. 

Reactions in the water column include oxidation of the iron and carbon fixation due 

to biotic and abiotic processes (Wielinga, 2009a). The other processes occurring in 

the ARD pits include the precipitation of ferrihydrites and production of carbon 

dioxide. The reactions in the water column are strongly influenced by the turbidity 

and ferric ion precipitates as both impact light penetration, which in turn supports 

those microbes able to grow in low light intensities (Aguilera et al., 2006, Wielinga, 

2009a). The processes occurring at the interface where sediment and the water 

column meet include the cycling of elements. In sediment the processes include the 

breakdown of organic matter by fermentation and reduction of sulfate ions 

(Koschorreck et al., 2003, Küsel et al., 1999). These processes can occur in both 

holomictic and meromictic lakes if they have sediment at the bottom. In the case of 

holomictic lakes, all the processes (except processes occurring at the oxic/anoxic 

interface) are possible, so cycling of processes mostly occurs in the water column. In 
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both categories, if sediment is missing, then pyrite oxidation and leaching of heavy 

metals occurs more frequently due to the rock/water interaction at the bottom. 

 

1.5 Cycling of iron in ARD pit lakes 

ARD lakes are characterised by a high concentration of iron originating from 

oxidation of sulfide minerals like pyrite. Iron is the fourth most abundant and second 

most redox active element and is a physiological and nutritional requirement for life 

(Kappler and Straub, 2005, Edwards et al., 2003). The redox reactions of the two 

species of iron, ferrous and ferric, result in cycling of iron in the biosphere and are 

very common processes in ARD environments (Amils et al., 2002). This process is 

the major cause of poor water quality in the lakes because iron oxidation accelerates 

ARD formation. Iron cycling is also important in regulating the pH controlling the 

mobility and speciation of the trace elements and distribution of nutrients such as 

phosphorous (Blodau, 2004). Iron cycling is also important in biohydrometallurgy, 

biomining and bioremediation (Johnson, 1995). Malki et al. (2006) studied iron 

cycling in Rio Tinto Spain and found it highly important in biohydrometallurgy. A 

pilot scale study of bioremediation of a pit lake showed that iron cycling bacteria can 

play a role in increasing the pH of lake water (Wendt-Potthoff et al., 2010). Ferric is 

an oxidant for sulfide minerals like pyrite and chalcopyrite and can be used to extract 

precious metals associated with these minerals (Larsson et al., 1990, Dorado et al., 

2012, Fowler and Crundwell, 1998). Microbes in the ARD lakes strongly influence 

the cycling of iron (Küsel, 2003). The microbes in the lakes can use ferrous iron as 

an energy source and oxidize this ferrous to generate ferric which in turn is used as 

the electron acceptor for the microbial community (Lu et al., 2010). The ecology of 

these lakes is dominated by iron cycling bacteria. The deposition of sediment and 

development of anoxic zones are two very important characteristics of ARD lakes as 

they strongly influence the cycling of iron. The two interfaces oxic/ anoxic and 

water/ sediment are the sites where iron cycling takes place (Blodau, 2004, Taillefert 

et al., 2000). Bacteria stimulate the cycling of iron although in holomictic lakes 

where no anoxic interface exists or lakes where there are no sediment deposits, the 

cycling of iron can exist at the hard rock bottom. The photo oxidation at the surface 

is another process, which influences the cycling of iron in the lakes (Ercilla et al., 

2009, España et al., 2008). A conceptual model (Figure 1-4) highlights how these 
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chemical and biological processes contribute to iron cycling in meromictic ARD 

lakes. 

 

 

Figure 1-4: A conceptual model of Iron cycling in a meromictic lake. 

1.6 ARD lakes as an environmental threat 

ARD lakes strongly impact hydro chemical, ecological and topographical 

characteristics in their location. These lakes are formed where there were no lakes 

prior to mining. This causes the sinking of fresh water resources into the lakes. For 

example fresh precipitation goes to these ARD lakes and becomes contaminated 

instead of flowing to rivers or natural lakes. They have very poor quality water with 

a very high concentration of toxic elements. Furthermore the water stored in these 

lakes also contaminates the freshwater resources in its vicinity; the ground water 

table or drinking water and may impact human health (Castendyk and Eary, 2009a). 

For example in California the pit lake water contaminated the drinking water with 

very high levels of arsenic (Savage et al., 2000). ARD lakes located in monsoonal 

areas such as those in northern and northeast Australia can accidently overflow into 

nearby water channels and streams due to heavy rains. The contaminated water 

stored in ARD lakes can strongly affect wild life. The worst example of this was in 

1995 when 342 snow geese were killed due to the toxicity of Berkley Pit water 
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(Isanhart et al., 2011, Stierle and Stierle, 2005). When these lakes are formed, their 

walls, hard rock bottom and their waste rock dump become an active acid generating 

site which needs to be managed at all times to prevent negative effects on the 

environment.  Sufficient resources need to be allocated for this, and indeed billions 

of dollars are allotted globally to monitor, maintain and remediate these lakes. 

Obviously, this impacts nations’ economies.  

1.7 The remediation and possible end uses of ARD lakes 

Reassuringly, ARD lakes can be remediated and used as fresh water resources for 

drinking, industry and agriculture. This would be particularly welcomed in arid 

environments. Another possible end use is to convert the lakes into fish and aquatic 

wild life habitats (Gammonas, et al 2009). If ARD lakes are managed, they can 

become tourist attractions, as seen in some pit lakes in Australia (Hinwood et al., 

2012). This remediation requires control of the processes, which contributed to metal 

concentrations and caused the poor water quality in the first place, that is, the 

interaction of chemical and microbial processes. A detailed study of these biotic and 

abiotic processes is prerequisite for the successful remediation of these systems. 

1.8 Factors influencing nature of pit lakes 

1.8.1 Geology and climate 

The geology initially sets the stage for the biochemical reactions and together with 

climatic conditions plays an important role in determining the quality of water 

(Grimaldi, 2009, Castro and Moore, 2000). The composition of sulfide minerals and 

their capacity to generate acid determines the pH and the metals, metalloids or ions 

concentrations (Hiller et al., 2013). Usually post mining geological studies are rare 

because geological surveys are conducted before mining to determine the impact of 

geological factors on the natural landscape of mining and to develop post mining 

remediation strategies. Climatic and meteorological studies on potential mine sites 

are also rare and normally data from a nearby meteorological station is used which in 

some cases is not useful because it is too far away, so these provide inaccurate rain 

and humidity records (Grimaldi, 2009). These are the climatic factors, which 

strongly influence the microbial population and overall functioning of the ecosystem. 

For example, light (solar energy) changes the quality of dissolved organic carbon 

(DOC), which affects the growth of heterotrophic bacteria (Cameron et al., 2006, 
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Kamjunke et al., 2005). The climatic condition also determines how the lakes will be 

formed. For example if the mining is in high rainfall zones like the wet-dry tropics or 

area with surface water (e.g. rivers), lakes are predominantly filled by runoff or 

diversion from surface water; whereas if it is in arid zones they are mostly filled by 

the ground water table (Atkinson, 2002, Wilton, 1998, Castendyk and Eary, 2009a). 

1.8.2 Physical limnology 

The physical limnology (water column profile based on physical parameters such as 

temperature) of ARD lakes explains their thermal character, oxic status, conductivity 

and turbidity of the lakes, all of which strongly influence the chemical and biological 

characteristics of these lakes (Castro and Moore, 2000).  Extensive studies have been 

done on temperature, dissolved oxygen and conductivity profiles however the 

relationship of these parameters with microbial diversity has not been explored in 

detail (Santofimia et al., 2013). Heterotrophic production is strongly influenced by 

temperature and significantly impact biological processes in ARD lakes. Hence it is 

important to study the physical profiles of ARD lakes in relation to microbiology. 

Since most pit lakes are very deep, the entire water column should be studied 

because there might be differences in the chemistry of different strata. Thermal 

stratification is an example of this process.  Surface water is exposed to heat whereas 

the lower region is not, resulting in two layers.  The upper layer with a comparatively 

high temperature is called the epilimnion and the cooler, lower layer is called the 

hypolimnion (Figures 1-2 and 1-3). A strong wind or density gradient can cause turn 

over and disturb the layers (Boehrer and Schultze, 2009). The formation of layers 

(stratification) can affect the microbial community by controlling distribution of the 

nutrients in the lake. Stratification can also occur for dissolved oxygen and usually 

there is a high incidence of dissolved oxygen in the upper regions of the lakes, then a 

gradual decrease in the lower regions. In some cases oxygen completely disappears 

and anoxic conditions occur (España et al., 2009). This oxygen stratification strongly 

impacts the microbes with different groups occupying each region. ARD lakes with 

oxic/anoxic zones often have a corresponding aerobic and anaerobic microbial 

population, which affects the processes in these different regions.  

1.8.3 Chemical profile 

The chemical profile of ARD lakes is the direct result of biogeochemical reactions in 

an exposed mining area (catchment) and the quality of the water used to fill the lake. 
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The most important single factor influencing the chemistry in ARD lakes is pH 

(Blodau, 2006). In most of these lakes the pH ranges between 2 and 4 and in some 

cases can be as low as 1.2, for example in the Corta Atalaya pit lake of Spain 

(Sánchez España et al., 2008). The low pH affects distribution of microbial taxa and 

only extremely acid tolerant or acidophilic groups can survive in these lakes. The 

low pH also provides suitable conditions for the leaching, mobility and 

bioavailability of metals (Salmon et al., 2008). As a result, the levels of trace metal 

cations are very high. Most ARD lakes are formed in sulfide and coal areas, hence 

the concentrations of sulfate (SO4) and iron (Fe) are very high and in some cases 

ranges up to 18g/l and 36g/l respectively (Sánchez España et al., 2008, Pellicori et 

al., 2005, Bowell, 2002). Other elements present in very high concentration include 

Al, As and Zn based on the mineral composition of the lakes. Sometimes these lakes 

also develop a strong chemocline along thermal and dissolved oxygen stratification. 

These physicochemical parameters strongly influence the biogeochemical reactions 

occurring in the pit that ultimately affect these unique ecosystems. Some of the most 

extensively studied processes include iron and sulfate reduction, pyrite dissolution, 

methanogenesis and settling of nutrients in sediment. Unlike metals and sulfate the 

nutrients are very low in ARD lakes. Most of the characterised ARD lakes fall within 

the category of oligotrophic systems with very low nutrients (Kumar et al., 2011, 

Gyure et al., 1987, Pham et al., 2007). 

1.9 Biology of pit lakes 

1.9.1 Archaea 

ARD lakes are considered extreme ecosystems due to a low pH, high levels of 

sulfate and metals, and low nutrient levels. In these ecosystems only a limited 

number of microbes can survive. Archaea are known to be dominant in extreme 

environments including highly acidic drainage and contribute more than 50% of the 

biomass in some of the ARD sites like the iron Richmond mine in the USA (Edwards 

et al., 1999). Archaea significantly impact the cycling of iron in highly 

metalloferrous drainage (Goltsman et al., 2009, Golyshina, 2011). Unlike ARD sites, 

little is known about the archaea in ARD lakes, except that no ARD lakes are known 

to be dominated by archaea and in characterised lakes they are numerically fewer 

than bacteria and picoeukarya (Wendt-Potthoff, 2012). The archaea identified in the 
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ARD lakes include mesophilic crenarchaeota and Thermoplasmatales (Lucheta et al., 

2013, Falagán et al., 2014, Santofimia et al., 2013, España et al., 2007). 

1.9.2 Bacteria 

Bacteria are the most important group in ARD pit lakes, and they strongly influence 

the biogeochemical characteristics of these lakes. The bacterial diversity in pit lakes 

is high compared to highly metalliferous drainage and not really affected by the pH 

(Kampe et al., 2010). A range of bacterial groups involved in ammonia oxidation 

(Nitromonas), heterotrophs (Acidiphilium) and iron oxidizers (Leptospirillium) were 

found to be dominant. Similarly Acidobacteria and Actinobacteria were also 

reported in ARD lakes (Santofimia et al., 2013, Falagán et al., 2014). 

Acidothiobacillus one of the most well-known iron oxidizers in ARD samples has 

generally not been found to be dominant in acidic lakes (Kamjunke et al., 2005). 

ARD lakes are usually very deep and have chemocline, thermal and oxic and anoxic 

profiles, which impacts the bacterial composition in ARD lakes. The vertical and 

seasonal pattern of bacterial communities was measured in the Spanish pit lakes 

whereas this pattern is missing in those in Germany (Wendt-Potthoff, 2012). In 

addition DOC and grazing pressure are known to strongly influence the bacterial 

composition in ARD lakes (Schmidtke et al., 2006, Kamjunke et al., 2005). The 

dominant bacterial lineages of ARD pit lakes are involved in the cycling of iron (Lu 

et al., 2010). Malki et al. (2006) reported that these iron cycling bacteria are strong 

candidates for biomining, biohydrometallurgy and bioremediation. Bacteria in the 

lakes are known to produce organic carbon and are used as prey by phagotrophic 

planktonic species hence contributing to the carbon cycle and food chain (Schmidtke 

et al., 2006, Gyure et al., 1987). The composition of phytoplankton communities is 

strongly influenced by the composition and abundance of bacteria. 

1.9.3 Eukaryotes 

In ARD lakes, eukaryotes organisms belonging to higher trophic levels are generally 

missing (Wollmann et al., 2000). Studies of ARD lakes in different mining areas of 

the world found that only a few genera of phytoplankton can colonize them and the 

community structure changes with pH (Lessmann et al., 2000, Kalin et al., 2006). An 

increase in pH changes the composition in favour of a more diverse phytoplankton 

community. In lakes with higher pH (4.5 to 5.5) the phytoplankton contributes more 

than 50% to the biomass, but they are highly sensitive to pH and temperature 
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(Lessmann et al., 2000, Lessmann et al., 2006). Ochromonas, Chlamydomonas, 

Lepocinclis, Euglena and Cryptomonas  dominate ARD lakes of pH near 3 (Nixdorf 

et al., 1998, Beulker et al., 2003, Santofimia et al., 2013). Phytoplankton can survive 

in pit lakes because they reproduce asexually and cytoplasmic homeostasis allows 

them to tolerate low pH. Phytoplankton can influence the food web of ARD lakes by 

photosynthesis, mixotrophy, heterotrophy and grazing.  

Zooplankton or the metazoans are highly sensitive to pH and metals (Deneke, 2000). 

The pH mostly plays a key role in defining the composition of the zooplankton 

community and at low pH (2.4-3.0) mostly rotifers prevail, whereas at a higher pH 

(4.5-5.0) the water flea (Cladocera) is the dominant group (Deneke, 2000, Wollmann 

et al., 2000). A range of acid mining lakes in the world (Germany, Sweden, United 

states of America) were studied to measure zooplanktonic diversity, and species 

found includes Cephalodella hoodi, Cephalodella gibba, Elosa worallii, Rotaria 

rotatoria, Elosa worallii, Brachionus sericus, Brachionus sericus and Lecane species 

(McConathy and Stahl, 1982, Nixdorf et al., 1998, Smith and Frey, 1971, Deneke, 

2000). Although the pH is important to determine the diversity of zooplankton, other 

chemical stresses like zinc, ferric ion and heavy metal concentration also influence 

this community. Zooplankton are most affected by the chemical composition and pH 

of the water compared to other microbial groups, which make them very good 

indicators of water health (Wendt-Potthoff, 2012). They influence the food chain due 

to their grazing on phytoplankton. Zooplankton can colonize the pit and their success 

lies in the fact that they can use a range of food sources and tolerate high levels of 

metals and ions. They are generalists  (Maria and Rainer, 2012), which help them to 

survive in acidic lakes. Zooplankton are directly influenced by phytoplankton; when 

phytoplankton biomass decreases so does zooplankton. Zooplankton are the 

consumers in the ARD ecosystems and strongly influence the very simple food 

chains of ARD lakes. 

The protists are another important group of eukarya in pit lakes. Protists mostly 

dominate the deeper section of ARD lakes due to the supremacy of mixotrophs in the 

illuminated parts of the lakes (Tittel et al., 2003, Rothhaupt, 1996). The protista 

community of these lakes is highly influenced by heavy metals and important groups 

identified include amoeba, ciliates, and Arcella  (Packroff, 2000, Mitman, 1999).  
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Decomposers are important players in all ecosystems. In ARD lakes fungi are 

potentially an important group involved in this process (Das et al., 2009). Fungi 

identified in acidic systems are generally assigned to unclassified Ascomycetes or 

Basidiomycetes (Baker et al., 2004, Gadanho et al., 2006). One of the most important 

roles of fungi in pit lakes may be to decompose the litter and produce DOC for 

bacterioplankton (Schlief and Mutz, 2005). 

1.10 Bacterial driven biogeochemical processes in ARD lakes 

With the exception of a few site-specific biogeochemical reactions, the processes 

occurring in ARD lakes are similar; the most important being the oxidation of pyrite, 

which occurs in the wall and hard bottom of the lakes (Blodau, 2006, España et al., 

2008). These processes trigger the cycling of iron and as a consequence heavy metal 

concentrations increase. The other important processes in ARD lakes include sulfate 

reduction, fixation of carbon, nitrogen metabolism, and energy production. Microbes 

are directly involved in these processes (Baker and Banfield, 2003) and the genomic 

basis of these reactions have been studied in acidic drainage (Xie et al., 2011, Tyson 

et al., 2004, Ram et al., 2005, Goltsman et al., 2009) but not in ARD lakes. New 

genomics techniques such as metagenomics may provide information about how 

microbial metabolism influences metal mobility, metal toxicity and ion speciation in 

ARD lakes (Costa et al. 2014, Handelsman et al. 2007). 

1.11 Knowledge gaps 

Since acidic pit lakes are formed due to mining, the geology of these lakes are well 

documented; however post-mining geological studies of minerals and their complex 

interaction with climatic parameters such as temperature, humidity and rainfall are 

rare. ARD lakes are chemically characterised worldwide, however not much 

information is available to link climatic conditions with the biochemical characters 

of the lakes. Also rare are studies which link the chemistry of the site to the 

microbiology and the cycling of elements like iron and sulfur, which can influence 

the quality of water in these lakes. Studies of iron cycling of ARD lakes primarily 

focus on the sediment of shallow lakes (Meier et al., 2004, Küsel, 2003, Peine et al., 

2000, Wendt-Potthoff et al., 2002). To date, iron cycling microbial processes have 

not been studied in deep lakes like Batman Pit. 
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In addition the microbial ecology and biogeochemical processes driven by the 

microorganisms in the water column of ARD lakes are also poorly understood. 

Similarly there is a lack of knowledge about the relationship between limnological 

profiles and the microbiology of ARD lakes. In most cases, pit lakes are 

characterized by different limnological factors, chemistry and microbial life. In some 

cases chemistry and microbiology profiles are studied at two different times; hence it 

is difficult to evaluate microbial responses to the chemistry. With regard to microbial 

ecology, most studies are based on the conventional approach of culturing, which 

cannot even capture 1% of the microbial population (Nichols et al., 2008, Merroun, 

2007). Since the acid mining lake environment falls within an extreme category 

where only a few genera can flourish, it is thought that the microbial life of pit lakes 

is very simple with low diversity (Wollmann et al., 2000). Molecular techniques such 

as cloning and fluorescent in-situ hybridisation have also been used to study the 

microbiology of pit lakes but they also captured only a small proportion of the 

population. A very high number of ARD lakes located in mining districts around the 

world have different characteristics so there is still a need to study site-specific 

biogeochemical characteristics. 

Very few investigations have used large-scale sequencing (pyrosequencing) to study 

microbial communities at ARD lakes. In addition to 16S rRNA studies which target 

diversity and abundance, deep sequencing also provides a wonderful opportunity to 

study the microbial processes, which can substantially impact the biogeochemistry 

and cycling of elements in the acid rock drainage lakes. The advantages of next 

generation sequencing (NGS) sequencing over Sanger and classical techniques 

include relatively low cost and high outcomes (Metzker, 2009). This can produce 

hundreds of thousands of sequence reads.  With advances in molecular techniques, 

large-scale sequencing represents an ideal opportunity to explore the microbial 

ecology of these poorly understood ecosystems. The diversity of functional genes 

can also be measured using next generation sequencing which can help to understand 

microbial production, cycling of nutrients and metal resistance mechanisms 

(Handelsman, 2004, Mardis, 2008). 
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1.12 Introduction and importance of this project 

The aim of this project was to measure the chemistry, microbiology and functional 

metagenomics of the Batman Pit, which is located in the wet-dry tropics of northern 

Australia and is one of the monsoonal ARD mining pit lakes of Australia (Figure 1-

5).  

 

Figure 1-5: A classification of Australian Pit lakes (Adapted and Modified Johnson and Wright 

(2003), Mallet and Mark, (1995) 

The physicochemistry and microbiology of pit lakes in this area have generally not 

been studied. Most parts of Australia are arid where water resources are precious 

hence pit lake chemistry has attracted considerable attention (McCullough et al., 

2009, Martin, 2006). In contrast, the Batman Pit Lake is located in a high rainfall 

region and has not been studied in detail. Strong high intensity rains are typical in 

this wet-dry climate, and these rains react with the exposed catchment area, and the 

resultant runoff can significantly influence water chemistry and microbiology. There 

are no data available on how this runoff impacts the chemistry and microbiology, 

particularly the cycling of key chemical species and which microbes drive those 

processes. This information is important because the area is directly linked to 

downstream fresh water resources and any unplanned or accidental discharge can 

strongly affect the water in these down-stream rivers. There are three rivers directly 
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linked to the mining site; namely the Edith River, Fergusson River and Daly River 

(Figure 1-6).  

 

Figure 1-6: Batman Pit Lake at Mount Todd Mine site, and relationship to rivers  

(maps.bonzle.com 2013)(Erskine et al., 2003) 

A fish kill in the Edith River was reported in 1999 and 2000 possibly due to leakage 

of cyanide from the tailing dam of this mine (Lamb, 2004). The Edith River feeds 

into the Fergusson River, which is the tributary of the Daly River (Faulks, 1998). 

The Daly is known as a pristine breeding ground for Barramundi and several other 

species of fish. Any unplanned discharge from Batman Pit would not only impact the 

Edith but also the Fergusson and Daly Rivers. A detailed study of Batman Pit will 

help to evaluate the potential impact of Batman Pit water on these fresh water 

resources in the event of any planned or un-planned discharge from the pit. 
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1.13 Research hypotheses 

By the end of mining operations at Mount Todd mine in 1997 there were 40 million 

tonnes of waste rock deposited in the catchment of the Batman Pit (Environment NT, 

2002). This catchment receives approximately 800mm of high intensity rainfall over 

four months from November to March (Van Dam et al., 2008), which has been 

shown to cause the oxidation of sulfide minerals (pyrite, arsenopyrite and 

chalcopyrite) within these dumps (Blodau, 2006). One of the products of these 

reactions is ferric ion, which is a strong oxidant in the mineral deposit located in the 

Batman area (Evangelou and Zhang, 1995). Since the natural sink for wet season 

run-off is the Batman Pit lake and the retention pond located at Mt Todd, after 

rainfall the products of oxidation reactions from the dump are likely to drain into the 

Pit. Therefore my major hypothesis was that as a consequence of high rainfall and 

reactions in the waste rock dumps, the wet season run-off would decrease the pH and 

increase metals, metalloids and sulfur in the Pit. To test this hypothesis, I measured 

the Pit water chemistry in September towards the end of the long dry period and 

again in February near the end of the intense rains of the wet season. The results 

described in chapter 2 supported this hypothesis because heavy metal levels in the Pit 

lake water were higher in the wet season samples than in the dry season samples. 

Thus the physicochemistry of the Pit changed with season, and metals such as copper 

and the trace metals selenium and arsenic increased significantly while the pH 

decreased. Similarly there was a shift in iron speciation in that there was a significant 

increase in ferric (Fe+3) and decrease in ferrous (Fe+2) in the wet season. 

In acid mine sites with high metal levels and low temperature conditions, archaea 

play a significant role in iron cycling by driving the oxidation of Fe+2 and generating 

Fe+3 (Golyshina and Timmis, 2005, Golyshina, 2011). Although the role of archaea 

in iron cycling in low temperature acid mining sites is now well accepted; there are 

no data for acid mining lakes like the Batman Pit. Since the first part of my study 

showed a change in iron speciation and a significant increase in metals in the wet 

season sampling, I further predicted that this change in water chemistry would be 

associated with a change in the archaea community, and that this change would be 

related to metal levels.  I also predicted that the archaea associated with iron cycling 

would be dominant in the water column. The results discussed in chapter 3 showed 



	   19	  

that despite the physicochemical and iron species differences between the wet and 

dry season sampling times, there was no significant difference in the archaea 

community composition between the two sampling times (Chapter 3).  

The elevated metal levels and low pH characteristic of ARD can significantly 

influence bacteria community composition. Physiological stress can drive changes in 

the bacteria community and one consequence is a community that includes 

extremophiles tolerant of these conditions (Yang et al., 2008, Bond et al., 2000, 

Bruneel et al., 2006). In wet-dry tropical northern Australia, seasonal changes in the 

water chemistry of ARD can also influence bacterial diversity and abundance of 

bacteria (Streten-Joyce et al., 2013). So, a further hypothesis was that the change in 

physicochemical parameters in Batman Pit would affect the bacterial population. In 

other acid mining lakes and sites, iron cycling bacteria such as Acidothiobacillus, 

Acidiphilium and Leptospirillum are known to influence iron speciation (Johnson and 

Hallberg, 2003, Malki et al., 2006). Since I had measured a shift in iron speciation, I 

also predicted that bacteria associated with iron cycling would be dominant in the 

water column. The findings of these hypotheses are presented in Chapter 4.  

During sampling it became obvious that the Pit had no significant sediment layer. 

Sediments act as a sink for nutrients (Radhakrishnan et al., 2011, Reed et al., 2011) 

and in the absence of sediment, nutrients are usually high in the water column. The 

nutrients and heavy metals were significantly higher in the wet season sampling 

compared to that of the dry. In addition, the bacteria community of the Pit in the wet 

season was different from that in the dry season (Chapter 4). Both of these sets of 

results may have a bearing on the eukaryal community composition because pH, 

nutrients and metals are the main drivers of eukaryal diversity in ARD lakes (Baker 

et al., 2009, Johnson, 1998, Nixdorf et al., 1998). In addition, trophic interactions 

between bacteria and different eukaryal groups (phytoplanktonic algae, ciliophora 

and dinoflagellates) can also influence eukaryal diversity (Bick and Drews, 1973, 

McGinness and Johnson, 1992). Consequently I predicted that changes in the Pit 

physicochemistry accompanied by a bacterial shift at the two sampling times would 

influence the eukaryal population, resulting in changes in eukaryal diversity at the 

two sampling times. This hypothesis is discussed in chapter five. 
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The physicochemical profile and 16S rRNA diversity studies of the Batman Pit 

raised several questions about the biogeochemistry of this system. For example 

ammonia-oxidizing archaea was the most abundant archaea at the two sampling 

times, which may influence the nitrogen cycle in Batman pit. However there are no 

previous reports of this archaea being dominant in acid mining sites or playing any 

role in the nitrogen cycle in acid mine drainage. In the wet season sample there was 

an increase in ferric iron levels and the abundance of iron cycling bacteria 

(Acidiphilium and Leptospirillum) also changed. It is possible that this shift in iron 

speciation may be linked to the change in abundance of Acidiphilium and 

Leptospirillum. However, since the bacterial community data were based on 16S 

rRNA amplicon next generation sequencing, the activity and function of these 

bacteria remained unresolved, To try to address this I used a metagenomics shot-gun 

sequencing approach using DNA extracted from filtered Batman water. Given the 

abundance of Acidiphilium, I tested the hypothesis that iron-reducing genes would be 

more abundant than other genes in this water. Since levels of the iron oxidising 

Leptospirillum and ammonia oxidising Nitrosopumilus, were also high, I tested a 

further hypothesis that iron and ammonia oxidation genes may be prevalent. Since 

there was a significant increase in metals in the wet season and microorganisms can 

adopt a variety of processes such as detoxification to deal with this increase in metals 

(Gadd, 2004, Lloyd and Lovley, 2001), I also predicted that the metagenomic 

approach would provide information on pathways for the detoxification of heavy 

metals. The results of this work are presented in Chapter 6. Chapter 7 is a synthesis 

of the results from Chapters 2-6 in relation to chemistry, microbiology and functional 

metagenomics of an ARD Pit lake in the wet-dry tropics of Australia. 

  



	   21	  

2 Chemical stratification in the Batman Pit 

2.1 Introduction 

Open pit mining for extraction of metals has increased in the last few decades 

(Zhao et al., 2009). When these mining operations cease, water either from 

ground water, rain or water channels fill the pits resulting in the formation of ‘pit 

lakes’. These lakes may have alkaline, acidic or neutral water and differ 

considerably from natural lakes due to their large surface to depth ratio (Castro 

and Moore, 2000). The chemistry of these pit lakes is influenced by the 

composition of wall rocks, the geology of surrounding areas, climatic conditions 

and the quality and quantity of water filling these lakes (Davis et al., 1993). 

The exact number of Australian pit lakes is not known but it is very high and 

many of these lakes have no present use although they have a potential to be used 

as water resources, for aquaculture and recreational purposes (Johnson and 

Wright, 2003, Farrell, 1998). To convert these abandoned pit lakes into useful 

water resources we must have a detailed knowledge of chemistry, biology and 

biogeochemical processes occurring in the pits and surrounding area. Wide 

chemical qualitative variations of pit lakes make it necessary to study each pit 

individually (Parshley and Bowell, 2003). 

The interest in pit lakes is also from the perspective of managed water releases 

particularly in the wet-dry tropics where significant rain events can greatly 

increase the risk of unplanned discharges to creeks and rivers. The Northern 

Territory (NT), Australia, has a wet-dry tropical climate characterized by high 

temperature, heat and seasonal rainfall. Annual rainfall in the NT varies from 200 

mm in southern part to 1800 mm in the top end where about 80% of the rain falls 

in the wet season (BoM, 2011, Suppiah, 1992). 

 The NT is also known for extensive mining activities, which include lead, zinc, 

uranium and gold mining (Mudd, 2007). Legacy pit lakes, a result of these 

mining activities, are widely distributed in the NT, and most of them have not 

been studied in detail. The pit in this study is the Batman Pit at Mount Todd gold 

mine located 40 kilometres (kms) northwest of Katherine and 220 kms south of 

Darwin, NT, Australia (Figure 2-1 and 2-2). Gold deposits were identified by 

Billiton Australia and Zapopan in 1987 and they were confirmed in 1988.  



	   22	  

 

Figure 2-1: Study site, Mount Todd, Northern Territory, Australia 

 

Figure 2-2: Location of the Batman Pit in the mine site. 
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An open pit mining operation started in 1993 and due to increasing costs mining 

operations were suspended in 1997. The mine was shut down in 2000 and finally 

decommissioned in 2001 (Hein, 2003). After the suspension of mining 

operations, pits at Mount Todd mine started filling with water and the largest pit 

formed was the 90 meter deep Batman Pit.  

This Pit is filled with highly acidic water resulting from acid rock drainage 

(ARD), which is produced when sulfide minerals are exposed to water and air 

(Blodau, 2006). Although it can be a natural process, mining activities can result 

in the exposure of extensive sulfide waste rock to water and air resulting in the 

increased production of ARD, which is an environmental problem of 

international scale (Benner et al., 1997). ARD causes considerable damage to the 

environment by releasing metal rich acidic effluent into surface and groundwater. 

The most important sulfide ore responsible for ARD production is pyrite. 

Oxidation of pyrite results in the production of sulfuric acid, which generates low 

pH conditions, that accelerates the leaching of metals like aluminum (Al), zinc 

(Zn) and copper (Cu) (Akcil and Koldas, 2006, McCauley et al., 2009). The 

acidic drainage containing these heavy metals, acid, ferric hydroxide, and 

oxyhydroxides change the physical and chemical properties of the water into 

which it drains. ARD is one of the most difficult issues for the mining industry 

due to the large amount of acid generating material exposed during mining 

operations and pit lakes have large reserves of acid rock drainage (Benner et al., 

1997). ARD pit lakes have been characterized in other parts of the world but 

there is a paucity of information about pits in the wet-dry tropics (Jonas, 2000, 

España et al., 2008, Pellicori et al., 2005, Migaszewski et al., 2009, Gammons 

and Duaime, 2006, Okumusoglu and Gündüz, 2013). The only available 

information regarding pit lakes in the NT is from Boland and Padovan (2002) 

who studied the seasonal stratification in the Enterprise pit lake in Pine Creek, a 

town 280 km south of Darwin. Kumar et al. (2009) have also reviewed some 

characteristics of a pit lake (small pond) at ranger uranium mine. Both lakes have 

a pH range of 5 to 6.5 whereas the Batman Pit has a pH of approximately 3. 

The Batman Pit lake is in an environment in which the most striking feature is 

the long period without rain followed by an intense period of high rainfall. The 

lake collects the mine runoff during this intense period of rain but the extent to 
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which this affects the overall chemistry of the lake is unknown. My hypothesis 

was that rainfall would decrease pH and increase metals, metalloids and sulfur 

due to ARD production. To test this I measured the Pit lake water chemistry in 

September towards the end of the long dry period and again in February near the 

end of the intense rains of the wet season.  

2.2 Methods  

2.2.1 Sample collection 

Water samples from Batman Pit were collected in the wet and dry seasons. Dry 

season samples were collected September 20, 2009 at depths of 0.1, 5, 10, 15, 25, 

35, 45, 55 and 90 meters. Wet season samples were collected on February 22, 

2010 at the same depths as the dry season samples.  A peristaltic pump and acid 

washed Nalgene™ 180 PVC tubing tied with calibrated 10mm polyethylene rope 

were used to collect the water. Both filtered and unfiltered water samples were 

collected in labelled acid washed low-density polyethylene (LDPE) bottles from 

each depth. Quality control samples were also collected using the same procedure 

and material, which include two duplicates (one in each season) and four spike 

samples (two for each season). Samples were filtered in situ with a ground water 

(GW) 0.45 µm filter (Thermo Fisher scientific, USA). Immediately after 

collection, samples were sealed in zip lock plastic bags and stored on ice for 

transport to Charles Darwin University. Water samples collected for total 

suspended solids (TSS) analysis were stored at 4°C whereas samples collected 

for nutrient analysis were stored at  -20°C. Samples for metal, metalloids and 

sulfur analysis were acidified with high pure nitric acid; 350 µL of the acid was 

added in each 250 mL water sample making the final concentration 0.13%. 

2.2.2 In situ physicochemical parameters 

A Hydrolab (model MS5) data sonde was used to measure pH, specific 

conductivity, dissolved oxygen (DO), turbidity (NTU) and temperature (°C) as a 

function of depth. The Hydrolab was calibrated according to the manufacturer’s 

instructions immediately prior to use and after returning from the field.  
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2.2.3 Total suspended solids (TSS) analysis 

Membrane filters GN-6 grid 0.45µm, 47mm diameter (Pall Corporation, USA) 

were weighed in duplicate using a microbalance (5 decimal analytical balance 

Model: Mettler Toledo UMX2, USA) and placed into labelled containers. The 

average weight of each filter was recorded. These filter papers were placed in the 

filter assembly and suction was applied. Then water was added to the filter 

assembly and volume of filtrate was recorded. Blank samples (High Pure Water) 

were also filtered using the same procedure. The filter papers were removed and 

placed in the respective labelled container. The filters were dried in the 

laboratory microwave for 30 minutes at 50% power (APAH, 2000). Filter papers 

were weighed in duplicate using same balance used in pre weighing. The TSS of 

samples was calculated using formula: 

 TSS (mg L-1) =  (Filter Post-Weight (mg) - Filter Pre-Weight (mg))*1000  
              Sample Volume (mL) 

 

2.2.4 Iron speciation 

Samples for total and total dissolved (<0.45 µm) iron analysis were collected in 

250 ml acid washed LDPE bottles, stored with 0.1% hydrochloric acid (HCl) 

(v/v). These bottles were emptied immediately before use and rinsed with water 

of the same depth used to sample. Filtered and unfiltered water samples were 

collected in labelled bottles. For collection of the filtered water sample, a filter 

capsule (0.45-µm, Thermo Fisher Scientific) was attached to the end of the 

tubing and after a 10 second flow to waste, filtrate was collected in filtrate-rinsed 

bottles. The procedure was repeated for each depth. For ferrous iron 

measurement 100 ml of filtered aliquots from each depth were collected in glass 

bottles, which were completely covered with aluminium foil and contained 2ml 

of concentrated HCl. Each bottle was labelled with the respective depth. Total 

iron was measured by ICP-MS (Agilent 7500 ce) whereas ferrous iron was 

measured using the phenanthroline method (Eaton et al., 2005). To 50 ml of each 

acidified sample, 20ml of phenanthroline solution and 10 ml of NH4C2H3O2 

buffer solution (APHA., 1976) was added. The volume was made up to 100ml 

with high pure water and colour intensity was measured at 510 nm using a 

spectrophotometer (HITACH-U-1100 spectrophotometer). A standard curve was 
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used to measure the ferrous iron concentration in each sample. Ferric iron was 

determined as the difference between ferrous iron and total dissolved iron. 

2.2.5 Metals, metalloids and nutrient analysis 

Metals and metalloids in filtered and unfiltered water samples were measured by 

ICP-MS (Aligent 7500 ce) using standard methods employed by the 

Environmental Chemistry and Microbiology Unit (ECMU) at Charles Darwin 

University. For total dissolved nitrogen (TDN) and total dissolved phosphorous 

(TDP) analysis, samples were digested at 120°C for one hour prior to analysis of 

TDN and TDP. Samples were analyzed by Flow Injection Analyser (Quickchem 

8000, Lachat) using the Queensland health scientific method (Greenberg et al., 

1992). . Dissolved organic carbon was analysed by the Environmental Research 

Institute of the Supervising Scientist (ERISS), Darwin NT. Duplicate, spike and 

blank samples were also analysed following the same procedures as used for 

experimental samples.  

2.2.6 Statistical analysis 

Primer V6 version 6.1.12 software (PRIMER-E Ltd, Plymouth, United 

Kingdoms) was used to determine the variation in Pit water chemistry at two 

sampling times. Normalised data were used to perform principal component 

analysis (PCA) and to calculate resemblance matrices by Euclidian distance. 

Resemblance matrices were used for PERMANOVA analysis, and to generate 

multidimensional scaling (MDS) plots (Kruskal, 1964, Minchin, 1987). Three 

designs of one-way PERMANOVA were constructed using PRIMER V6, each of 

which had one factor. Design one had the factor of season and compare all the 

parameters studied in the dry season with that of the wet season. The design 2 

and 3 compare the chemistry of the upper half (0-45) with lower half (45-90m) in 

wet and dry season respectively. All three PERMANOVA tests were performed 

on Euclidian distance matrices with 999 permutations. All the PERMANOVA 

tests were significant so the data were then analysed using SIMPER in PRIMER 

V6. The one-way cross SIMPER test was performed on normalised data using 

Euclidian distance to find which factor was most responsible for the differences 

in the wet and dry season chemistry, and the upper and lower half chemistry of 

the Pit at both sampling times. 
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2.3 Results 

2.3.1 In situ physicochemical parameters  

In situ physicochemical parameters included a depth profile for temperature, pH, 

dissolved oxygen (DO), turbidity and conductivity. Dissolved oxygen and pH 

(Figures 2-3) showed the same trends with decreasing levels with depth and lower 

DO and pH in the wet season. A stepwise decrease in DO from surface to bottom 

was measured but there was no anoxic zone (Figure 2-3). A thermocline was 

measured at 15-20m depths in both wet and dry seasons with the same 

temperature below the thermocline (Figure 2-3).  Temperature increased by 

approximately 7°C above the thermocline in the wet season, but in the dry season 

this increase was only 4°C (Figure 2-3). Specific conductivity was similar 

throughout the water column, being slightly higher in the dry season (Figure 2-3). 

Water of the Batman Pit was very clear with turbidity of zero through the water 

column in both wet and dry seasons. 
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Figure 2-3: In situ measurements of temperature, pH, dissolved oxygen and specific 

conductivity. 
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2.3.2 Total suspended solids (TSS) and elements: Depth and seasonal 

comparison  

Total suspended solids (TSS) were below the detection limit (0.50 mg/l) at all depths 

in both wet and dry seasons, consistent with the zero turbidity. 

The concentrations of magnesium (Mg), aluminium (Al), sulfur (S), calcium (Ca), 

manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), gallium (Ga), 

arsenic (As), selenium (Se), molybdenum (Mo), cadmium (Cd), lead (Pb), thorium 

(Th), chromium (Cr) and uranium (U) from both filtered and unfiltered elements was 

measured in both seasons and all of the elements were predominantly in the 

dissolved form. As a consequence, only results for total dissolved elements are 

provided here but comparative data for filtered and unfiltered elements are given in 

appendix (A). A significant (p < 0.05) increase was observed in the concentrations of 

As, S, Se, Mo Al, Mg, Ca, Mn and Ga, in the wet season compared to the dry 

(Figures 2-4). In contrast to these elements, there was no seasonal change in 

concentrations of Cu, Ni, Cd, Pb, Zn Co, Cr, Th and U (Figures 2-5).  

Regardless of the temporal differences, the metal levels for all the elements did not 

change significantly with depth. The exceptions were Mo and S, which decreased 

significantly (p < 0.05) below 15m during the wet season, and chromium, which 

increased significantly (p < 0.05) below 35m in both seasons. The values for 

protection of Australian fresh water ecosystem at 95% levels were also added. 

(Figures 2-4 and 2-5).  
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Figure 2-4: Concentration profile of total dissolved (filtered) Al, As, Ca, Ga, Mg, Mn, Mo, S and 

Se in Batman Pit at two sampling times, wet and dry season sampling. 
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Figure 2-5: A concentration profile of total dissolved (filtered) Cd, Co, Cr, Cu, Ni, Pb, Th, U and 

Zn in Batman Pit at two sampling times, wet and dry season sampling. 
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2.3.3 Trends in iron speciation in Pit water 

Iron in the Batman Pit was in the dissolved form during both seasons and there was a 

significant (p < 0.05) increase in iron concentration in the wet season (Figure 2-6). 

Total dissolved iron also increased with depth in the dry season, but in the wet 

season total iron had no clear pattern. In the wet season total dissolved iron 

concentration remained constant from the surface to 15m then decreased to a 

minimum level at 25m (780 µg/l). The dissolved Fe concentration increased to a 

maximum concentration at 35m (2700 µg/l). The concentration of total dissolved 

iron remained relatively constant from 45m to 90m, which was in the range of 1500 

to 1700 µg/l. The same trend for iron in this bottom half (45-90m) was observed in 

the dry season. The only difference was the concentration of iron, which was higher 

in the wet season (Figure 2-6). 

Figure 2-6: Total dissolved iron (µg/l) in Pit water in the wet and dry season 

 In the dry season more than 50% of the iron was in the Fe2+ form (Figure 2-7), 

whereas in the wet season about 99% of iron was in the Fe3+ form (Figure 2-8). 
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Figure 2-7: Relative percentage of ferrous and ferric ions in the dry season 

 

 

Figure 2-8: Relative percentage of ferrous and ferric ions in the wet season. 
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2.3.4 Nutrients in the Pit water 

 

Dissolved organic carbon (DOC) decreased with depth in both seasons, with 

significantly (p < 0.05) higher DOC in the wet season compared to the dry (Figure 2-

9). Total dissolved phosphorous did not change with depth in either season and was 

almost doubled in the wet season (Figure 2-10).  Total dissolved nitrogen (TDN) was 

also present at significantly (p < 0.05) higher levels in the wet season and did not 

change throughout the water column during this time (Figure 2-11). However, unlike 

TDP, TDN decreased with depth during the dry season (Figure 2-11). 

 

Figure 2-9: Dissolved organic carbon (DOC) concentration (mg/l) in Pit water in the wet and 

dry season. 
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Figure 2-10: Total dissolved phosphorus (TDP) concentration (mg/l) in Pit water in the wet and 

dry seasons. 

 

 

 

 

Figure 2-11: Total dissolved nitrogen (TDN) concentration (mg/l) in Pit water in the wet and dry 

seasons. 
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2.3.5 Statistical analysis 

All parameters, physicochemical (temperature, pH, Sp.Cond. and DO), metals, 

metalloids, sulfur and nutrients were included in multivariate analysis. The 

physicochemical parameters measured in the wet season were different from that 

measured in the dry season as evidenced by the multi-dimensional scaling (MDS) 

plot based on Euclidian distance (Figure 2-12). PERMANOVA analysis was used to 

determine the level of significance and the dry season chemistry was significantly (p 

< 0.05) different from the wet season. To determine the elements most responsible 

for the difference measured between the two sampling times, SIMPER was used to 

analyse normalised data. This analysis showed that the difference between sampling 

times was caused by the combined effect of most of the elements, nutrients and 

physicochemical parameters, but the variables which had the greatest effect on the 

chemistry were the Se, Ca, S, As, Al, Fe+2 and Fe+3. These variables were 

significantly different between the two sampling times. The contribution of each 

parameter is given in Appendix B. 

 

Figure 2-12: Multi dimensional scaling (MDS) plot of all physicochemical parameters in the 

Batman Pit at the two sampling times. 
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Figures 2-12 and 2-13 not only show the differences between the two sampling 

times, but also showed the differences in chemistry from surface to bottom in the 

same season. During the dry season, samples from surface to 35 meter clustered 

together, and were separate from the 45, 55 and 90-meter samples. These data 

indicate that the chemistry of the upper half (40 m) of the Pit was different from the 

lower half (45 to 90 meter) at both sampling times (Figure 2-13). This difference was 

significant (p < 0.005) when both halves were compared using PERMANOVA. The 

Principal component analysis (PCA) plot indicated that Fe, S and N were largely 

responsible for this difference (Figure 2-13). SIMPER analysis also indicated that the 

accumulative effect of all the parameters was the reason behind this significant 

difference. However, individually these elements did not differ greatly, except LDO, 

Cr, Cu and S, which were the variables mainly responsible for the separation of wet 

season samples from that of the dry (SIMPER Analysis).  

 

 

 

Figure 2-13: Principal component analysis (PCA) plot showing separation of the top and bottom 

halves of Batman Pit. 
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2.4 Discussion 

The wet season chemistry of the Batman Pit was significantly different from that of 

the dry season, which may be the direct effect of the ARD formation during the 

heavy rain events of the wet season. A decrease in pH and increase in the levels of 

metals and nutrients in the water column confirmed my hypothesis that the drainage 

of the wet season caused a significant change in the chemistry of the water. The most 

important factor, which may be responsible for this change, was rainfall. The 

duration between wet and dry sampling was five months, and during these months 

about 869 mm of rain (calculated using BoM data from September 2009 to February 

2010) fell at Katherine, a station about 38km from the sampling site (BoM, 2011). 

With this much rain on exposed sulfide minerals, it is expected that substantial 

concentrations of sulfuric acid will be produced, which will increase the leaching of 

metals (Harries and Ritchie, 1981). This rainwater had the opportunity to react with 

the exposed rocks of the high steep walls of the Batman Pit. This Pit was mined to a 

depth of 114 meters, but it was filled up to 90 meter at the time of sampling (Vista 

Gold 2011, unpublished data). Hence 24 meters of exposed walls and waste rock 

dumps around the Pit provide enough surface area for dissolution reactions to occur. 

Several oxidation processes occur in the waste rock dumps and on the steep rock 

walls during the dry period (Pantelis et al., 2002). Surface flows of water from waste 

rock dumps have the potential to increase acidity in Pit lakes (Grimaldi, 2009). ARD 

may be flushed into the Pit with the first heavy rains at the start of the wet season and 

as a result there is a measurable increase in the levels of metals and nutrients in the 

Pit. 

Besides rainfall, during the wet season, other climatic characteristics may also play a 

role in increased metal and nutrient levels in the Pit. An overall increase in 

temperature and relative humidity was observed in the wet season (BoM, 2012, Vista 

Gold, 2011). High temperature and humidity increase the reactivity of the mineral 

surface, dissolution and oxidation processes, all of which increase the ARD 

production and leaching of metals in the Pit (Howard, 1977, Akcil and Koldas, 

2006). Both temperature and relative humidity also control the rate of evaporation 

(Rakhecha and singh, 2009). Evaporation directly increases the levels of nutrients 

and metals due to loss of water from the Pit (Atkinson, 2002). According to 

meterological data for Katherine, the town 38 kms from the Pit, the rate of 
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evaporation was high in the few months of the wet season, which is directly related 

to high temperature (BoM, 2011). Although high levels of humidity in the wet 

season can decrease the rate of evaporation, overall it is higher compared to the dry 

season. Therefore, this complex relationship of temperature, humidity and 

evaporation could also be responsible for increased metal levels in the Batman Pit. 

Oxygen is another factor which may be responsible for the increased production of 

ARD and leaching of heavy metals (Akcil and Koldas, 2006). The water column of 

the Batman Pit was oxic throughout the period between the two sampling times. This 

oxygen was available even at 90 meters and due to absence of sediment, the sulfide 

minerals at the bottom were also exposed to oxygen. A reaction between oxygen, 

water and sulfide results in the production of acid, which decreases the pH of the 

water column, and increases the leaching of metals (Akcil and Koldas, 2006, 

McCauley et al., 2009). One explanation for the oxic character and availability of 

oxygen throughout the water column is microbial activity. Phytoplankton was found 

throughout the water column (Chapter 5) and they may be generating oxygen 

through photosynthesis. Hence this oxygen is possibly contributing to the increased 

ARD and metals in the Batman Pit. 

The redox state of iron is also associated with ARD formation. During ARD 

formation Fe+3 reacts with the pyrite and generates Fe+2 and sulfuric acid 

(Williamson and Rimstidt, 1994). The Fe+2 produced during the reaction then 

oxidizes to Fe+3 and continues the oxidation of the pyrite. This oxidation of Fe+2 to 

Fe+3 is a slow reaction and is a rate-limiting step of ARD formation. Iron oxidizing 

bacteria increase the rate of production of Fe+3, and thereby indirectly increase the 

rate of pyrite dissolution (Ohba and Owa, 2005). During the dry season Fe+2 was the 

dominant form of iron but Fe+3 was also present. One explanation is that the low pH 

stabilized Fe+2 but this may be counterbalanced by acidophilic bacteria conversion of 

Fe+2 to Fe+3, the latter of which is involved in pyrite oxidation. However, in the wet 

season all of the iron was in the form of Fe+3. This oxidation state has a strong 

oxidizing potential and reacts with sulfide bearing rocks to produce ARD, which 

ultimately increases the leaching of metals (Gammons and Duaime, 2006). The 

factors which caused the shift from Fe+2 to Fe+3 in the wet season are important, as 

they may drive the change in the chemistry of the water column as measured in the 

wet season. The shift in redox state of iron may be associated with microbiological 
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processes in the Pit lake. Two important bacterial genera, Leptospirillum and 

Acidiphilium were found in wet and dry season samples (Chapter 4) and both impact 

iron speciation, but in opposite ways. Leptospirillum is known to oxidize Fe+2 to 

Fe+3, whereas Acidiphilium reduces the Fe+3 to Fe+2 (Schrenk et al., 1998, Küsel et 

al., 1999, Lu et al., 2010) A statistically significant decrease in the relative 

abundance of Acidiphilium and increase in Leptospirillum was measured in the wet 

season. This shift in the bacterial community might explain the high levels of Fe+3 in 

the wet season. Furthermore, the oxic conditions of the Batman Pit are known to be 

favourable for Leptospirillum to oxidize Fe+2 to Fe+3. These two factors may have 

driven iron speciation and the increase in Fe+3 in the wet season and this increase in 

Fe+3 is a possible contributor in increased ARD and metals in the water column.  

As discussed, the oxygen throughout the water column and iron speciation, 

especially the predominant form of Fe+3 in the wet season, impacts ARD formation. 

Although both of the factors were shown to be likely explanations for the significant 

change in water chemistry, mining activities cannot be excluded. Water management 

practices at the Mount Todd mine may also have impacted the chemistry of Batman 

Pit. To reduce the chance of flooding during the wet season, water is pumped from 

Retention Ponds (RPs) to the Pit (Vista Gold, 2009). During the 2009 dry season, 

water was pumped from RP 1 to the Pit so this water may be the reason for increased 

metal levels, but we cannot confirm this because the chemical data for RP1 at the 

time of discharge, and exact volume of water discharged in the Pit is not available. 

All of the above-mentioned factors, which contribute to an increase in metals in 

Batman Pit, are explained in a conceptual model  (Figure 2-14). 
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Figure 2-14: A generalized conceptual model of Batman Pit in the wet and dry season seasons 

where red arrows indicate processes that may be responsible for the measured increase in ARD 

and metals in wet season. Green arrows indicate processes substantially increasing nutrient load 

in the Pit. 

 

Irrespective of the differences measured between the wet and dry seasons, the overall 

concentration of metals in the Pit was very high compared to fresh water resources in 
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the area (Van Dam et al., 2008). The most likely source of these metals is from 

leaching minerals and ores. The Batman area is rich in iron sulfur minerals (Hein, 

2003). Dissolution of these minerals results in high concentrations of iron, which 

plays an important role in controlling the overall concentration of metals and sulfate 

in the Pit. As discussed, the predominant form of iron was Fe+3 in the wet season. 

This ferric ion reacts with pyrite and generates sulfuric acid, which lowers the pH 

and provides favourable conditions for leaching of metals (Brady et al., 1986, Fowler 

et al., 1999). Exceptionally high concentrations of iron at 35m during the wet season 

may be due to the sampling location (sampling boat drifted due to high winds and 

was more towards the Pit walls). We expected increased concentrations of metals in 

water near the Pit walls as compared to water in the middle of the Pit because of 

continuous leeching of metals from walls. 

 Since the Batman Pit is an ARD site, the high levels of iron and sulfur is expected, 

but the increase in the concentration of iron and sulfur was also accompanied by an 

increase in arsenic and selenium. These two elements are highly toxic and their high 

levels in the water column and significant increase in the wet season may be due to 

the geology of the site. The mining area has veins of arsenopyrite rather than simple 

pyrite (Hein, 2003) so the elevated arsenic may be a result of extensive leaching of 

arsenopyrite. No selenium minerals are reported in the area but selenium has 

chemical properties similar to sulfur and it is widely reported in areas rich in sulfide 

minerals including ARD sites (Gusek et al., 2008). Due to its similarity to sulfur, it 

replaces sulfur in pyrite and arsenopyrite by isomorphous substitution (Howard, 

1977). Usually selenium is found in immobilized forms with sulfide minerals but 

heavy rains can cause the weathering of minerals containing selenium so this 

leaching due to rainfall is the major cause of the selenium in the environment in the 

vicinity of the pyrite containing rocks (Bujdos et al., 2005). 

Like selenium and arsenic, Al, Mg and Ca were also significantly higher in the wet 

season sample compared to that of the dry season. These are the elements associated 

with ARD worldwide. This increase again can be attributed to dissolution reactions, 

as ores like tourmaline and kaolin with calcite veining are reported in the Batman 

area (Hein, 2003, Vista Gold, 2009). Tourmaline is rich in Al and Mg where as 

kaolin has Al. Similarly both have calcium in their veins. Consequently oxidation of 
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these ores may contribute to a high level of Al, Mg and Ca to the Pit during both 

seasons.  

As with the metals, nutrients DN, DOC and TDP also increased in the wet season. 

Phosphorous was uniformly distributed in the Pit for both sampling times, but its 

concentration almost doubled in the wet season compared to the dry. This increase 

may be attributed to the phosphate concentration in the Pit walls and runoff areas. 

Microbial activity can also increase the leaching of phosphate as Chi et al., (2006) 

reported bacteria might increase bioleaching of phosphate in rocks containing 

phosphate and pyrite. Another nutrient examined was organic carbon, considered an 

important factor in lakes, as it plays a critical role in the growth of heterotrophic 

organisms. Important sources of organic carbon in the Pit include the carbon fixation 

by photosynthetic microbes, inflow from ground water, debris of dead microbes, and 

runoff water (Hakonson et al., 2009, Cameron et al., 2006). There was no inflow 

from ground water after 2006 (Vista Gold, 2011); hence the most likely source of 

organic carbon would have been from carbon fixation (by photosynthetic 

microorganisms), metabolites produced by resident microbes and decomposed plant 

material coming into the Pit with runoff water. Nitrogen may also be derived from 

microbially driven metabolic reactions, but another source of nitrogen is from 

explosions using nitrogenous material. Mining companies use these materials from 

time to time for their regular work (Johnson, 1998). Although there was no mining at 

that time, explosions were heard during the dry season sampling and may have been 

from maintenance of the mining area. Heavy rain brings nitrogen into the Pit through 

drainage, which may be a reason for its high levels in the Pit during the wet season. 

The most important observation, regarding nutrients, was their high levels in the 

water column of the Batman Pit. One explanation may be the lack of sediment, 

which would normally act as a sink for leaching nutrients and consequently, 

depletion from the water column (Radhakrishnan et al., 2011). 

For both sampling times the lower half of the Pit was statistically significantly 

different from the upper half. The most important variables that were most 

responsible for this difference were dissolved oxygen and temperature. Both 

parameters did not change after 45 m although they gradually decreased from the 

surface to 45 meters. A decrease in oxygen in the lower regions (bottom half) of Pit 

lakes is a common phenomenon as it is consumed in organic matter produced by 
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photosynthesis in the surface water and dissolution of sulfide minerals at the hard 

bottom (Jewell, 2009). Boland and Padovan (2002) studied a pit nearby, and found 

the same results, attributing this oxygen depletion in the lower half, to lake 

productivity processes. This uniformity of temperature and oxygen in the lower half 

of the Pit may control biogeochemical processes occurring in the Pit, resulting in the 

measured uniform distribution of some metals like iron, sulfur, and arsenic. The 

accumulative effect of all these parameters separates the lower half of the Pit from 

the upper half in MDS and PCA.  However the Pit is not considered chemically 

stratified because the level of the difference between the upper and lower half of the 

Pit was low. 

In general, there was no stratification at either sampling time, except for thermal 

stratification, with a thermocline of approximately 5°C in dry and 7°C in the wet 

season at 20 m. Thermal stratification can provide conditions for stratification of 

other parameters, which determines the water quality in tropical lakes (Boland and 

Padovan, 2002), however no other stratification was measured in either the wet or 

dry season samples. Most ARD pit lakes are meromictic and have a permanent 

anoxic layer (España et al., 2009, España et al., 2008) whereas Batman Pit was 

holomictic and had no anoxic area, which is a common phenomenon in fresh water 

natural lakes. Except for the absence of stratification and sediment, Batman Pit had 

most of the characteristics typical of acidic pit lakes, which include the low pH, and 

high levels of metals and sulfur. Important ARD pit lakes characterised worldwide 

include Berkley pit lake (USA) Collinsville and Mount Morgan pit lakes in 

Australia, and acidic lakes in the Iberian belt. All these lakes have high levels of iron, 

sulfur and other metals such as copper, zinc and lead (Kumar et al., 2009, Jonas, 

2000, España et al., 2008).  

In conclusion, high rainfall of the wet season possibly resulted in a decrease in water 

pH and increase in concentrations of metals due to ARD production. The change in 

chemistry was driven by biotic and abiotic factors and climatic conditions of the 

area. The heavy rains and runoff, during the wet season, strongly influenced the 

chemistry of the site. Anthropogenic additions of nitrogen and addition of water from 

other Retention Ponds (RPs) were additional factors that influenced the nutrients and 

metal levels in the Pit. One would expect microbes to respond to the measured 

changes in chemistry between the two sampling times. An understanding of 
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microbial diversity and abundance at the two sampling times would provide insights 

into the mechanisms driving some of the measured chemical changes, such as iron 

speciation. Their possible roles may explain some of the hidden aspects of the 

Batman Pit ecosystem. Understanding biogeochemical processes mediated by 

microbes can help explain how the entire Pit lake ecosystem functions. 
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3 Archaea: Contributions to iron cycling in an acid rock drainage Pit.  

3.1 Introduction 

Archaea can tolerate extreme conditions such as extremes of pH and high metal 

levels (Vetriani and Reysenbach, 2000, DasSarma et al., 2009). Archaea have been 

identified in acid rock drainage (ARD) sites worldwide and can even be more 

prevalent than bacteria at some locations (Edwards et al., 2000). The archaeal 

lineages reported from ARD sites include Thermoplasma, Ferroplasma, Sulfolobus, 

Metallosphaera and Acidianus but most are unclassified Crenarchaeota and 

Euryarchaeota (Dopson et al., 2004, Bruneel et al., 2008, Qiu et al., 2008, Bond et 

al., 2000). Identification of the iron oxidizing archaea Ferroplasma from low 

temperature ARD sites has changed the perception that chemolithotrophic bacteria 

are the only iron cyclers in ARD environments (Golyshina and Timmis, 2005). 

Archaea metabolize sulfide minerals in both aerobic and anaerobic ARD 

environments where they release iron and sulfur from ores for chemical and 

biological cycling (Rawlings, 2005, Golyshina and Timmis, 2005).  

In anaerobic ARD environments archaea contribute to carbon cycling through the 

production of methane by methanogenesis (Sanz et al., 2011, Gao and Gupta, 2007), 

whereas under aerobic conditions archaea are involved in carbon cycling by 

generating CO2 via heterotrophy (Offre et al., 2013). Archaea can also play a key 

role in various steps of the carbon cycle in low pH environments (Justice et al., 

2012).  The role of archaea in nitrogen cycling is not well documented in ARD sites 

although archaea are known to catalyze several steps in the nitrogen cycle in ocean 

and other fresh water neutrophilic environments (Nicol and Schleper, 2006, Francis 

et al., 2005, Treusch et al., 2005, Francis et al., 2007). The recent discovery of 

ammonia oxidizing archaea Candidatus Nitrososphaera and Candidatus 

Nitrosopumilus from acidic mine sediment suggests that archaea may play a role in 

the nitrogen cycle in ARD lakes as well (Volant et al., 2012). 

Besides their (archaea) known role in ARD formation, little is known about their 

diversity and abundance in acid mining lakes. I am not aware of any comprehensive 

studies of archaea in acidic lakes. Those few reports available mainly focus on 

bacteria while archaea were not studied in the same detail (Lucheta et al., 2013, 

España et al., 2009, Wendt-Potthoff, 2012, Falagán et al., 2014). The reason behind 
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this knowledge gap is that archaea were discovered more recently than bacteria and 

eukarya, and they are difficult to culture (Barns et al., 1994, Hallberg, 2010). Culture 

independent large-scale sequencing provides an opportunity to explore rare biota, 

which are usually hard to capture using the conventional techniques of culturing and 

sequencing. This culture-independent technique can provide a thorough knowledge 

of the diversity and abundance of archaea, which may help us to understand the eco-

physiology of this group in acidic Pit lakes and their role in shaping the microbiology 

and chemistry of these water bodies. An in-depth knowledge of archaea is not only 

important in the understanding of different biogeochemical processes but also to 

improve the water quality of ARD lakes. The metabolism of archaea contributes 

heavy metals to these lakes (Bini, 2010); therefore any effort to improve the water 

quality cannot be successful unless we have a deep knowledge of the existing 

archaea. 

Batman Pit is an acidic mesophilic mine lake containing ARD. The area in the 

vicinity of the lake has sulfide and iron ores (Hein, 2003). Leaching of these ores 

produces sulfuric acid (Blodau, 2006), which is responsible for acidity and heavy 

metals in the Pit. Batman Pit is unique among contemporary Pit lakes because it is 

oxic from the surface to the bottom (Chapter 2). The low pH, high oxygen and ferric 

ion concentrations in the Pit (Chapter 2) provide excellent conditions for the leaching 

of heavy metals where oxygen reacts with sulfide minerals and generates ferrous ions 

(Akcil and Koldas, 2006). The low pH provides suitable conditions for microbial 

oxidation of ferrous iron (Fe+2), which results in ferric iron (Fe+3) production 

(Meruane and Vargas, 2003, Adams et al., 2005). This ferric iron (Fe+3) reacts with 

sulfide minerals and increases the leaching of heavy metals associated with these 

minerals (Johnson and Hallberg, 2005). Water in the Pit had elevated levels of 

arsenic (15 to 22 µg/L), selenium (30 to 60 µg/L), sulfur (400 to 700 mg/L), Al (150 

to 170 mg/L), Cu (10 to 12 mg/L), and Zn (40 to 45 mg/L) compared to normal river 

(Edith river) water (ANZECC and ARMCANZ, 2000, Van Dam et al., 2008). 

Overall, the water column of the Pit was characterised by mesophilic temperature 

(22°C to 35°C), low pH (3) and high concentrations of metals. 

In chapter 2 I reported that the pH of the water stored in Batman Pit decreased in the 

wet season due to rainfall. I also stated that the heavy metal levels in the water were 
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higher in the wet season samples compared to those in the dry season. My hypothesis 

was that the change in water chemistry and specifically the increase in metal levels at 

the two sampling times would be correlated with a change in the archaeal 

community. Previously it was reported that iron cycling archaea were the dominant 

group in ARD sites. For example, in the Iron Richmond mine, 50% of the microbial 

biomass was comprised of the iron cycling mesophilic archaea (Edwards et al., 

2000). The Batman Pit water was rich in iron so I also predicted that archaea 

associated with iron cycling would be dominant in the water column. 

3.2 Material and methods 

3.2.1 Physicochemical analysis 

As described in chapter 2, temperature, pH and dissolved oxygen were measured in 

situ at both sampling times using a Hydrolab (model MS5). 

3.2.2 Sample collection  

Water samples were collected from Batman Pit at the same sampling times used for 

chemistry analysis. Specifically, the first sampling was in the dry season on the 20th 

September 2009, and samples were collected at depths of 0.1, 5, 10, 15, 25, 35, 45, 

55 and 90 meters. Wet season samples were collected on the 22nd of February 2010 

and samples were collected at the same depths as in the dry season. A peristaltic 

pump and nalgene 180 PVC tubing tied with calibrated 10mm polyethylene rope 

were used to collect samples. Rope tied with tubing was lowered into the Pit at the 

required depth and water was pumped out. The tubing was rinsed after each sampling 

by allowing water to flow through for approximately 5 – 10 minutes. One litre of 

water was collected in sterile LDPE bottles at each depth. Immediately after 

collection, samples were sealed in zip lock plastic bags, stored on ice and transported 

to Charles Darwin University where they were stored at 4°C till further use.  

3.2.3 DNA extraction  

One litre of water collected from each depth was filtered using 0.22µM filters 

(MoBio, GeneWorks, SA, Australia). The filtrate was discarded and the filter paper 

was transferred to bead tubes for DNA extraction using the MoBio Power Water 

DNA extraction kit (GeneWorks, SA, Australia) following the manufacturer’s 
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instructions. DNA quality was estimated after separation on a 1% agarose gel stained 

with ethidium bromide and visualised by UV transillumination. 

 

3.2.4 Amplification of DNA and sequencing 

The hypervariable V6 region of the archaeal 16S rRNA gene was amplified using 

DNA extracted from water samples. The forward archaea primer 958arcF  

(AATTGGANTCAACGCCGG), reverse primer 1048arcR major 

(CGRCGGCCATGCACCWC) and 1048arcR minor (CGRCRGCCATGYACCWC) 

(Huber et al., 2007) were used for amplification. The forward primer for each sample 

has a unique barcode (Parmeswaran et al., 2007) to distinguish samples. The DNA 

was amplified using the FASTSTART high fidelity PCR system (Roche, NSW, 

Australia). After optimising PCR conditions, each DNA sample was amplified in 

four separate reactions and products were pooled to prepare a single amplicon 

library. These pooled PCR products were purified using a QIA quick PCR 

purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. The amplicon quality and quantity were determined by separating 

products with a low mass ladder (Invitrogen, Victoria, Australia) on a 2% agarose 

gel stained with ethidium bromide. Samples were visualized by UV 

transillumination.  The purified products were sent to the Australian Genomic 

Research Facility (AGRF, Queensland, Australia) for GS FLX (454) sequencing. 

 

3.2.5 Data analysis 

The quality of sequence reads was analysed using the Ribosomal Database Project’s 

initial pyrosequencing pipeline at http://rdp.cme.msu.edu/. Low quality sequence 

reads such as sequences less than 70 base pairs (bp) after the forward primer, 

sequences with more than one ambiguous nucleotide and any that did not match the 

forward primer were removed. Similarly the sequences with a quality score less than 

20 were also removed. The revised sequence data were analysed using Mothur 

V.1.13 (Schloss et al., 2009). Command align.seqs was used to align all the 

sequences against SILVA database (Pruesse et al., 2007). Unaligned sequences were 

removed using screen.seq command whereas common gaps were removed with 

filter.seq. Chimeras were removed from the alignment using chimera.slayer and 
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SILVA database as templates. Sequences were clustered at 3% distance using 

dist.seq and operational taxonomic units (OTUs) were assigned to the clusters. Some 

sequences assigned an ambiguous classification were checked using green genes, 

NCBI blast and RDP database and a final classification was then assigned to these 

sequences. Chao and Shannon indices were calculated using Mothur (Schloss et al. 

2009). Evenness of the archaeal community at each depth was calculated by dividing 

the Shannon index with the log number of observed OTUs whereas richness was 

determined as a ratio of observed OTUs to predicted OTUs (Chao). The data 

generated in Mothur V.1.13 were exported to excel where sequence reads of each 

OTU were converted to relative abundance by dividing the number of sequences for 

the OTU by the total number of sequences. The contribution of each phyla to the 

archeal community was determined by accumulating the relative abundance of all the 

OTUs assigned to that particular phyla. The functions ‘filter’ and ‘sort’ in Excel 

2008 were used to find the top 10 most abundant OTUs in each sample. 

 

3.2.6 Statistical analysis 

PRIMER V6 (Plymouth Routines in Multivariate Ecological Research, Version 6) 

was used to determine the similarity between samples. OTU counts were 

standardised (total) in PRIMER V6 to allow for variation in the total number of 

sequences per sample. The standardised OTU counts were square root transformed 

and a resemblance matrix was generated from standardised transformed data using 

the Bray Curtis similarity measure.  Multidimensional-scaling plots (MDS) were 

constructed based on the Bray Curtis similarity measures. These similarity matrices 

were compared with that of the Euclidian similarity matrices generated for abiotic 

data of the site using RELATE in PRIMER V6 and based on the spearman rank 

correlation method. To relate the diversity of OTUs with that of the chemistry, the 

OTUs represented only once in total data set were removed and OTUs abundance 

was transformed into presence/absence. Similarity matrices based on Bray Curtis 

similarity was generated using this presence/absence data and the RELATE 

procedure was used to determine the relationship between chemistry of the site and 

archaeal diversity. 
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A PERMANOVA design was constructed to test my hypothesis that the archaeal 

community at two sampling points will be different. The single factor 

PERMANOVA tests on Bray Curtis similarity matrices were generated using square 

root transformed data. A total of 999 multivariate randomized permutations were 

used to determine the significance level. Two PERMANOVA tests were used to 

independently compare the two halves of the Pit during two sampling times. In both 

of the tests the factor of depth (region) was used. 

3.3 Results 

3.3.1 Chemical characteristics of the site  

A stepwise decrease in oxygen was measured with increasing depth. A thermocline 

was measured at 15 to 20 metres at both sampling times but it was not large enough 

to change the overall thermal character of the Pit and mesophilic conditions prevailed 

throughout the water column (Chapter 2). 

Metals, metalloids and sulfur were measured and no chemocline was detected, 

although there was a significant increase in metals (Fe, Al) metalloids (As, Se) and 

sulfur in the wet season sample compared to the dry season sample. Almost all the 

iron was in the form Fe+3 in the wet season whereas in the dry season both Fe+2 and 

Fe+3 forms were present (Chapter 2). 

Total ammonia in the water column ranged from 1200 to 1300 ppb in the dry season 

whereas in the wet season it was in the range of 700 to 800 ppb (Appendix C). 

3.3.2 Diversity of archaea 

The diversity of archaea at the two sampling times was measured to test the 

hypothesis that water physical variables and higher metal levels in the wet season 

samples were correlated with a shift in archaea community composition.  Of the 

30,122 sequence reads, 65% of archaeal V6 amplicon sequences passed the quality 

test and were clustered into 3,177 OTUs at 97% similarity. The calculated richness 

values for various depths ranged from 0.32 to 0.80, indicating that the number of 

OTUs recovered at each depth was approximately half of the expected OTUs. The 

calculated values for the shannon diversity index and evenness were similar at both  

sampling times, indicating that archaeal diversity and evenness did not change with 
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depth or season. The sequence coverage was high, ranging from 0.73 to 0.89 and did 

not differ with season or depth (Table 3-1).  

Table 3-1: A comparison of archaeal community coverage, richness and diversity at two 

sampling times. 

Depth 

(m) 

Coverage Richness Evenness 

(Shannon even) 

Diversity 

(Shannon index) 

Dry Wet Dry Wet Dry Wet Dry Wet 

0.1 0.77 0.87 0.46 0.32 0.75 0.86 5.175 5.175 
5 0.87 0.81 0.62 0.63 0.85 0.82 5.432 5.092 
10 0.76 0.75 0.58 0.61 0.82 0.80 5.535 5.286 
15 0.77 0.78 0.54 0.80 0.87 0.86 5.474 5.256 
25 0.81 0.77 0.58 0.52 0.87 0.86 5.448 5.648 
35 0.77 0.76 0.43 0.64 0.86 0.87 5.654 5.483 
45 0.84 0.76 0.58 0.56 0.87 0.85 5.921 5.743 
55 0.77 0.78 0.36 0.68 0.82 0.82 5.39 5.145 
90 0.89 0.73 0.59 0.47 0.85 0.80 6.023 5.646 
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3.3.3 Community composition of archaea based on all OTUs at phylum level 

The archaea 16S rRNA gene sequences were assigned to three phyla: 

Thaumarchaeota, Creanarchaeota and Euryarchaeota, each of which contributed 

approximately 30% to the community, with 10% unclassified archaea (Figure 3-1). 

Within the Thaumarchaeota phyla there were only two OTUs. In contrast, the 

Creanarchaeota were represented by approximately 700 OTUs, and the 

Euryarchaeota by more than 2000 OTUs. Community composition as measured by 

the relative abundance of phyla was not significantly different (p > 0.05) between the 

wet and dry season samples. 

Figure 3-1: Comparison of archaea communities at different depths of Batman Pit based on 

phylum level contribution to community. 
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3.3.4 Community composition of archaea based on the top 10 most abundant 

OTUs. 

The two OTUs assigned to the Thaumarcheota phyla were amongst the 10 most 

abundant OTUs at each depth and both sampling times (Figures 3-2 and 3-3). The 

16S rRNA gene of both of these OTUs shared 92% similarity with members of the 

Nitrosopumilus. Four of the 10 most abundant OTUs were assigned to the 

Creanarchaeota phyla and again their abundance was similar at both sampling times 

(Figures 3-2 and 3-3). Of the ten most dominant OTUs, only one (OTU 4) was a 

member of the Euryarchaeota (Figures 3-2 and 3-3), even though this was the most 

diverse of the three phyla. None of the classified archaea associated with the iron or 

sulfur cycle were in the top ten most abundant OTUs. In addition, none of the top 

fifty OTUs present at any depth in both sampling times were related to iron cycling 

archaea 

 

 

Figure 3-2:  Relative abundance of the top 10 OTUs of archaea at various depths of the Batman 

Pit in the dry season 
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Figure 3-3: Relative abundance of the top 10 OTUs of archaea at various depth of the Batman 

Pit in the wet season 

 

The RELATE analysis showed that there was no correlation between archaeal 

populations and physicochemical parameters. Moreover, there was no significant 

difference between the archaeal communities at the two sampling times (p > 0.05). 

The MDS based on Bray-Curtis similarity matrices illustrates the lack of separation 

between the wet and dry season samples (Figure 3-4).  
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Figure 3-4: Multi dimensional scaling (MDS) plot of all archaeal OTUs in the Batman Pit at the 

two sampling times 

 

3.4 Discussion 

 

Archaeal diversity in the Batman Pit was high compared to other ARD sites reported 

in the literature (Qiu et al., 2008, Garrido et al., 2008). Archaea have been 

characterised in Pit lakes in Spain and Germany, and they had low archeal diversity 

(Lucheta et al., 2013, España et al., 2007, Falagán et al., 2014, Santofimia et al., 

2013, Lu et al., 2010). The high diversity in the Batman Pit compared to previously 

characterised lakes may be due to difference in techniques used for the study. In the 

other studies, FISH and clonal libraries were used, whereas in this study next 

generation sequencing was used, which is very efficient in finding rare biota (Sogin 

et al., 2006, Medinger et al., 2010). Although the community was diverse, only a few 

OTUs were dominant in the Batman Pit. The dominance of just a few archaea groups 

is a character shared between all acidic sites. The majority of archaeal OTUs 

identified in the Pit could not be classified and this has also been reported in other 

ARD studies (Almeida et al., 2009, Bruneel et al., 2008, Qui et al., 2008). The low 

classification of archaea sequences from Batman Pit can be attributed to the lack of 

knowledge of archaea in Pit lakes generally. To my best knowledge this is the first 

ever profile study of an ARD Pit lake for archaea in a wet-dry tropical environment.  
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Although the chemistry was significantly different at the two sampling times, 

archaeal community composition, relative abundance and diversity were similar. 

Thus I reject the hypothesis that changes in chemistry triggered a shift in the archaeal 

community. The main factor separating the wet season chemistry from that of the dry 

was an increase in selenium and arsenic. The concentration of selenium increased 

from 30µg/l in the dry season to 60µg/l in the wet season and arsenic increased from 

10µg/l in the dry season to 20 µg/l in the wet season. This increase may not have 

affected the community composition because archaea from ARD sites are known to 

tolerate arsenic as high as 10mg/l (Bruneel et al., 2008, Bruneel et al., 2006). 

RELATE analysis also showed that there was no relationship between the chemistry 

of the site and the archaeal community composition. 

In addition to differences in metals between the two sample times, the top half of the 

Pit was significantly different from the bottom half at both sample times. The main 

factors separating the depth profile were temperature and dissolved oxygen. Despite 

these significant changes in physicochemical parameters, the archaeal community 

composition did not change with depth. The actual changes in temperature (7°C) and 

dissolved oxygen (3mg/l) between the top and bottom halves of the Pit were still 

within the range tolerable for the mesophilic archaea (Erguder et al., 2009). For 

example, Nitrosopumilus , which was potentially identified in the Pit, tolerates very 

low pH and can grow within the temperature and dissolved oxygen range measured 

in the Pit (Erguder et al., 2009).  Hence the archaea communities in the Pit probably 

didn’t change with depth due to widely tolerant growth parameters for archaea such 

as Nitrosopumilus. 

OTU 1 was dominant in the Pit and was 92% similar to Nitrosopumilus. This 

ammonia oxidising archaea (AOA) Nitrosopumilus grows in a wide range of habitats 

including low pH environments (Volant et al., 2012, Urakawa et al., 2010, Lliros et 

al 2010). Physicochemical conditions, which support growth of this archaeon, 

include mesophilic temperature, oxygen and nitrogen, and it can grow in mesophilic 

oxic environments at low ammonia levels (Erguder et al., 2009). All these conditions 

were met in Batman Pit; ammonia and nitrate concentrations were 1mg/L and 2.5 

mg/L respectively in the Pit thus the putative Nitrosopumilus species identified in the 

Pit may have the same nutritional requirements as reported for other Nitrosopumilus  
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species. A recent study indicates that not all groups of the Nitrosopumilus are 

obligate ammonia oxidisers and they can use organic carbon as their energy source 

(Mubmann et al., 2011, Pester et al., 2011). In the Batman Pit, the putative 

Nitrosopumilus may use organic carbon as an energy source and in doing so may 

compete with heterotrophic bacteria for available DOC. Reports indicate archaea and 

bacteria compete for the same substrate (Seyler et al., 2014) so, it is possible that the 

archaeal community was more attuned to changes in the bacterial community than to 

the physicochemical parameters.  

Planktonic and terrestrial AOA are active in a wide range of neutral pH 

environments such as freshwater, seawater and soil (Francis et al., 2005), however 

there are no reports of AOA involved in ammonia oxidation in water columns of 

acidic lakes although they are reported in acid mine drainage sediments (Volant et 

al., 2012, Falagán et al., 2014). No sediment was present in grab samples from the 

bottom of the Pit so it is unlikely that this ammonia oxidising archaea identified in 

the water column originated from Pit sediment. However, the AOA may have 

originated from the soil in the vicinity of the Pit – further work is required to 

determine whether these archaea are biologically active in the Pit.   

If the putative Nitrosopumilus  species is capable of ammonia oxidation under acidic 

conditions then it will help to understand processes such as nitrogen cycling in the 

Pit. Furthermore, the third most abundant OTU was closely related to a terrestrial 

archaea with nitrite reductase genes (Treusch et al., 2005). It is therefore possible 

that the archaea at Mt. Todd may also be involved in nitrite reduction.  I have 

constructed a hypothetical model of biological processes in the Pit if the nitrogen 

cycle-associated archaea are biologically active (Figure 3-5).  Ammonia used by 

archaea in the Pit may originate from nitrogen used for blasting or from 

anthropogenic sources in run-off into the Pit (Johnson, 1998). The microbial 

breakdown of these nitrogenous compounds might release ammonia in the Pit.  The 

microbial enzymes ureases and hydroxylamine reductase are known to produce 

ammonia in aquatic systems by breakdown of nitrogen containing organic 

compounds (Hanson et al., 2013, Costerton et al., 1987). This ammonia could be 

converted to nitrite and then nitrate by archaea, which is a suitable energy source for 

microbes in the Pit. Denitrification is known to occur in acidic mine drainage but 
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there is not much information about nitrification and nitrogen fixation particularly in 

oxygenated ARD lakes where oxygen strongly inhibits nitrogen fixation (Norris et 

al., 1995, Xie et al., 2011). Metagenomics analysis might provide insights into key 

functional processes in the Pit, and whether there is any basis for an archaea-driven 

nitrogen cycling hypothesis.  

 

 

Figure 3-5: A conceptual model of processes in Batman Pit showing a hypothetical model of 

nitrogen cycling, the products highlighted in yellow may be due to archaeal activity in the Pit. 
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I predicted that the archaea involved in iron cycling would be dominant in the 

Batman Pit however the dominant archaea were possibly involved in nitrogen 

cycling. Surprisingly the Euryarchaeota, an archaeal phylum some of whose 

members are reported to be actively involved in iron cycling in acid mine drainage 

(Bruneel et al., 2006), were not amongst the most abundant OTUs. However in my 

study this group was taxonomically diverse with 2000 rare OTUs, most of which 

were related to unclassified Euryarchaeota. The Ferroplamacea is the class of 

Euryarcheota whose members are typically associated with iron cycling in 

mesophilic ARD sites (Golyshina, 2011, Golyshina and Timmis, 2005) however 

none were detected in my study. Since my site was strictly mesophilic, I expected to 

detect OTUs belonging to the Ferroplasma, which is a dominant iron cycling 

archaea in ARD sites (Druschel et al., 2004, Edwards et al., 1999). One explanation 

for the absence of the Ferroplasma is related to pH. Ferroplasma are most abundant 

in ARD sites with very low pH, and they are not usually dominant in sites like 

Batman Pit with a pH > 2 (Bruneel, 2008 and Qiu, 2008). I cannot rule out the 

possibility that uncultured Euryarcheota may be relatives of the Ferroplasma and for 

that, a detailed phylogenetic study of this group is necessary. Golyshina (2011) has 

reported that a solid phase attached form of Ferroplasma is prevalent in nature. Since 

I investigated only the water column, Ferroplasma may have been present in the 

walls of the Pit and contributing to iron cycling in the Pit. The absence of any 

significant correlation between the chemistry of the site and the archaea population is 

another indication that archaea may not be involved in iron cycling in this system. 

Batman Pit had a high level of ferrous ions, which is the major source of energy for 

iron cycling microbes at ARD sites (Johnson, 1998). Although the concentration of 

ferrous ions decreased significantly during the wet season, I could not measure any 

response in the archaeal population, which further supports the view that the archaea 

play only a minor role in iron cycling at both sampling times. 

In conclusion, the hypothesis that a change in chemistry would influence the archaea 

was not supported because archaeal diversity and abundance were unchanged in the 

two sampling times. The magnitude of the increase in heavy metals and the decrease 

in pH in the wet season were possibly not sufficient to trigger a change in the 

archaeal community. Similarly there was no evidence that the archaea have a 

significant role in iron cycling in this system. Instead they may oxidize ammonia. 
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Both the apparent archaeal non-responsiveness to changes in pH and metals, and 

their putative role in ammonia oxidation need further investigation. A detailed 

metagenomics study of the Pit water may provide further leads. If metal resistant and 

ammonia oxidation genes of archaeal origin are identified in a metagenomics 

analysis, it would support the hypothesis that this community was resistant to heavy 

metals and involved in ammonia oxidation. Although iron cycling is one of the main 

processes in ARD lakes we did not recover iron cycling archaea. This suggests that 

bacteria may be controlling this process; hence a detailed study of bacterial 

abundance and diversity may explain the dynamics of microbial driven iron cycling 

in the Batman Pit. 
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4 Bacteria: Contributions to iron cycling in an acid rock drainage Pit.  

4.1 Introduction 

Bacteria make up the primary portion of the living organisms in acidic lakes and are 

involved in most of the processes required to sustain these unique ecosystems 

(Kamjunke et al., 2005). Bacteria in the walls, sediment and water of these acidic 

lakes drive nutrient turnover and primary production (Wielinga, 2009a), and much of 

the dissolved organic carbon (DOC) is derived from bacterial metabolic products 

(Weithoff et al., 2012). Their activity triggers heterotrophic processes, which in turn 

strongly influence carbon cycling (Wendt-Potthoff et al., 2012) and the abiotic 

character of these lakes, by affecting speciation, solubility and mobility of various 

metals and ions (Bruneel et al., 2006). Bacteria in pit lakes control the 

biogeochemical cycling of elements, especially iron and sulfur, which are the most 

prominent, and are responsible for poor water quality (Küsel, 2003, Meier et al., 

2004, Malki et al., 2006). Some groups of bacteria indigenous to pit lakes leach 

heavy metals, thereby creating environmental problems, whereas others have the 

potential to detoxify heavy metals (Holden and Adams, 2003). In theory, controlling 

bacteria associated with leaching while enhancing bacteria that detoxify heavy 

metals, could have a role in remediation of these water bodies. Some of the 

experiments using bacterial processes to improve water quality of ARD lakes have 

had limited success and still much work is required to use this approach as a large-

scale bioremediation option (Wielinga, 2009b).  

Although it is important to remediate these bodies of water, it is also crucial to 

develop strategies that address the adverse effects these lakes could have on the 

surrounding environment and natural water resources. Pit lakes are not isolated water 

bodies; rather in the majority of the cases they are directly linked to the local ground 

water table and can contaminate nearby water channels in the event of flooding 

(Alxer et al., 1996). This potential is exacerbated in tropical areas where flooding is 

common during the wet season. Since bacteria associated with these lakes determine 

the soluble, insoluble, mobilized and immobilized forms of various heavy metals in 
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the water (Liu et al., 2003), an understanding of bacteria driving these metal 

speciation processes may help to clarify their impact on the natural water resources. 

Among all the bodies of water or hydrologic resources, acidic pit lakes are the least 

explored in terms of their bacterial diversity and abundance (Szeląg-Wasielewska et 

al., 2006). For example, Australia has the highest number of pit lakes, yet there is a 

paucity of data on their bacterial populations (Castendyk and Eary, 2009a, Kumar et 

al., 2012). A single report on bacteria in sediment of moderately acidic mine lakes in 

Western Australia (Pham et al., 2007) is the only information about bacterial 

diversity in these lakes. Similarly, the well-known acidic pit lake in the USA, the 

Berkley pit lake, is studied extensively for its geochemistry, but there is only one 

microbial survey which is based on classical culturing and epifluorescence 

techniques (Mitman, 1999). ARD lakes in Europe have received some attention, and 

Acidiphilium, Leptospirillum, and to a lesser degree Acidobacteria and Legionella 

are among the dominant colonisers (Kampe et al., 2010). Acidithiobacillus, the most 

dominant bacteria in acid rock drainage (ARD) sites, is reported in only a few lakes 

(Kamjunke et al., 2005, España et al., 2009), which highlights that the microbiology 

of pit lakes is generally different from acidic metalliferous drainage. Most of the 

dominant bacteria in acidic lakes are involved in the cycling of iron and sulfur, and 

in only a few cases, the cycling of nitrogen (Bhattacharya et al., 2006, Küsel, 2003). 

All of these studies on acidic pit lakes use classical techniques of culturing and clone 

library sequencing (Johnson, 1998), though the clone libraries are usually small and 

cannot capture the detailed diversity (Lucheta et al., 2013). There are some studies, 

which use denaturing gradient gel electrophoresis (DGGE) and fluorescence in situ 

hybridization (FISH) to measure bacterial diversity and abundance (Lindström, 2000, 

Hamersley et al., 2009), but there are few reports using large-scale sequencing to 

study bacterial community composition (Edberg et al., 2012). New techniques such 

as next generation sequencing can be used to explore bacterial communities in these 

lakes and since these approaches do not require a cultivation step, they provide 

greater access to the microbes in extreme environments like acidic pit lakes (Zinger 

et al., 2012).  

In northern Australia we have no information on the bacterial communities in pit 

lakes, even though it is one of the leading mining areas in the world and open pit 

mining is a common practice (Mudd, 2007). The Batman Pit is located in the wet/dry 
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tropics where wet season rains can influence the chemistry of the water bodies 

(Boland and Padovan, 2002). The physicochemistry of the Batman Pit during the wet 

season sampling was significantly different from dry season sampling (Chapter 2). In 

the wet season, the pH of the water stored in the Pit decreased, and the levels 

of metals and metalloids increased, compared to the dry season (Chapter 2).  

Although the archaea did not respond to these physicochemical changes (Chapter 3), 

bacteria are considered more sensitive (Rawlings and Johnson, 2002), so my 

hypothesis was that changes in the physicochemistry of Batman Pit would affect the 

bacterial population. Iron cycling is one of the most important processes in ARD 

lakes (Küsel, 2003, Malki et al., 2006) however iron cycling archaea were not 

detected in Batman Pit (Chapter 3). Therefore I also predicted that bacteria 

associated with iron cycling would be dominant and serve as the main drivers of iron 

cycling in the water column.  

 

 

4.2 Material and methods 

4.2.1 Collection of water samples and DNA extraction 

Water was sampled and DNA extracted as described in Chapter 3 section 3.3.1.  

4.2.2 Amplification of DNA and sequencing 

The hypervariable V6 region of bacterial 16S rRNA genes was amplified using DNA 

extracted from water samples. A bar-coded forward primer A-967F 

(CAACGCGAAGAACCTTACC) and reverse primer B-1046R 

(CGACAGCCATGCANCACCT) were used for amplification (Sogin et al., 2006). 

The forward primer for each sample had a unique barcode (Parmeswaran et al., 

2007) to distinguish samples. The DNA was amplified using the FASTSTART high 

fidelity PCR system (Roche, NSW, Australia) and after optimization of PCR 

conditions, each DNA sample was amplified in four separate reactions and the 

products pooled to create a single amplicon library. These pooled PCR products were 

purified using a QIA quick PCR purification kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. The products of amplification were 

separated on a 2% agarose gel stained with ethidium bromide and visualized by UV 
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transillumination to determine quality.  A low mass ladder (Invitrogen, Victoria, 

Australia) in the gel was used to estimate DNA quantity.  The purified products were 

sent to the Australian Genomic Research Facility (AGRF, Queensland, Australia) for 

GS FLX (454) sequencing. 

4.2.3 Data analysis 

The quality of all sequences was analysed using Ribosomal Database Project’s initial 

pyrosequencing pipeline at http://rdp.cme.msu.edu/. Low quality sequence reads, 

such as sequences less than 70bp after the forward primer, sequences with more than 

one ambiguous nucleotide and any that did not match the forward primer, were 

removed from the data set. Similarly the sequences returning a quality score less than 

20 were also removed. The revised sequence data set was analysed using Mothur 

V.1.13 (Schloss et al, 2009). The command align.seqs was used to align all the 

sequences against SILVA database (Pruesse et al, 2007). Unaligned sequences were 

removed using the screen.seq command whereas common gaps were removed with 

filter.seq. Chimeras were removed from the alignment using chimera.slayer and the 

SILVA database as templates. Sequences were clustered at 3% distance using the 

dist.seq command and operational taxonomic units (OTUs) were assigned to the 

clusters. Sequences with important contributions, but ambiguous classification, were 

double-checked using green genes, NCBI blast and RDP database and a final 

classification was assigned to the sequences. Chao and Shannon index were 

measured using Mothur (Schloss et al., 2009). Evenness of the bacterial community 

at each depth was calculated by dividing the Shannon index with the log value of the 

number of observed OTUs, and richness was determined as a ratio of observed OTUs 

to predicted OTUs (Chao). The data generated in Mothur V.1.13 were exported to 

Excel, where sequence reads of each OTU were converted to relative abundance by 

dividing the number of sequences for the OTU by the total number of sequences. The 

contribution of each phylum to the bacterial community was determined by 

accumulating the relative abundance of all the OTUs assigned to that particular 

phylum. The ten most abundant OTUs were sorted using Microsoft Excel 2008. 

4.2.4 Statistical analysis 

PRIMER (Plymouth Routines in Multivariate Ecological Research, Version 6) was 

used to determine the similarity between samples. OTU counts were standardised (by 

total) in PRIMER to allow for variation in the total number of sequences per sample 
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and standardised OTU counts were transformed using the square root.  A 

resemblance matrix was generated from standardised transformed data using the 

Bray Curtis similarity measure and multidimensional-scaling (MDS) plots were 

constructed based on the Bray-Curtis similarity measures. The Relate procedure, 

based on the Spearman rank correlation method, was used to determine how strongly 

the OTU abundance data was related to the chemistry of the site. Bray-Curtis 

resemblance matrices generated for MDS construction were used to relate with the 

Euclidian resemblance matrices generated for abiotic analysis (Chapter 2) and a total 

of 999 random permutations were used for the test. BEST (BIOENV) was used to 

determine which physicochemical variable or group of variables best explained 

separation of the bacterial community at the two sampling times. The normalised 

chemistry data were used to compare the resemblance with OTUs. A permutation 

test (999 permutations) based on Spearman rank correlation was used for the 

analysis.  

To test the hypothesis that physicochemical parameters of the Batman Pit would 

affect the bacterial population, the diversity and abundance of bacteria at two 

sampling times were compared using PERMANOVA in PRIMER V6. The single 

factor (sampling time) PERMANOVA tests on Bray Curtis similarity matrices were 

generated using square root transformed data. A total of 999 multivariate randomized 

permutations were used to determine the level of significance (p value). Due to 

significant differences in the bacterial communities at the two sampling times, the 

data were also analysed using SIMPER (PRIMER V6) to determine which OTU was 

most responsible for the differences. Bray-Curtis resemblance matrices were 

generated for wet and dry season samples separately and the resemblance matrices 

were used to construct Principal Coordinates analysis (PCO) plots.  

4.3 Results 

The physicochemistry of the Batman Pit in the wet season sampling was significantly 

different from that of the dry season sampling (Chapter 2). To determine whether this 

difference was reflected in the bacteria, community composition in the Pit was 

measured at the two sampling times. A total of 63,982 sequence reads passed the 

quality tests and were clustered into 6,747 operational taxonomic units (OTUs) at 3% 

distance. Approximately 45% of the reads from the total data set were assigned to 10 
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of these 6,747 OTU groups, while 57% were assigned to the top 20, and 73% were in 

the top 100 most abundant OTUs, indicating there were many rare OTUs.  

4.3.1 Bacterial diversity indices at the two sampling times (dry and wet season 

sampling) 

In the top half of the Pit  (0.1, 10, 25 and 35m), the bacterial community in the wet 

season was more diverse than that of the dry season. However at two deeper 

locations (55 and 90m) and one upper region (15m), there were no differences in 

bacterial diversity at the two sampling times. At 5 and 45m, the diversity was slightly 

higher in the dry season compared to that of the wet season (Table 4-1). There were 

no differences in richness between equivalent depth samples at both sampling times, 

with the exception of surface water (0.1 and 5m) (Table 4-1). The community in the 

upper half of the Pit was less even during the dry season than that of the wet season; 

whereas, at the bottom, both wet and dry season communities had the same evenness 

values (Table 4-1). 

Table 4-1: Bacterial community coverage, richness and diversity at two sampling times. 

Depth 

(m) 

Coverage Richness  Evenness 

(Shannon even) 

Diversity 

(Shannon index) 

Dry Wet Dry Wet Dry Wet Dry Wet 

0.1 0.97 0.85 0.64 0.45 0.62 0.76 2.73 4.29 

5 0.87 0.88 0.63 0.48 0.84 0.74 4.78 4.06 

10 0.95 0.76 0.47 0.49 0.62 0.92 2.91 5.62 

15 0.86 0.86 0.55 0.54 0.81 0.80 4.54 4.50 

25 0.85 0.77 0.39 0.42 0.79 0.90 4.41 5.44 

35 0.95 0.83 0.63 0.56 0.61 0.88 2.96 5.12 

45 0.85 0.85 0.51 0.51 0.80 0.71 4.56 4.05 

55 0.88 0.85 0.48 0.50 0.70 0.67 3.79 3.68 

90 0.79 0.78 0.41 0.43 0.81 0.80 4.75 4.76 
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4.3.2 Bacterial identities at the two sampling times (dry and wet season 

sampling) 

Proteobacteria were the most dominant group, constituting 54 % of the sequences in 

the dry season and 36% in the wet season. The decrease in the Proteobacteria 

population was accompanied by an increase in Acidobacteria during the wet season, 

which increased from 5% to 14%. Similarly, there was a slight increase in the 

Lentisphaerae and Verrucomicrobia, which increased from 3 to 7% and 1 to 3%, 

respectively, during the wet season sampling, compared to the dry. In contrast, the 

populations of Firmicutes and Actinobacteria remained unchanged (Figure 4-1). 

 

Figure 4-1: Bacteria phyla measured in Batman Pit water collected in the wet and dry season 

sampling. 

In the wet season sampling compared to the dry season, the relative abundance of the 

Alphaproteobacteria and Betaproteobacteria decreased, the Gammaproteobacteria 

increased and no change was measured for Deltaproteobacteria and unclassified 

Proteobacteria (Figure 4-2). 
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Figure 4-2: Relative contribution of each class of the phylum Proteobacteria 

At the genus level, Acidiphilium, Dokdonella and Leptospirillum were the most 

abundant, accounting for 30% of the total sequence reads. Acidiphilium, a 

heterotrophic bacterium from the Alphaproteobacteria, was dominant during the dry 

season.  One Acidiphilium OTU constituted 23% of the bacterial community in the 

dry season sample but only 8% in the wet season sample. In contrast, an OTU related 

to Dokdonella, a recently discovered Gammaproteobacteria, was dominant at 12% in 

the wet season sample but decreased to 5% in the dry season sample. The relative 

abundance of Leptospirillum, a known iron oxidiser, was 6.3% in the wet season 

compared to 4% in the dry.  

4.3.3 Correlation of bacterial diversity and abundance with physicochemical 

variables of the Batman Pit  

The relative abundance and OTU diversity between the wet and dry season sample 

times were compared using multivariate ordination, which indicated a separation 

between samples (Figure 4-3). The PERMANOVA analyses indicated that the 

differences in diversity and relative abundance were statistically significant (p < 

0.05) at the two sampling times. 
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Figure 4-3: Multi dimensional scaling (MDS) plot of all bacterial OTUs in the Batman Pit at the 

two sampling times. 

 

There was a weak correlation (RELATE) between OTUs and chemistry (Spearman’s 

rho = 0.251). BEST (BIOENV) analysis showed that differences in community 

composition between the two sampling times were driven by pH, temperature, 

dissolved oxygen, Al and Cu (Spearman’s rho = 0.398). SIMPER analysis showed 

that Acidiphilium, Dokdonella, Leptospirillum, and unclassified Proteobacteria were 

largely responsible for the difference in bacterial communities at the two sampling 

times (Table 4-2). 
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Table 4-2: The ten OTUs that contributed most to the difference between wet and dry season 

samples based on SIMPER analysis, and their relative abundance using standardized square 

root transformed data. Relative abundance of each OTU was calculated by accumulating all 

reads of that season divided by total reads. 

Genus Relative contribution  

(%) of each genus to 

community abundance at 

two sampling times 

         

Dry                  Wet 

Contribution (%) of each 

genus in driving the 

difference in wet and dry 

season communities  

Cumulative 

contribution 

(%) 

Acidiphilium 23.22 8.14 12.03 12.03 

Dokdonella 5.25 12.61 9.51 21.54 

Leptospirillum 2.53 5.00 7.08 28.62 

Leeia 6.99 0.52 5.76 34.7 

Acetobacteria 5.71 3.80 5.30 39.68 

Proteobacteria 3.18 0.99 5.00 44.67 

Unclassified bacteria 3.09 2.86 3.82 48.49 

Leptospirillum 0.82 1.85 3.76 52.25 

Unclassified bacteria 1.91 0.62 3.45 55.69 

Unclassified proteobacteria 0.70 0.97 3.32 59.02 

 

4.3.4   Bacterial community structure with depth - dry season sample 

Comparative analysis of the bacteria communities in the dry season samples based 

on the top ten most abundant OTUs showed two general community types. 

Community type 1 was dominated by Acidiphilium and occurred at depths 0.1,10, 25, 

35, 55 and 90m (hereafter referred to as community 1 dry season) (Figure 4-4). The 

community type 2 was dominated by Dokdonella and Leptospirillum and occurred at 

depths 5, 15 and 45m (hereafter referred to as community 2 dry season). 
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Leptospirillum was more prevalent at depths colonized by Dokdonella  (Figure 4-4) 

 

Figure 4-4: Relative abundance of the top 10 OTUs at different depths of the Batman Pit during 

the dry season 

Samples collected at 5, 15 and 45 meters, which were designated as community 2 

based on OTU abundance, had similar community composition when all the OTUs 

were analysed (except for singletons) (Figure 4-5). However, the samples collected 

at 0.1, 10, 25, 35, 55 and 90 meters, which were identified as community 1 based on 

OTU abundance, were more heterogeneous  (Figure 4-5).  Thus, while the bacteria 

communities were generally similar at 0.1, 10, 25, 35, 55 and 90 meters, the less 

dominant OTUs such as Leeia and unclassified bacteria drove some of the 

measurable differences (Figure 4-5).   
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Figure 4-5: PCO showing similarity between bacteria communities at different depths collected 

in the dry season. 

4.3.5 Bacterial community structure with depth - wet season sample 

In the wet season sampling analysis based on the top ten OTUs, there were three 

different communities in the water column. Community 1 occurred at depths 0.1, 5, 

10 and 15m and Acidiphilium was dominant in this community (hereafter referred to 

as community 1 wet season). Community 2 was present at 25 and 35m and was 

dominated by Acidobacterium and uncultured bacteria (community 2 wet season) 

whereas the third community was present at 45, 55 and 90m and was dominated by 

Leptospirillum and Dokdonella (community 3 wet season) (Figure 4-6). The bacteria 

communities in the wet seasons separated based on depth, community 1 occurred 

between 0.1-15m, community 2 between 35-45m and community 3 between 45-90m.  

This was in contrast to the dry season where the community types alternated i.e. 

community 1 at 0.1m then community type 2 at 5 m, community 1 at 10m and 

community 2 at 15m.  
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Figure 4-6: Relative abundance of the top 10 OTUs at different depths of the Batman Pit during 

the wet season 

The PCO analysis based on occurrence of OTUs also separated the three wet season 

communities (Figure 4-7). However the wet season community 3 was not as 

cohesive as the other communities because the relative abundance of Leptospirillum 

increased from 45m to 90m whereas Dokdonella gradually decreased from 45m to 

90m (Figure 4-6).  
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Figure 4-7: PCO showing similarity between bacteria communities at different depths collected 

in the wet season. In figure ospirillum= Leptospirillum. 

4.4 Discussion 

4.4.1 Bacterial diversity in comparison to other acid mining lakes 

The bacterial community of the Batman Pit was dominated by acidophilic 

mesophiles, which is consistent with the temperature and pH range of the water 

column (Niemelä et al., 1994, Johnson, 1998). The bacterial community of the Pit 

consisted of Acidiphilium, Leptospirillum, Dokdonella, Acidobacteria and 

Actinobacteria.  Of these, Acidiphilium, Acidobacteria and Leptospirillum have been 

previously reported as dominant microbes in acid mining lakes (Kleinsteuber et al., 

2008, Yang et al., 2007, España et al., 2009). Dokdonella has not been reported in 

acidic lakes, however bacterial strains phylogenetically related to Dokdonella are 

common in acid mine sites and lakes (Delavat et al., 2012). The bacterial community 

in the Pit was comparable to extreme acid rock drainage sites due to an abundance of 

iron cycling bacteria (Johnson et al., 1993, Malki et al., 2006, Gonzalez-Toril et al., 

2003). Similar to other acid mine lakes, this Pit also had high bacterial diversity 

compared to highly acidic drainage. This high bacterial diversity is considered to be 
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due to their stable pH and low ionic strength compared to extreme metalliferous 

drainage (Wendt-Potthoff, 2013). 

4.4.2 Changes in bacterial community at two sampling times 

Bacterial community composition in the Pit was significantly different between the 

two sampling times. In addition, an increases in the relative                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

abundance (RA) of OTUs related to Dokdonella and Leptospirillum, and decrease in 

RA of OTU related to Acidiphilium suggested significant differences between the 

wet and dry season community structure. This change in bacterial community 

structure was partially due to a change in the physicochemistry of the Batman Pit 

water at the two sampling times (chapter 2) because there was a weak correlation 

between bacteria and physicochemical parameters. Other studies of acid mine lake 

microbiology show that wind, microbial predation, and the morphology of the pit 

lake determine the bacterial community composition (Weithoff et al., 2010). It is 

likely therefore that in addition to the physicochemical shift, these factors may also 

be involved in the measured bacterial shift at the two sampling times in Batman Pit.  

4.4.3  Roles of abundant OTUs that differed between the two sampling times. 

4.4.3.1 Acidiphilium 

The OTU responsible for most of the shift in the bacterial community (due to highest 

decrease in its relative abundance in wet season) was similar to Acidiphilium. The 

physicochemical parameters in the Batman Pit were favourable for Acidiphilium 

growth in both the wet and dry season so it was surprising that Acidiphilium 

decreased during the wet season. The major mode of nutrition for Acidiphilium is 

heterotrophy and DOC is used for energy requirements (Küsel, 2003). The bacterial 

community of acid mine lakes is more sensitive to the composition of DOC than to 

its total concentration (Moser and Weisse, 2011b) For example an increase in 

organic carbon due to higher concentration of organic acids can inhibit the growth of 

Acidiphilium. So although DOC was significantly higher in the wet season compared 

to the dry season (Chapter 2), the decrease in Acidiphilium may be related to a shift 

in composition of DOC in the wet season. In acid mine lakes Acidiphilium competes 

for DOC with planktonic eukaryotes like Chlamydomonas acidophila (Weithoff et 

al., 2012). Eukaryotes like Ochromonas graze on heterotrophic bacteria in acid mine 

lakes and toxins produced by these grazers in the water column can also affect 
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Acidiphilium (Johnson, 1998). It is possible that toxicity caused by these toxins may 

have been associated with the decrease in the wet season. Overall this study showed 

that the change in relative abundance of Acidiphilium at the two sampling times was 

not only due to a change in chemistry but possibly also due to microbial interactions 

between eukarya and bacteria. 

4.4.3.2 Dokdonella 

One of the important findings of this study was the prevalence of Dokdonella 

(gammaproteobacteria). This bacterium was the most important organism (after 

Acidiphilium) in driving the different communities in the wet season samples 

compared to the dry. The Dokdonella genus comprises aerobic heterotrophs, and the 

increase in DOC during the wet season could explain the increased relative 

abundance of this genus. Dokdonella is also reported from a range of environments, 

from moderately acidic to alkaline soil, with a high concentration of phosphorous 

(Aislabie et al., 2009). Total phosphorous was significantly higher in the wet season 

and could be associated with the increase in Dokdonella.  

4.4.3.3 Leptospirillum 

The only known iron oxidiser found during the study was Leptospirillum . 

Leptospirillum is widely reported in acid mine environments (Schrenk et al., 1998, 

Bond et al., 2000, Baker et al., 2003). Leptospirillum is an aerobic (Steinberg et al., 

1998) mesophile, which can survive in low pH, can use ferrous iron as an electron 

donor and oxygen as an acceptor for its energy requirements (Coram and Rawlings, 

2002). The physicochemical and nutritional requirements for Leptospirillum growth 

were met in the Batman Pit and its increase during the wet season may have been due 

to the presence of a range of substrates such as nitrate and ferrous iron. It may have 

little competition for ferrous iron as no other iron oxidizing bacteria were detected, 

though some unclassified taxa could compete for ferrous iron. Leptospirillum is more 

resistant to ferric ion and arsenic compared to other iron oxidizers (Bhattacharya et 

al., 2006), both of which were significantly higher in the wet season. The ability to 

tolerate these toxic elements may be a reason for its survival and increase during the 

wet season. Acidophilic protozoans are known to control the population of iron-

oxidizing bacteria particularly Leptospirillum, in acid mine waters (Johnson and 

Rang, 1993). A possible shift in the protozoan population due to the measured 
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increase in metals in the wet season compared to the dry may have possibly reduced 

the grazing pressure on Leptospirillum and resulted in its increase in the wet season.  

4.4.4 Abundant OTUs interactions and implications for iron cycling 

4.4.4.1 Bacterial mutualism at dry season sampling time 

During both sampling times, Leptospirillum was associated with Dokdonella, and the 

bacterial community formed two populations - Acidiphilium dominating the first 

population (community type 1 dry season and community type 1 wet season) 

whereas Dokdonella and Leptospirillum were dominant in the other population 

(community type 2 dry season and community type 3 wet season). Autotrophs like 

Leptospirillum and Thiobacillus are known to form symbiotic relationships with 

heterotrophs like Acidiphilium in acid mine drainage environments (Yang et al., 

2007). The results from this study suggest that Leptospirillum might have formed a 

symbiotic relationship with Dokdonella, in which the heterotrophic Dokdonella used 

the organic carbon produced by Leptospirillum during CO2 fixation. Leptospirillum 

is also known to form mutualistic relationships with iron-reducing bacteria (Johnson, 

1998) whereby they use the ferrous ion produced by this group of bacteria.  The 

symbiotic relationship between iron-reducing and iron-oxidising bacteria could be 

the reason for the occurrence of two distinct communities in the water column during 

the dry season.  It is possible that iron cycling occurred at the junction of the water 

column where the two populations met. There were six points in the water column 

where iron-reducers (community 1) and oxidizers (community 2) potentially 

interacted during the dry season. 

4.4.4.2 Bacterial mutualism at wet season sampling time 

The two dry season communities, iron-reducing (dominated by Acidiphilium) and 

iron-oxidizing (dominated by Leptospirillum), were also present during the wet 

season but did not alternate in the water column. The purpose of this 

regrouping/recolonization during the wet season might be a mechanism to cope with 

the changing chemical conditions of the Pit or to exploit the most suitable energy 

sources. Acidiphilium was found only in the upper 15 meters whereas Leptospirillum 

was only present in bottom half (45-90m). A new group, mostly consisting of 

unclassified bacteria and uncultured Acidobacterium, was present between two 

communities at depths of 25-45m. This group separated the two communities (or 
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separated the Acidiphilium from Leptospirillum). Precisely how this new group 

influenced the upper and lower populations was difficult to deduce – or if they did. 

However we speculate that the reason for these different communities was dependent 

upon the behaviour of these unclassified bacteria and uncultured Acidobacterium. 

Some Acidobacterium isolated from other ARD sites have the potential to reduce 

iron (Rowe et al., 2007). If Acidobacterium were reducing iron in the Batman Pit 

during the wet season, the top half might have been the iron-reducing zone 

dominated by Acidiphilium and Acidobacterium, whereas the lower half might have 

been the iron-oxidizing zone dominated by the Leptospirillum.  

Leptospirillum appeared to be dominant in the lower half of the Pit, possibly because 

pyrite was present at the bottom and served as a source of ferrous iron (due to the 

dissolution of sulfide minerals). This argument was supported by the relative 

abundance of Leptospirillum during the wet season, highest at a depth of 90 meters 

(nearest the rocky bottom). Although ferrous iron was not significantly higher in the 

bottom half (compared to the upper half), it was substantially higher (Chapter 2). The 

pH was also lower than any other part of the Pit at any time of the year, which is 

preferred by Leptospirillum (Blothe et al., 2008). The possible symbiotic relationship 

of Dokdonella and Leptospirillum remained unchanged in the wet season and, like 

the dry season, Dokdonella was only reported at the depths colonized by 

Leptospirillum. Therefore, in the wet season, ferrous iron availability and pH were 

potentially the major drivers for Leptospirillum abundance, in addition to the 

sepeculated symbiotic relationship with Dokdonella.  

4.4.5 Significance of the unclassified and rare biota in the Batman Pit 

Although the three most abundant bacteria, two heterotrophs (Dokdonella and 

Acidiphilium) and one iron oxidizer (Leptospirillum), could potentially play 

dominant roles in the biogeochemical character of the lake, the rare biota of the Pit 

and unclassified bacteria may also have important roles. For example, the top ten 

OTUs contributing to the changes in the community at the two sampling times also 

included unclassified Proteobacteria (which decreased significantly during the wet 

season). Therefore a possible role of unclassified bacteria in influencing the 

chemistry and microbiology of the Pit cannot be ruled out. 



	   80	  

 The rare biota in the Batman Pit included cyanobacteria, Verrucomicrobia and 

Firmicutes. The cyanobacteria were represented by unclassified, rare OTUs and were 

highly sensitive to pH and elevated levels of heavy metals. This group has not been 

previously reported in acid mine lakes, with the exception of an acidic lake in Lustia 

(Germany) where filamentous cyanobacteria were reported at pH 2.9 (Steinberg et 

al., 1998). Further investigation is required to determine if cyanobacteria are active 

in the Pit, though the decrease from 3% in the dry season to 2% in the wet season 

suggests some of them might be acid-tolerant cyanobacteria. Verrucomicrobia is a 

new phylum of bacteria and mostly known in thermophilic and mesophilic 

environments (Sangwan et al., 2005). As most members of the Verrucomicrobia are 

unclassified, we have a limited understanding of their role in acid mine lakes, 

however the planktonic forms are reported in various bodies of water and in some 

acid drainage sites (Okabayashi et al., 2005). Similarly, Firmicutes are known to 

contain sulfur-oxidizing bacteria (Lee at al., 2007), which may be involved in sulfur 

oxidation in the Batman Pit. 

4.4.6 Conclusion 

In conclusion, the bacterial communities of the Batman Pit during the wet and dry 

seasons were different and affected by the physicochemical parameters such as iron 

speciation of the Pit. As expected, iron cycling bacteria were prevalent in the Pit at 

both sampling times. The two-community structure during the dry season sampling 

was most likely due to the mutualistic relationship between iron-oxidizing and iron-

reducing bacterial populations.  Although this two-community structure was present 

in the wet season, the speculated mutualism between iron oxidizers (Leptospirillum) 

and  iron reducers (Acidiphilium) was absent. In contrast, the possibly mutualistic 

relationship between heterotrophs (Dokdonella) and iron oxidizers (Leptospirillum) 

remained unchanged in both sampling times. The dominant bacteria in the Pit 

potentially play a role in the cycling of iron, carbon and nitrogen. Several processes 

thought to be catalysed by these bacteria were difficult to explain kinetically. For 

example, Acidiphilium cannot reduce iron in the presence of high oxygen (Küsel, 

2003), however the Pit Lake water was oxic but iron was still reduced. Similarly, 

nitrogen fixation in ARD is also inhibited by oxygen, although functional genes 

associated with nitrogen fixation are found in oxic ARD samples (Xie et al., 2011). 

Hence a detailed metagenomic analysis may help to determine whether these 
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processes are possible in the Batman Pit. At other acid mining sites, ferric iron is 

highly toxic to planktonic eukarya (Nixdorf et al., 2001). Since we measured an 

impact of bacteria on iron speciation and increased ferric iron levels during the wet 

season, it is possible that this may have a strong effect on the diversity of eukarya in 

the Batman Pit. A survey of eukaryal diversity would allow me to investigate this 

interaction specifically. Since we know so little about the eukarya taxa in these 

environments, an assessment of the community would also provide new knowledge. 
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5 Eukarya: Contributions to iron cycling in an acid rock drainage Pit.  

 

5.1 Introduction 

Acid pit lakes are unique ecosystems characterized by low pH and a high 

concentration of metals, which do not support higher trophic levels (Wollmann et al., 

2000, Gyure et al., 1987). As a consequence, food chains and food webs in these 

lakes are very simple and mainly consist of microbes (McGinness and Johnson, 

1992). The primary production of these lakes is controlled by photosynthetic 

microbial eukaryotes, which are well adapted to these hostile environments (Johnson, 

2006). The eukaryal community is a fundamental component of acidic lakes, where 

along with productivity, they also control bacteria levels (population) by grazing. 

They are also responsible for channelling nutrients through different trophic levels 

(Schmidtke et al., 2006), thus making eukaryotes an important component of the 

food web of the acidic pit lake ecosystem (Brown and Wolfe, 2006). In addition to 

supporting the food web, they are also involved in generating alkalinity by 

assimilating nitrates and heavy metals, which helps establish a more diverse and 

sustainable ecosystem in acid rock drainage (ARD) lakes (Das et al., 2009, Fyson et 

al., 2006). 

The eukaryal community of acidic lakes is composed of dinoflagellates, diatoms, 

fungi, algae, protists and zooplankton (Packroff, 2000, Wollmann et al., 2000). These 

eukaryal groups are not known for generating ARD directly but contribute to various 

processes, which are involved in the production of ARD (Das et al., 2009, Johnson 

and Rang, 1993). For example, eukaryotes (photosynthetic microbial algae) add 

oxygen to the system, which impacts sulfur and iron cycles and both cycling 

processes are responsible for production of ARD and the leaching of heavy metals 

(Küsel, 2003, Johnson et al., 1993). At the same time, eukaryal groups have trophic 

interactions with bacteria (Wollmann et al., 2000, Schmidtke et al., 2006). These 

interactions can be used to control ARD production (McGinness and Johnson, 1992). 

Most of the algae and ciliates graze on bacteria directly involved in pyrite oxidation 

(ARD production). This interaction between algae, ciliates and bacteria can control 

the population of pyrite-oxidizing bacteria and hence ARD formation (McGinness 

and Johnson, 1992). 
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Eukarya are directly involved in carbon and phosphorous cycling. Green algae and 

diatoms fix carbon, and fungi degrade higher carbon compounds (Das et al., 2009, 

Gadd, 2007), thus influencing the nutrient turnover in acid lakes. Detailed studies of 

eukaryal diversity in these lakes will not only help in understanding these 

biogeochemical cycles but will also assist in the development of remediation 

strategies. For example, microscopic algae are known to tolerate and absorb heavy 

metals, and are successfully used in small-scale remediation of ARD lake waters 

(Das et al., 2009). In addition, zooplanktons are highly sensitive to changes in pH 

and can be used as indicators of water health in ARD lakes (Nixdorf et al., 2005). 

Diversity studies are the first step to understanding the structure and function of an 

ecosystem (Bruneel et al., 2008).  

Although there are data on the microbial eukarya in acid mine lakes, most studies 

have focused on a few dominant genera and their interactions with acidophilic 

prokaryotes (Schmidtke et al., 2006, Packroff, 2000, Wollmann et al., 2000, Packroff 

and Woelfl, 2000, Moser and Weisse, 2011a). In previous studies of eukaryotes in 

acid mine lakes the approaches involved culturing, conventional cell counting and 

sequencing of cloned genes to characterise the dominant species (Lessmann et al., 

2000, Packroff, 2000, Zahang et al., 2012). Due to the limitations of culturing and 

the labour intensity of cloning and sequencing, we do not have a deep understanding 

of the eukarya lineages in these pit lakes. When the small ribosomal RNA subunit 

was sequenced using DNA extracted from Rio Tinto River water, (a well-known 

ARD site in Spain) there was unexpectedly high eukarya diversity (Zettler et al., 

2002). Despite these findings deep sequencing has not been used on a large scale to 

study the diversity of the eukarya in pit lakes. The reason for this is the uncertainty 

over 18S rRNA gene copy numbers, which has confounded attempts to assess 

relative abundance (Cheung et al., 2010). Other problems have been short read 

lengths giving poor taxonomic resolution and cost. With reduced costs in recent 

years and increasing read lengths, pyrosequencing is now a more attractive option for 

studying eukaryal diversity in a range of environments. Recent studies targeting the 

eukarya in acidic drainage using techniques such as sequencing clone libraries and 

fluorescence in situ hybridization (FISH), suggest that deep sequencing should be 

used to understand the eukaryal diversity in ARD sites (Linda et al., 2009, Stoek et 

al., 2009). 
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The eukaryotic communities in acid mining pits in the wet-dry tropics of northern 

Australia have not been characterised. The acid mine Batman Pit is located in the 

wet-dry tropics, which is characterized by variations in humidity, temperature and 

rainfall throughout the year (Boland and Padovan, 2002). Physicochemistry and 

bacterial diversity in the Pit Lake were measured at two sampling times, once in the 

dry season and once in the wet season. Nutrients and heavy metals significantly 

increased, and pH decreased, during the wet season compared to the dry season 

(Chapter 2). The bacteria community of the Pit in the wet season was different from 

that in the dry season (Chapter 4). Both of these sets of results may have a bearing on 

the eukaryal community composition because pH, nutrients and metals are the main 

drivers of eukaryal diversity in ARD lakes (Baker et al., 2009, Johnson, 1998, 

Nixdorf et al., 1998). In addition, trophic interactions between bacteria and different 

eukaryal groups (phytoplanktonic algae, ciliophora and dinoflagellates) can also 

influence eukaryal diversity (Bick and Drews, 1973, McGinness and Johnson, 1992). 

Consequently my hypothesis was that changes in the Pit physicochemistry 

accompanied by a bacterial shift at the two sampling times would influence the 

eukaryal population, resulting in changes in eukaryal diversity at the two sampling 

times.  

5.2 Material and Methods 

5.2.1 Sample collection and DNA extraction  

Water sampling and DNA extraction procedures were as described in chapter 3, 

section 3.2.1.  

5.2.2 Amplification of DNA and sequencing 

The hypervariable V9 region of the eukaryal 18S rRNA gene (18F 

(CCCTGCCHTTTGTACACAC) and reverse primer 1510R 

(CCTTCYGCAGGTTCACCTAC) were amplified using DNA extracted from water 

samples. The forward primer for each sample was labelled with a unique barcode 

(Parmeswaran et al., 2007) to identify each sample. PCR conditions were optimised 

and the DNA was amplified using the FASTSTART high fidelity PCR system 

(Roche, NSW, Australia). Each DNA sample was amplified in four separate 

reactions and the products pooled to prepare a single amplicon library. These pooled 

PCR products were purified using the QIA quick PCR purification kit (Qiagen, 
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Hilden, Germany) according to the manufacturer’s instructions. The quality and 

quantity of amplicons were determined by separating products (using a low mass 

ladder, Invitrogen, Victoria, Australia) on a 2% agarose gel stained with ethidium 

bromide and visualized by UV transillumination. The purified products were sent to 

the Australian Genomic Research Facility (AGRF, Queensland, Australia) for GS 

FLX (454) sequencing. 

5.2.3 Data analysis 

The quality of all sequence reads was analysed using the Ribosomal Database 

Project’s initial pyrosequencing pipeline (http://rdp.cme.msu.edu/). Low quality 

sequence reads, such as sequences less than 70bp after the forward primer, sequences 

with more than one ambiguous nucleotide, and any that did not match the forward 

primer, were removed. The revised sequence data were analysed using Mothur 

V.1.13 (Schloss et al., 2009) and the command align.seqs was used to align all the 

sequences against the SILVA database (Pruesse et al., 2007). Unaligned sequences 

were removed using the screen.seq command, common gaps were removed with 

filter.seq and chimeras were removed from the alignment using chimera.slayer using 

the SILVA database as templates. Sequences were clustered at 2% distance using the 

dist.seq command and operational taxonomic units (OTU) were assigned to these 

clusters. Sequences with important contributions, but ambiguous classifications, 

were double-checked against the NCBI BLAST database and final classification 

assigned to these sequences. 

5.2.4 Statistical analysis 

PRIMER (Plymouth Routines in Multivariate Ecological Research, Version 6, UK) 

was used to determine the similarity between samples. OTU counts were transformed 

into presence/absence data using the pre-treatment (transform) function in PRIMER 

V6. These presence/absence data were used to determine the Shannon diversity index 

for each sample using the DIVERSE function in PRIMER V6, a resemblance matrix 

was also generated from this data using the Bray-Curtis similarity measure, and 

Multidimensional-scaling plots (MDS) were constructed based on the Bray-Curtis 

similarity measures. These similarity matrices were compared with those of the 

Euclidian similarity matrices generated from abiotic data (Chapter 2) and Bray-

Curtis similarity matrices generated from bacterial diversity and abundance data 
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using the RELATE programme in PRIMER V6 which is based on the Spearman 

Rank correlation method.  

A PERMANOVA design using PRIMER V6 was constructed to test the hypothesis 

that changes in the physicochemical parameters accompanied by a bacterial shift at 

the two sampling times would influence the eukaryal population, resulting in changes 

in the eukaryal diversity at the two sampling times. The PERMANOVA test based 

on the single factor (season) was performed on Bray-Curtis similarity matrices 

generated using presence/absence-transformed data, and 999 randomized 

multivariate permutations were used to determine the significance level. BEST 

(BIOENV) was used to determine which physicochemical variable or group of 

variables best explained the separation in eukaryal diversity at the two sampling 

times. 

5.3 Results 

The 58,557 18S rRNA hypervariable V9 reads obtained from the 18 water samples 

collected from the Pit were assigned to 4,455 OTUs (similarity for OTU groups 

98%).  The majority of OTUs were assigned to the taxonomic classifications of 

unclassified eukarya (1,519) or Metazoa (1,087) (Figure 5-1), though neither 

contributed more than 10 % to the total number of reads at either sampling time. For 

the remainder, 581 OTUs (47% contribution to the total number of reads) were 

assigned to Stramenopiles (algae and diatoms) and 537 OTUs were classified as 
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Fungi (7% contribution to the total number of reads) (Figure 5-1).

 

Figure 5-1: The number of OTUs assigned to each phylum and contribution to the total 454 

dataset. 

5.3.1 Changes in eukarya diversity at the two sampling times 

Eukaryal diversity was lower at all depths in the Pit during the wet season compared 

to the dry, with the exception of surface water, where the wet season community was 

more diverse (Figure 5-2). There was a weak but significant correlation (p < 0.05, 

Spearman’s rho = 0.294) between the chemistry and eukaryal diversity. According to 

BIOENV analyses, the factors which best separated the wet season community from 

that of the dry season included total dissolved nitrogen, cobalt, zinc and temperature 

while eukaryal diversity data was also weakly coupled (p < 0.05, Spearman’s rho = 

0.205) with bacterial diversity and abundance data. 
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Figure 5-2: Eukaryotic diversity in the Batman Pit based on presence and absence of OTUs at 

the wet and dry season sampling points. 

The composition of the eukaryal community, based on the presence/absence of 

OTUs in the wet and dry season samples, was compared using multivariate 

ordination analysis. During the wet season, samples from all depths closely 

resembled each other except at 90m, while the dry season communities were more 

diverse (Figure 5-3).

 

Figure 5-3: Multi-dimensional scaling (MDS) plot constructed based on the presence and 

absence of OTUs (98% similarity) in the Batman Pit at the wet and dry season sampling points. 
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The apparent greater diversity when comparing communities between depths during 

the dry season was not due to large changes at higher taxonomic levels. At the 

surface (0.1m) the difference was driven by more OTUs assigned to Stramenopiles 

(42%) and lower Metazoa (6%) compared to other depths. At the other depths, 15-20 

% of the OTUs were Stramenopiles (Figure 5-4). The wet and dry season eukaryotic 

communities were significantly different (p <0.05) and the changes appeared to be 

due to a change in the occurrence of OTUs assigned to Stramenopiles and Metazoa 

(Figures 5-4 and 5-5).  

 

Figure 5-4: The occurrence of eukaryotic phyla at different depths in the Batman Pit during the 

dry season. 

 

The difference in the wet season eukaryotic community at 90m (Figure 5-3) was due 

to an increase in Metazoa OTUs (Figure 5-5).   
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Figure 5-5: The occurrence of eukaryotic phyla at different depths of the Batman Pit during the 

wet season. 

5.3.2 Changes in diversity within eukaryotic groups 

5.3.2.1 Stramenopile 

For the dry season sampling time, 427 of 2938 OTUs were assigned to the 

Stramenopile phylum, while during the wet season sampling time; the OTUs 

assigned to this taxonomic group were 231 of 1762 OTUs. About 75% of OTUs 

belonging to the Stramenopile phylum could not be classified beyond the phylum 

level, and the remaining OTUs were related to the Ochromonas, Mallomonas, 

Chlorella, Navicula, Aplanopsis, Vacuolaria and Spumella genera. Ochromonas, 

Mallomonas and Chlorella were present at all depths in the Batman Pit during both 

seasons. OTUs related to Navicula decreased from 24 in the dry to 11 in the wet 

season, and OTUs representing Aplanopsis and Vacuolaria were only present during 

the dry season.  

5.3.2.2 Viridiplantae and Cryptophyta 

Algal OTUs belonging to Viridiplantae and Cryptophyta were also identified in the 

Batman Pit. The Viridiplantae were represented by 289 OTUs and a majority (213) 

of these OTUs were similar to Chlorophyta (green algae). OTUs assigned to 

Chlorophyta decreased to 107 during the wet season compared to the 166 OTUs 
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present during the dry season. Cryptophyta had only 27 OTUs and were represented 

by Chilomonas, Cryptomonas and Chroomonas.  

5.3.2.3 Alveolata 

A total of 394 OTUs were classified as members of the Alveolata super-phylum 

within the eukaryal domain, where 63% were assigned to two phyla, Dinoflagellata 

(dinoflagellates) and Ciliophora (ciliates). The number of OTUs assigned to 

Alveolata decreased from 317 in the dry season sampling to 118 in the wet sampling, 

which could be attributed to 35 OTUs assigned to Halteria (ciliates) only being 

present during the dry season and a decline in OTUs classified as Polyplastron 

(ciliate) during the wet season. 

5.3.2.4 Fungi  

At 519 OTUs, fungi were almost as diverse as the Stramenopiles. About 84% of the 

OTUs (433 of 519) were identified as Dikarya, a group comprised of Ascomycota 

represented by unclassified Eurotiomycetes (11 OTUs) as well as Dothideomycetes 

(16 OTUs), and the Basidiomycota, mainly represented by unclassified fungal OTUs. 

The numbers of OTUs designated as fungi decreased from 392 in the dry to 170 in 

the wet season. At the surface during the dry season sampling, the fungal community 

was represented by only four OTUs, while all other depths had high numbers of 

fungal OTUs (Figure 5-6).  
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Figure 5-6: A comparison of Fungal OTUs at the two sampling times. 

5.3.2.5 Metazoa  

The Metazoa were another diverse group, represented by 1087 OTUs, however 89% 

of the OTUs could not be classified at the phylum level. Of the OTUs assigned to 

Metazoan that could be classified, 118 OTUs were classified as Annelida (21) 

Arthropoda (43) and Nematoda (33). Metazoan OTUs declined from 615 in the dry 

to 560 in the wet season, which indicated Metazoa showed the smallest decline 

compare to other eukaryotic phyla, as about 95% of the putative Metazoan OTUs 

observed during the wet season were also present during the dry season. However, 

significant changes in the Metazoan community were seen between the wet and dry 

seasons due to Metazoans being more prevalent at the bottom of the Pit in the wet 

season compared to the dry season.  

5.3.2.6 Euglenozoa and Amoebozoa  

The Euglenozoa were represented by 9 OTUs, which belonged to the genus Euglena, 

though none were classified down to the species level, and the Amoebozoa were 

represented by 5 unique OTUs. The combined representation of Euglenozoa and 

Amoebozoa in the 454 data was only 0.04%.    
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5.4 Discussion  

A diverse range of eukaryotes were identified in the Batman Pit, which was in 

contrast to the eukaryotic communities identified in acid mine drainage and acidic 

mining lakes using traditional techniques such as culturing, epifluoresence counting, 

and identification of cells (Baker et al., 2009, Gyure et al., 1987, Wollmann et al., 

2000). The eukaryotic community of the Batman Pit was comparable to the 

eukaryotic communities in the Rio Tinto and other acid mining sites, which used 454 

sequencing, or molecular techniques in combination with conventional methods to 

characterise the eukaryotic community (Aguilera et al., 2007, Zettler et al., 2002).  

This suggests that the higher diversity identified in the Batman Pit (compared to 

other acid mine drainage and acidic mining lakes) may be due to the depth of 

sequencing and not necessarily to biological differences between the systems. That 

said, the Batman Pit could support a different eukaryotic community compared to 

other acidic mining lakes because this Pit had no stratification at both sampling 

times, unlike other ARD lakes, which usually develop oxic and anoxic layers 

(Espana et al., 2008). Sediment influences eukaryal diversity in the water column by 

depleting nutrients (Radhakrishnan et al., 2011) and Batman Pit could have an 

atypically diverse eukaryotic community because there is little to no sediment in this 

Pit. 

The main Eukaryotic lineages found in the Batman Pit included members of the 

following phyla or superphyla: Stramenopiles, Cryptophyta, Viridiplantae, 

Alveolata, Metazoa and Fungi. The putative algal genera identified included 

Ochromonas, Mallomonas, Spumella, Chlamydomonas, Chlorella, Cryptomonas and 

Navicula, previously reported as the dominant algal genera (with the exception of 

Mallomonas and Spumella) in other acid mining lakes (Lessmann et al., 2000, 

Wollmann et al., 2000). Additionally, the dinoflagellate genera Halteria and 

Polyplastron have not previously been reported in acid mine lakes but were present 

in the Batman Pit, whereas the dinoflagellate Gymnodinium is known to occur in acid 

mine lakes (Lessmann et al., 2000). The Fungal and Protistal communities 

Dothediomycetes, Eurotiomycetes, Euglena and Amoeba in the Batman Pit were 

similar to those reported from other sites (Johnson, 1998, Wendt-Potthoff, 2013). 

These findings showed that the eukaryotic community of the Batman Pit had 
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characteristics in common with eukaryotic communities at other acid drainage and 

acid mine sites, but also unique members such as Mallomonas and Spumella.  

Eukaryal dynamics were different at the two sampling times, with less diversity in 

the wet season sample. This change supported the hypothesis that an alteration in 

physicochemical parameters, accompanied by a bacterial shift at the two sampling 

times, would influence the eukaryal diversity as eukaryotes are highly sensitive to 

metals, nutrients and bacterial populations (Katechakis and Stibor, 2006, Wolowski 

et al., 2013). In the wet season when the eukaryal diversity was low, metal and 

nutrient levels were high compared to the dry season (Chapter 2). An increase in 

heavy metals lowers diversity (Wolowski et al., 2013, Kalin et al., 2001), while an 

increase in nutrients helps a few dominant species to thrive and escalates their 

biomass (Nixdorf et al., 1998, Gammons et al., 2009). In the Batman Pit it is possible 

that these factors negatively impacted diversity. There was a change in abundance 

for different groups of bacteria at each sampling time (chapter 4) and since bacteria 

are a food source for eukarya and an important trophic link between various eukaryal 

groups, this shift could have influenced eukaryal diversity.  

Eukaryotic diversity was lower during the wet season partly because of a decrease in 

algal OTUs, such as those assigned to the genera Navicula, Aplanopsis and 

Vacuolaria. This decline in eukaryotic diversity coincided with an increase in metals 

and sulfate ions and a decrease in pH. These physicochemical parameters, as well as 

the presence of metal oxides, are reported to be responsible for decreased algal 

diversity (Baker et al., 2009, Wolowski et al., 2013, Nixdorf et al., 1998). Metal 

speciation (except for iron) was not measured in the Batman Pit, so it was not 

possible to confirm the presence of metal oxides, though the fact that the Batman Pit 

was oxic throughout the 90m-water column suggested metals (such as Al) could be 

present as metal oxides. Wolowski et al. (2013) reported that acid ponds with low 

concentrations of Al, Fe and trace metals have a 50% more diverse algal community. 

In the Batman Pit, the concentration of Al and Fe was higher during the wet season, 

which could have negatively influenced algae diversity. Iron was in the ferric (Fe+3) 

form during the wet season (chapter 2) and ferric iron is known to strongly impact 

the light spectrum making photons unavailable to algal photoreceptors (Nixdorf et 

al., 2001), thus affecting photosynthetic algae and decreasing their diversity. While 

Al and Fe may have influenced the algae community, they were not the only drivers, 



	   95	  

as they were only weakly correlated with the eukaryotic community structure. It has 

also been previously reported that algae exhibit preferential grazing and respond to 

the availability of food (bacteria) (McGinness and Johnson, 1992). At both sampling 

times there were changes in the abundance of various bacterial groups (Chapter 4), 

which may have influenced the reduction in algae. In conclusion, the increase in 

heavy metal stress, and change in bacterial abundance were possible reasons for 

reduction in algal diversity in the wet season compared to the dry in the Batman Pit.  

Almost a quarter of the eukaryotic 454 reads were assigned to Ochromonas, a 

mixotroph that uses photosynthesis or bacteria as energy sources (Andersson, 1989). 

This Chrysophycean has been identified as the dominant organism in the epilimnion 

of an extremely acidic lake in Germany and its abundance decreased with depth 

(Schmidtke et al., 2006). While the current study was not quantitative, the number of 

reads assigned to Ochromonas decreased with depth, which was in agreement with 

the findings of Schmidtke et al (2006). Heterotrophic algal groups (like Spemulla) 

were also found in the Pit, which can compete with the heterotrophic bacteria for the 

same rare nutrients, and their success also lies in their ability to produce toxins, 

which eliminate bacteria (Moser and Weisse, 2011a). Additionally, their 

phagotrophic nature may have helped them survive in the Pit, and for Spumella and 

Ochromonas, not only provided them with food but also removed heterotrophic 

bacteria, potential competitors for dissolved organic carbon (DOC), from the Pit. 

Ochromonas is considered one of the most important trophic groups for channelling 

carbon through the food networks in acid lakes and hence plays an important role in 

the microbial structure of these ecosystems (Schmidtke et al., 2006). This trophic 

link can be used to control ARD production by regulating the population of algae 

grazing on ARD-generating bacteria (McGinness and Johnson, 1992). However, 

further work is required to assess the importance of this relationship in the Batman 

Pit.  

Ciliate species respond to temperature, food resources (such as bacteria and 

phytoplankton) and heavy metal levels (Abraham et al., 1997, Stensdotter-Bolmberg, 

1998, Pace, 1982). Similarly ciliate species composition is highly sensitive to pH 

(Nixdorf et al., 1998). In the Batman Pit, the temperature was higher in the wet 

season compared to the dry season and pH was lower, which may explain lower 

ciliate diversity during the wet season. Halteria, a member of the ciliophora, was not 
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detected in the wet season sample. Halteria is highly sensitive to Cu, Cd, Zn and Pb 

and cannot survive at high concentrations of these metals (Madoni and Romeo, 

2006), and yet appeared to tolerate these metals in the Pit even though the 

concentrations of these metals (except cadmium) was higher than levels reported as 

toxic to Halteria (Madoni and Romeo, 2006). With respect to cadmium, the 

concentration was 150 µg/l during the dry season, so the expected survival rate was 

only 20% (Madoni and Romeo, 2006). However, during the wet season the 

concentration of Cd increased to 170 µg/l, which could have resulted in the 

disappearance of Halteria. Since the correlation between the eukaryotic community 

and the chemistry was weak, the ciliate community was likely responding to the 

availability of food (bacteria and dinoflagellates). Ciliates are one of the most 

important trophic links between producers (planktonic algae and bacteria) and 

consumers (zooplankton) in fresh water oligotrophic lakes where they transfer the 

DOC between trophic levels (Sˇimek et al., 2000). Bick and Drews (1973) reported 

that at low pH while metal stress reduces diversity, the main driver of ciliate 

diversity is food availability. Since both algal/bacterial composition and abundance 

differed at the two sampling times, the availability of food may be a likely driver of 

the changes in the ciliate population. This interaction between bacteria and ciliates 

suggests that bacteria-driven processes such as pyrite oxidation (ARD formation) 

would be affected not only by physicochemical parameters but also by the microbial 

food web and the effects of physicochemical parameters on higher organisms (Figure 

5-7).  
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Figure 5-7: Microbial food web and possible factors influencing the various groups in the acidic 

Batman Pit. 

The zooplanktons (Metazoa) are the main consumers in ARD lakes due to the 

absence of higher organisms such as fish (Wollmann et al., 2000). Unfortunately the 

Metazoan sequences recovered during this study could not be resolved, even to the 

phylum level. The diversity of this group is strongly influenced by pH (Wollmann et 

al., 2000) and Nixdorf et al. (2005) proposed that the classification of ARD lakes be 

based on pH and colonization by Metazoan zooplankton. According to this 

classification, the Batman Pit falls into the category of very acidic lakes (pH 2.8-3.5), 

which are mostly colonized by Rotifers and Crustaceans (Belyaeva and Deneke, 

2013). At a stable pH, these groups often show no changes, even with an increase in 

metals (Belyaeva and Deneke, 2013). Although the poor resolution did not allow me 

to confirm these groups were present in the Pit, there was very little change in the 

Metazoa between the two sampling times, possibly due to the stable pH. It has been 
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previously reported that when the pH decreases from 2.5 or increases above 3.5, 

Metazoan zooplankton diversity changes dramatically (Wollmann et al., 2000). 

During this study, although the pH changed significantly at various depths and 

between sampling times, it did not fall below 2.5 or increase above 3.5, which could 

explain why all the Metazoan OTUs identified during the dry season were also 

present in the wet season samples. It is possible that the heavy metal stress was not 

accompanied by a large enough change in pH to trigger a shift in Metazoan diversity. 

Since most of the zooplankton were unclassified, their role cannot be specified, even 

though their role in controlling the food web of ARD lakes is well substantiated 

(Wollmann et al., 2000). A further investigation using zooplankton-specific primers 

is required to classify this group and to understand diversity and seasonal dynamics 

in the Batman Pit.  

In the absence of abundance data, it was difficult to comment on the overall role of 

eukarya in various biogeochemical processes in the Batman Pit; however it was 

evident that the photosynthetic/mixotrophic eukaryal community supported an 

abundance of heterotrophic bacteria. It is also reported from other acid mining sites 

and lakes that eukarya influence the abundance of different bacterial groups 

(Schmidtke et al., 2006, Johnson and Rang, 1993). This group (photosynthetic 

eukarya) probably produced organic carbon by photosynthetic reactions, which was 

directly used by the heterotrophic bacteria for their energy requirements. The by-

product of these photosynthetic reactions is oxygen (Hoganson and Babcock, 1997), 

which was possibly a reason for the overall oxic character of the Pit. This oxygen 

had a significant effect on the chemistry of the site by influencing the iron cycle. 

Oxygen inhibits ferric iron reduction, and in the presence of oxygen, Fe+3 is not used 

as an electron acceptor by the acidophilic community (Lu et al., 2010). This means 

that more ferric iron will be available for the leaching of heavy metals. This leaching 

contributes acid and heavy metals (Akcil and Koldas, 2006) and is a possible reason 

for the high levels of heavy metals in the Batman Pit. 

In conclusion, the eukarya diversity in the Batman Pit was higher than other ARD 

lakes and this diversity was lower in the wet season compared to the dry. This 

reduction in diversity may have been related to lower pH, higher temperature, and a 

shift in trophic interactions which also reduced the diversity of all groups (algae, 
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ciliates, dinoflagellates, fungi and metazooplankton), though zooplankton were the 

least influenced by this chemical change. It is likely that eukarya affected 

biogeochemical processes and prokaryotic distribution and abundance in the water 

column due to grazing, as reported for other acid mining lakes and drainage sites 

(Wollmann et al., 2000, Baker and Banfield, 2003, Schmidtke et al., 2006, Baker et 

al., 2004). There were measurable interactions between the physicochemistry of the 

Pit (Chapter 2), the prokaryotic (Bacteria) diversity and abundance (Chapters 3 and 

4), and the diversity of different eukaryal groups. Changes in iron speciation may be 

related to bacterial community level changes (Chapter 4), which may be related to 

the bacteria grazers Ochromonas and dinoflagellates that also produce toxins that 

control bacterial populations (Lessmann et al., 2000, Hiltunen et al., 2012). Some of 

the uncertainties around these interactions may be partially addressed by a functional 

assessment using metagenomics.  Such an approach might highlight the role of the 

eukarya and also indicate which group(s) (bacteria, archaea or eukarya) is/are 

responsible for iron cycling, a processes responsible for poor water quality of ARD 

lakes. Iron cycling contributes to the production of acid in acid mining lakes and 

leaching of heavy metals (Malki et al., 2006). An understanding of microbial driven 

reactions may provide insights into how these processes influence water quality in 

the Batman Pit. 
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6 The metabolic potential in the acidic Batman Pit 

6.1 Introduction 

Batman Pit is a mine lake containing acid rock drainage (ARD), which is located in 

the wet dry tropical region of northern Australia. The area surrounding the Pit is rich 

in sulfide and iron ores (Hein, 2003). Microbial activity combined with oxygen and 

water results in leaching of sulfide ores, production of sulfuric acid and release of 

metals (Akcil and Koldas, 2006, Schrenk et al., 1998). The pH of water stored in 

Batman Pit decreased slightly in the wet season due to rainfall but overall this system 

had a pH in the range of 2.8 to 3.5 (Chapter 2). The temperature ranged from 23°C to 

33°C and the lake retained a mesophilic condition over the year. Batman Pit is 

unique in contemporary pit lakes due to its oxic character from the surface to the 

bottom (Fisher and Lawrence, 2006, Sánchez España et al., 2008). The overall 

concentration of metals including iron, sulfur, aluminium and copper were higher 

than those of neutral lakes (Chapter 2). Surveys of the archaea, bacteria and micro 

eukarya using 16S rRNA and 18s rRNA genes showed that the Pit supported a 

diverse microbiome, comprising members also found in neutral pits (Chapters 3 to 

5). The diversity and abundance studies have provided insight into changes in 

archaea, eukaryotic and bacteria diversity in response to changes in physicochemical 

covariates and season. In addition, the 16S rRNA gene was used to infer biochemical 

processes occurring in the Pit. Assigning metabolic capability based on similarity 

between 16S rRNA genes can be inaccurate because although bacterial 16S rRNA 

genes might be 100% similar, they can have different metabolic capabilities due to 

gene transfer and adaption to different environments (Dinsdale et al., 2008). 

Metagenomic analysis of the total DNA from Batman Pit water samples is a more 

robust way to explore metabolic potential, the diversity of functional genes and 

genetic variability, as it is not limited to the 16S rRNA gene (Oh et al., 2011).  

Analysis of amplified 16S rRNA genes from water (Chapter 4) showed that 

Acidiphilium, Dokdonella and Leptospirillum were the dominant bacteria in the Pit. 

The iron oxidising, carbon fixing bacteria genus Leptospirillum is common in acid 

mine environments (Schrenk et al., 1998) but in my study Leptospirillum was not as 

prevalent as Acidiphilium and Dokdonella (Chapter 4). Based on the prevalence of 

Acidiphilium, one could speculate that iron reduction is a more dominant process 

than iron oxidation. The heterotrophic gamma-Proteobacteria Dokdonella was also 
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dominant in Batman Pit. Since this genus has not been previously reported in acidic 

mining lakes its function or role is unknown. The lack of dominance by 

Leptospirillum and the presence of Dokdonella suggest that biochemical processes 

occurring in Batman Pit may be different from those reported for other acidic mining 

lakes. We also found that the archaea community of Batman Pit (Chapter 3) was 

different from those previously reported for ARD sites (Lucheta et al., 2013, 

Edwards et al., 2000). In particular we found that a species closely related to the 

ammonia oxidising archaea (AOA), Nitrosopumilus, was dominant throughout the 

Pit during the wet and dry seasons (Chapter 3). Although planktonic and terrestrial 

forms of AOA are active in a wide range of neutral pH environments such as 

freshwater, seawater and soil (Francis et al., 2005), there are no reports of AOA in 

water columns of acidic lakes. Although the 16S rRNA gene identified in this study 

is similar to Nitrosopumilus, it may not necessarily oxidise ammonia. A detailed 

study of metabolic potential is necessary to confirm whether Batman Pit is unique 

from other acidic lakes because of the presence of the ammonia oxidation pathway.  

In this study I sequenced environmental DNA extracted from the surface water of 

Batman Pit using a shotgun metagenomics approach to test the hypothesis that iron 

reducing genes are more abundant than other genes in Batman Pit water due to the 

high levels of Acidiphilium 16S rRNA genes. Since the iron oxidising Leptospirillum 

and ammonia oxidising Nitrosopumilus, were also prevalent, I also tested the 

hypothesis that iron and ammonia oxidation genes may be prevalent. In addition, 

Dokdonella and Acidiphilium are both heterotrophs so I expect that heterotrophy will 

be the major form of nutrition for the Batman community. Since these waters are rich 

in metals (Chapter 2) I also expected to measure or identify pathways involved in the 

detoxification of these elements, particularly arsenic which is highly toxic (Oremland 

and Stolz, 2005) and significantly increased in the wet season compared to the dry 

(Chapter 2). 

6.2 Material and methods 

6.2.1 Sampling 

Water was collected from the Batman Pit lake in four 25L low-density polyethylene 

(LDPE) containers that had been previously filled with 4% bleach, left overnight, 

thoroughly washed and then filled with high pure water for 24 hours. Finally, 
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containers were emptied and dried before sampling water. Surface water (0-0.5m) 

was collected December 22, 2009 from the Batman Pit and was processed within 24 

hours. Acid washed and cleaned LDPE bottles (250 mL) were also used to collect 

water samples for metal and nutrient analysis as described in chapter 2 section 2.2. 

6.2.2 Filtration 

Water was filtered within 24 hours of collection through disposable filter funnels 

(Mo BIO), containing 0.22 µm filter membranes. Eight filters were used to filter 75 L 

of water. The water collected for metal and nutrient analysis was also filtered using 

0.45 µm filters (Thermo Fisher scientific, Australia).  

6.2.3 DNA extraction and quantification 

DNA was extracted from the filters using a MoBio Power Water DNA extraction kit 

(Geneworks) following the manufacturer’s instructions. DNA quantity was estimated 

following separation through a 1% agarose gel stained with SyberRed (Biotium, 

Australia) and visualised by UV transillumination. DNA quantity and quality was 

also measured using a Fluorometer (Qubit 2.0, Invitrogen, USA). The exact quantity 

of DNA was determined using the Broad Range DNA Kit (Invitrogen, USA); all 

steps were conducted according to the manufacturer’s instructions. The quantity of 

protein was also checked using a protein estimation KIT (Invitrogen, USA). DNA 

samples with protein levels less than the protein estimation kit detection limit (0.2 to 

2.5 µg) were used for sequencing. 

6.2.4 Sequencing and assembly 

DNA was submitted to Australian Genome Research Facility in Brisbane, 

Queensland. A Roche GS FLX sequencer was used to sequence DNA using standard 

procedures. The GS De-novo assembler was used to assemble these reads into de-

novo assembly and contigs were constructed after quality checks. 

6.2.5 Extraction of open reading frames (ORFs) and Analysis 

The open reading frames (ORFs) were extracted using the programme Gene mark, 

which was developed for metagenomic data analysis 

(http://exon.gatech.edu/GeneMark/metagenome). All possible ORFs identified by 

Genemark were queried against the NCBI non-redundant database using blastX 

programme with an expected value (e-Value) cut off of 10-3 in the Blast2go program 
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(Conesa et al., 2005). The origin of the ORFs and taxonomic composition of the 

biota was also analysed using MG-RAST (Meyer et al., 2008). 

6.2.6 Mapping and annotation 

Retrieved blast hits were mapped against NCBI files, gene_info and 

gene2_accession, to obtain gene ontology information for the predicted open 

reading frames (ORFs). In addition, these ORFs were also queried against non-

redundant reference protein databases (PSD, UniProt, Swiss-Prot, TrEMBL, 

RefSeq, GenPept and PDB) using the blastP search engine. The accession numbers 

obtained via blast results of the reference protein databases were queried against the 

gene product table of the GENE ONTOLOGY databases and finally the gene 

ontology (GO) terms assigned to each of the query sequences (after annotating with 

cut off e-value of 10-3). The data were then scanned using InterProScan, which 

finds structural patterns and functional motifs of sequences. The InterProScan 

results were merged with GO terms retrieved from the GO databases to refine the 

annotation results (Conesa et al., 2005). 

6.2.7 Reconstruction of metabolic pathways 

Metabolic categories were assigned to the annotated sequence by mapping against 

the Kyoto Encyclopaedia of Genes and Genomics (KEGG) pathways in the Blast2go 

programme. Based on blastX and KEGG pathways, some of the sequences related to 

biogeochemical cycles were further mapped against the genome of corresponding 

species. Final data were exported in text format and the program Excel (2010) was 

used to generate graphs. 

 

6.3 Results 

6.3.1 Water chemistry 

Water samples were acidic, with a pH of 3.0, and the temperature of samples was 

28oC upon collection. High levels of metal, metalloids and sulfur were measured and 

values were similar to data from previous samplings (Chapter 2) (Table 6-1). 
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Table 6-1: Metals, metalloids and nutrients in Batman Pit surface water at three sampling 

times; metagenomic sampling, dry season sampling and wet season sampling. 

Elements Metagenomics 
Sampling (wet season) 

Dry Season       
sampling  

Wet Season  
Sampling  
 

Al (mg/l) 58.7 51.2 66.5 
Mg (mg/l) 235 231 241 
S (mg/l) 701 425 679 
Ca (mg/l) 196 168 189 
Fe (µ/l)  1.4 1.0 1.9 
Mn (mg/l) 21.6 19.5 21.8 
Co (mg/l) 1.49 1.49 1.57 
Ni (mg/l) 1.57 1.67 1.76 
Cu (mg/l) 10.7 11 11.2 
Zn (mg/l) 37.4 39.9 39.6 
As (µ/l) 15.8 13.4 21.1 
Se (µ/l) 54.6 29.3 60.3 
Cd (µ/l) 144 155 160 
Pb (µ/l) 228 249 243 
U (µ/l) 23.0 22.8 23.4 
TN (mg/l) 3.4 3.8 4.4 
TP (µ/l)  30.56 34 68 
DOC (mg/l) 0.8 0.75 0.9 
NH3 (ppb) 0.4 0.8 0.7 

 

6.3.2 An overview of metagenome sequences  

A total of 792,480 reads were obtained by 454 shotgun sequencing, from which 

638,524 reads were aligned and assembled into 4167 contigs. In all of the assembled 

contigs, 13,626 open reading frames (ORFs) were detected. All of the ORFs were 

queried against the NCBI non-redundant database using blastX. A total of 11345 

(83% of total) ORFs had significant matches in the non-redundant database, whereas 

2,281 possible ORFs returned no result. The statistical analysis of the BlastX 

searches indicated the similarity of ORFs with known proteins, was in the range of 

35 to 100%. This similarity was calculated as an average of the similarities of the top 

20 hits. The putative functions of the 25 most abundant ORFs are shown in Table 6-

2. Genes associated with iron cycling were not dominant in the data set (Table 6-2). 

ORFs associated with transcriptional regulation were the dominant gene group in the 

data set (Table 6-2). About 7.3 % of all sequences were similar to hypothetical 

proteins, so no function could be assigned to these proteins. This meant that 24.3% 

of the ORFs identified in the study could not be assigned a functional role. About 
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1.2% of the ORFs shared similarity to cytochrome genes (cyctochrome a, b, c and d) 

and oxidoreductases.  

Table 6-2: The blast search description of the most frequently encountered open reading frames 
(ORFs). 

No. BlastX Sequence Description Number of 
ORFs 
Detected 

1 Family transcriptional regulator 132 
2 Family protein 122 
3 Membrane protein 101 
4 Transcriptional family 89 
5 Short-chain dehydrogenase reductase sdr 74 
6 Transposase 73 
7 Transcriptional regulator 69 
8 Conjugal transfer protein 59 
9 Acriflavin resistance protein 46 
10 Inner-membrane translocator 44 
11 Major facilitator superfamily mfs_1 42 
12 Protein unknown function 40 
13 ABC transporter ATP-binding protein 40 
14 Cell division protein 38 
15 NAD-dependent epimerase dehydratase 36 
16 Acyl-dehydrogenase 34 
17 Filamentous haemagglutinin family outer membrane protein 31 
18 Glycosyl transferase family 2 30 
19 Integral membrane protein 30 
20 Glycosyl transferase family protein 29 
21 Methyltransferase type 11 28 
22 Transmembrane protein 28 
23 GTP-binding protein 28 
24 Binding-protein-dependent transport systems inner membrane  27 
25 Gcn5-related n-acetyltransferase 26 

6.3.3 Distribution of the assembled contigs among microbial domains and 

phyla. 

The assembled contigs were submitted to the MG-RAST online server 

(http://metagenomics.anl.gov) for phylogenetic analysis and 97% of the sequences 



	   106	  

were bacteria, 3.8% were eukarya. 0.6% were archaea and 0.3% were viruses (Figure 

6-1).  

Figure 6-1: Distribution of open reading frames (ORFs) in microbial domains 

The Proteobacteria, Actinobacteria and Firmicutes were the most abundant phyla in 

the total metagenomic data set (Figure 6-2).  

 

Figure 6-2: Distribution of open reading frames (ORFs) in different bacterial phyla. 
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6.3.4 Distribution of the possible ORFs among microbial species 

ORFs with significant similarity to members of the non-redundant database 

originated from 1,400 possible different species (All 1400 species are listed in 

Appendix D). About 28% of sequences were similar to genes from three species of 

Acidiphilium (Figure 6-3). Sequences similar to those in the Caulobacter and 

Phenylobacterium genomes were also significantly represented in the metagenome 

data (Figure 6-3). Nitrosopumilus was most abundant archaea in the 16S archaeal 

study (chapter 3) however none of the ORF in the metagenomic data were from 

Nitrosopumilus (Figure 6-3).  

 

 

Figure 6-3: Distribution of sequences among the most frequently encountered microbes 
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6.3.5 Gene ontology annotation 

A total of 9,415 genes were annotated using the blast2go programme (according to 

the guidelines provided by the gene ontology consortium). Each of the sequences 

were mapped against the database and allotted three possible GO terms. These three 

GO terms assigned to each sequence explained the behaviour of the sequence with 

regard to its location in the cell (cellular component), its function at the molecular 

level (molecular function) and which broader biological processes this sequence was 

involved with (biological processes). Annotated sequences that returned results for 

only one of the above categories were assigned one GO term. Sequences with more 

than one possible role for each ORF were assigned multiple GO terms. In this data 

set 36,127 GO terms were assigned to 9,414 ORFs in the three main categories: 

biological processes, cellular components and molecular functions.  

The distribution of GO terms was determined at different ontology levels from 1 to 

16. At level 1 ontology, the genes were assigned general functional roles. At this 

level the assignment of functional role was more reliable because genes were only 

assigned to a broad functional role such as metabolic processes. With each increase 

in ontology level, the reliability decreased because the genes were assigned more 

specific function, for example ubiquinone biosynthesis processes. In this study, level 

2 ontology was used for molecular function and biological processes, whereas level 3 

ontology was used for cellular components. 

Based on blast searches of the GO database, most of the proteins encoded in the 

metagenome dataset were localised in the cell cytosol referred as cell part (Figure 6-

4A). Analysis of the genes based on molecular function class showed that 50% of the 

predicted genes were assigned to catalytic activity and 37% to cell binding (Figure 6-

4B). The process that were best represented were metabolic, cellular and stimulation 

responses (Figure 6-4C). 



109	  

Figure 6-4: A summary of GO annotation: A) Cellular Components, B) Molecular Functions 

and C) Biological Processes 
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6.3.6 Overview of metabolic pathways represented in the metagenome 

All of the ORFs which can encode enzymes were assigned to the most likely enzyme 

code and all of the enzyme codes were uploaded to the Kyoto Encyclopaedia of 

Genes and Genomics (KEGG) website using the blast2go programme. KEGG maps 

showed that 120 different metabolic pathways were represented in the total data set. 

The 30 most abundant pathways are represented in Figure 6-5, with the remaining 90 

listed in the additional file (Appendix E). Most genes potentially encoded enzymes 

involved in purine metabolism followed by nitrogen metabolism and oxidative 

phosphorylation. 

 

Figure 6-5: The most abundant Kyoto Encyclopaedia of Genes and Genomics (KEGG) 

categories found in the metagenomic library constructed from surface water of the Batman Pit. 
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6.3.7 Iron cycling 

Although 354 ORFs were identified as possibly involved in iron binding or transport, 

most of these ORFs encoded proteins which contain a haem group and are not 

involved in iron cycling pathways. Only eight sequences had homology with the 

genes associated with ferric uptake and reduction. Only a single open reading frame 

shared significant similarity to a ferrous iron transport protein (iron oxidation 

pathway). None of the potential cytochrome proteins identified in the data set shared 

similarity with cyc1 and cyc2, which are involved in the oxidation of iron (Appia-

Ayme et al., 1999). Similarly no ORF was found which had any homology with the 

rus gene, which encodes a protein rusticyanin that is responsible for transfer of 

electron between cytochrome1 and 2 proteins during iron oxidation (Quatrini et al., 

2009). A single gene related to bacterial ferritin, and three genes possibly encoding 

ferritin dps family protein, which is involved in iron storage in the membrane, were 

identified in the metagenome data (Table 6-3).  

Table 6-3: A list of possible genes that may impact iron cycling in Batman Pit. 

Gene Name Gene Homology with Blastx Organism Similarity 
(%) 

ACMV_12350 Ferric uptake regulation protein Acidiphilium multivorum AIU301 91 

Acry_2360 Ferric uptake fur family Acidiphilium cryptum JF-5 98 

Tbd_1123 Ferric uptake fur family Thiobacillus denitrificans 88 

Tbd_1714 Ferric uptake regulator family protein Thiobacillus denitrificans 79 

Caul_0013 Ferric uptake regulation protein Caulobacter sp. K31 91 

ACMV_02830 Ferric iron-binding periplasmic protein Acidiphilium multivorum AIU301 89 

Vapar_1443 Ferrous iron transport protein b Variovorax paradoxus S110 78 

Gdia_1959 Ferric uptake fur family Gluconacetobacter diazotrophicus  67 

6.3.8 Nitrogen cycling 

Nitrogen metabolism was the second most abundant pathway in the Batman Pit 

microbial community when the data were analysed using KEGG. This pathway 

includes several genes involved in nitrogen fixation, nitrification and ammonification 

and a single sequence had homology with the ammonia monooxygenease gene 

(Figure 6-6). An incomplete denitrification pathway was also detected (Figure 6-6). 
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In addition, a complete ammonia assimilation pathway in aerobic conditions was also 

recovered from genomic data. 

According to blastX searches, the four ORFs possibly encoding enzymes for nitrate 

reduction had high homology with four different organisms: Sideroxydans 

lithotrophicus, Micromonospora lupini, Kocuria rhizophila and Acidiphilium 

multivorum. The Acidiphilium multivorum-related sequences were also involved in 

nitrogenase activity along with Cupriavidus basilensis and Citromicrobium 

bathyomarinum, and nitrite reduction along with Sideroxydans lithotrophicus-

derived genes. None of the sequences shared similarity to A. cryptum. 

 

Figure 6-6: A conceptual model of the nitrogen cycling and processes occurring in Batman pit 

based on the identification of genes encoding these enzymes in the metagenomic data set.  

6.3.9 Carbon Cycle  
Genes related to complete carbon cycling were absent; however there were 165 

genes associated with carbon fixation. No genes related to carbon degradation were 

identified, although genes sharing homology to enzymes involved in the metabolism 

of several carbon compounds were identified. About 123 genes had a possible role in 
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methane metabolism, but none had homology with methane-producing genes. About 

40 genes involved in methane metabolism were related to the degradation of 

aldehydes and methanol. 

6.3.10 Metal resistance genes. 

Forty-three ORFs possibly encoded proteins responsible for heavy metal efflux, 

transport and resistance. Twenty of these 43 ORFs encoded genes involved in metal 

resistance pathways and 23 in metal translocation. Eighteen of these genes encoded 

copper resistance proteins, whereas two sequences shared high similarity with heavy 

metal resistance genes from Caulobacter. Eight of the 18 ORFs found in the Batman 

Pit metagenomic data were associated with copper resistance pathways and had high 

homology to the copper resistance genes found in the Acidiphilium cryptum genome. 

The remaining 10 ORFs had homology with five different organisms, including 

Caulobacter, Lautropia magnetospirillum, Micromonospora and Novosphingobium. 

Among the metal translocating sequences, the ORFs encoding copper translocating 

ATPase were highly prevalent, whereas three ORFs possibly encoded cadmium-

translocating proteins and one ORF a Zn exporting ATPase (Table 6-4).  

Table 6-4: Heavy metals translocating ATPases 

Enzyme Code Possible microbial origin of enzyme Number of enzymes 
detected in total data 

Copper-translocating P-type ATPase 

EC: 3.6.3.4 Acidiphilium cryptum JF-5 1 
EC: 3.6.3.4 Acidiphilium sp. PM 2 
EC: 3.6.3.4 Afipia sp.  7 
EC: 3.6.3.4 Azospirillum lipoferum  1 
EC: 3.6.3.4 Bradyrhizobium sp.  1 
EC: 3.6.3.4 Caulobacter sp.  2 
EC: 3.6.3.4 Magnetospirillum sp 1 
EC: 3.6.3.4 Methylobacterium  1 
EC: 3.6.3.4 Nitrobacter 1 
EC: 3.6.3.4 Polynucleobacter 1 
EC: 3.6.3.4 Sideroxydans 1 
Cadmium-translocating P-type ATPase 
EC: 3.6.3.3 Nitrobacter winogradsky  1 
EC: 3.6.3.3 Roseomonas sp.  1 
EC: 3.6.3.3 Halothiobacillus  1 
Zn+2exporting ATPase 
EC: 3.6.3.5 Halothiobacillus  1 
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6.3.11 Metabolism of selenium, sulfate and arsenic 

The concentration of selenium, sulfate and arsenic was significantly higher in the wet 

season sample compared to that of the dry season (chapter 2). Hence I expected that 

genes associated with these metals would be present in the metagenomic data. Forty 

sequences coding 13 unique enzymes were possibly involved in the metabolism of 

selenium compounds. The majority of selenium metabolising genes had similarity to 

the Acidiphilium genus and Phenylobacterium. The other two selenium metabolism-

associated genes identified in the metagenome dataset were closely related to genes 

from Caulobacter species. Eleven ORFs were detected which may encode selenate 

adenyltransferase (EC: 2.7.7.4), which is an enzyme that can convert selenate to 

adnenosine 5-phosphoselenate. This compound is an intermediate for seleno-amino 

acid biosynthesis pathways, and is the first enzyme involved in selenate reduction. 

An enzyme selenide, water dikinase (EC: 2.7.9.3), which produces selenophosphate, 

an intermediate of selenocysteine, was also detected; however, a complete 

selenocycteine biosynthesis pathway was not detected. In contrast, a complete 

pathway for the addition of selenate into methionine was found in the data. The 

possible genes encoding selenate adenyltransferase (EC: 2.7.7.4) can also encode 

selenate adenyltransferase, which is an important enzyme in sulfate reduction 

(Brychkova et al., 2012). A complete pathway of assimilatory sulfate reduction was 

possible in Batman Pit based on the recovered enzymes. However, enzymes involved 

in the dissimulatory sulfate reduction and oxidation of sulfur-containing compounds 

were not recovered from the data set.  

In this metagenomics study, about 30 ORFs had high homology to genes involved in 

iron reduction, and in the resistance and translocation of arsenic. There were 12 

ORFs, which may encode arsenic-resistant proteins, and one possible gene that may 

encode an arsenite translocating ATPase. Although the arsenate respiring enzymes 

were not detected, a complete detoxification pathway was identified. Similarly, the 

enzymes involved in the reduction of arsenate and oxidation and methylation of 

arsenite were also detected. Based on these finding a possible arsenic detoxification 

pathway is drawn for Batman Pit (Figure 6-7). 
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Figure 6-7: A theoretical Arsenic detoxification process compiled from the metagenome data 
where AsO4

3-  is toxic, As (III) highly toxic and methylarsonate is non-toxic. 

. 

6.3.12 Metabolic functional potential of Acidiphilium spp. 

 

According to blast searches, 2,825 ORFs had high similarity to three species of 

Acidiphilium, namely Acidiphilium cryptum JF-5Acidiphilium multivorum AIU301 

and Acidiphilium sp. PM. Analysis of these ORFs indicates that genes possibly 

associated with Acidiphilium can play a significant role in the Batman ecosystem. A 

metabolic reconstruction by KEGG pathways indicated that all of the enzymes 

involved in carbon fixation by the Calvin-Benson-Bassham cycle were present in the 

ORFs extracted from Acidiphilium. Similarly, three important pathways, glycolysis, 

the tricarboxylic acid cycle and both oxidative and non-oxidative branches of the 

pentose phosphate pathways, were also present in the data set.  

Two ORFs possibly encoding enzymes involved in nitrogen fixation were recovered 

from this genomic data and had high homology with the nitrogen fixation gene of 

Acidiphilium. There was a single ORF in total metagnomic data set, which can 

encode an enzyme, nitric oxide reductase (EC: 1.7.2.5). This ORF was possibly 
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recovered from Acidiphilium. This enzyme catalyses a step in anaerobic 

denitrification; however, complete denitrification pathways were missing. Another 

ORF, which can encode hydroxylamine-reducing enzymes, had high homology with 

the Acidiphilium gene. This enzyme can produce ammonia by degradation of 

hydroxylamine. 

All genes encoding the cytochromes, and enzymes involved in the aerobic respiration 

of Acidiphilium were identified. Complete pathways of sulfate activation and 

reduction were also identified, which is indicative of anaerobic respiration. These 

data suggest that both aerobic and anaerobic respiration of Acidiphilium is possible in 

the Batman system. 

Based on the enzymes and genes detected, Acidiphilium cannot respire arsenate (use 

arsenate as the terminal electron acceptor), but can successfully detoxify it. Some of 

the enzymes involved in the oxidation of arsenite and reduction of arsenate were 

recovered, which may indicate that a complete cycling of arsenic triggered by 

Acidiphilium is possible. Similarly, genes encoding the arsenic pump were also 

recovered. Interestingly, all of the genes involved in arsenic detoxification had high 

homology with the Acidiphilium multivorum genome. In Acidiphilium derived ORFs, 

genes involved in the incorporation of selenium into seleno-amino acids were also 

recovered. Interestingly, no enzymes involved in the reduction of ferric into ferrous 

were identified.  

6.4 Discussion 

Acid rock drainage lakes are usually considered simple ecosystems and, due to an 

abundance of iron, it is believed that the microbial community of these lakes uses 

ferrous iron as a major energy source and ferric iron as electron acceptor, which 

results in the cycling of iron (Küsel, 2003). The present study was conducted to 

identify the genes related to iron oxidation/reduction, with special focus on iron 

reducing genes due to the very high abundance of Acidiphilium in Batman Pit 

(Chapter 4). Acidiphilium is widely reported from acid mining sites as a potential 

candidate of iron metabolism. Iron reduction by Acidiphilium is a major step in 

microbial iron cycling in acid mine sites(Coupland and Johnson, 2008, Lu et al., 

2010, Küsel et al., 1999). None of the genes involved in the cycling of iron were 

recovered. Although approximately 2,825 identified genes had homology (expected 
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value (e-Value) cut off of 10-3) to Acidiphilium, a known iron-reducer, none encoded 

ferric-respiring enzymes. San Martin-Uriz et al. (2011) previously drafted a genome 

of an Acidiphilium isolated from a Rio Tinto site using next generation sequencing 

and found that none of the iron-reducing genes were present in the draft genome. 

Thus, it is possible that the Acidiphilium in Batman Pit does not have iron reduction 

capabilities. An alternative explanation is the depth of coverage; ie in this study we 

only recovered 2,825 of a possible 3,949 genes for the Acidiphilium genome 

(http://www.bio.nite.go.jp/ngac/e/am1-e.html). Although the metagenome data do 

not resolve whether the Acidiphilium identified in Batman Pit is actively reducing 

iron, the results suggest that iron reduction is not a dominant process in this 

ecosystem. In addition, the Acidiphilium species in the Batman Pit may represent a 

new species as some genes had closest homology to Acidiphilium multivorum and 

some to Acidiphilium cryptum.  

Iron oxidation genes were not identified in our data, and neither were they detected 

in a metagenomic (geochip) study of an acidic drainage site (Xie et al., 2011). The 

Batman Pit metagenome profile and the study by Xie et al. (2011) both analysed 

water samples, and iron oxidation pathways are generally dominant in biofilms of 

acid mine drainage (Rao et al., 2008, Tyson et al., 2004, Ram et al., 2005). Thus the 

iron oxidation genes may not have been detected in Batman Pit because of the type 

of sample analysed and iron oxidation may be located on the rock/water interface 

(Davey and O'toole, 2000). 

A total of 166 genes were involved in carbon fixation. About 35% of the carbon 

fixation genes originated from Acidiphilium and the remaining genes were also of 

bacterial origin. Thus, bacteria, in particular Acidiphilium, may be the dominant 

source of organic carbon in Batman Pit. While findings for Batman Pit are similar to 

those for previously characterised lakes, where bacterial carbon production 

(productivity) is higher than primary productivity (eukaryotic) (Weithoff et al., 

2012), there is a key difference, as no eukaryotic carbon fixation genes were 

identified in the Batman Pit. This suggests that bacteria may be the key drivers of 

organic carbon in the Batman Pit. There was, however, no significant association 

between bacterial OTUs and DOC (Chapter 2). One explanation for this might be 

that there is little accumulation of DOC in the system if it is being readily consumed 

by a variety of other heterotrophic groups Nitrosopumilus, Ochnromonas and 
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Dokdonella. Kuang et al. (2012) also studied the microbial diversity patterns in acid 

mine drainage and suggested that a lack of significant relationship between organic 

carbon and heterotrophs may be due to use of internal carbon sources by 

heterotrophs as there was no input of fixed DOC from the external environment. 

A putative member of the Dokdonella genus was one of the most prevalent bacteria 

in the Batman Pit based on 16S rRNA gene sequencing (Chapter 4). Dokdonella 

assimilate carbon from their environment; therefore, based on the 16S rRNA gene 

sequencing and the known metabolic capabilities of this genus, it was speculated that 

the carbon assimilation genes originating from Dokdonella should be common in the 

metagenome data set. This was not the case however, and Dokdonella carbon 

assimilation genes may not have been identified because the genome of this 

organism has not yet been sequenced and thus, if present, they may have been 

identified as originating from a bacterium with a similar lineage to Dokdonella. 

Another possibility for the absence of ORFs derived from Dokdonella is its location 

in the water column. Our results showed that Dokdonella was only detected in the 

bottom half of the water column in the wet season sampling (Chapter 4). It is 

possible therefore that since surface water was sampled for metagenomic analysis, 

we may have missed sampling DNA from Dokdonella. Thus, although carbon 

assimilation genes originating from Dokdonella were not identified in the 

metagenome data set, they may play an important role in carbon cycling in Batman 

Pit.  

Based on the presence of Nitrosopumilus, an ammonia oxidising archaea and 16S 

rRNA gene analysis of Batman Pit (Chapter 2), it was hypothesised that archaea 

ammonia oxidising genes would be present in Batman Pit. A single ammonia 

monooxygenase (amo) gene was identified in the metagenome data set. The amo 

only shared 31% similarity with Nitrosopumilus genome and 86% with Acidiphilium 

multivorum. Thus, the findings did not support the hypothesis that archaea are 

involved in ammonia oxidation in Batman Pit.  

Arsenic and selenium were the only two metalloids that significantly increased in 

concentration in Batman Pit during the wet season (Chapter 2). We detected the same 

bacteria genera at both times of sampling so it is possible that they have mechanisms 

to tolerate or resist the higher metal levels in the wet season. Arsenate enters the 
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bacteria cell through phosphate channels but cannot exit through these channels so 

bacteria convert it to arsenite (Sánchez-Riego et al., 2014, Dhuldhaj et al., 2013). 

The arsenite produced by this metabolic process is even more toxic than arsenate 

(Magalhães, 2002). This conversion is necessary for the bacteria to transport the 

arsenic out of the cell using arsenite-translocating ATPase. The genes encoding the 

enzymes involved in the conversion of arsenate to arsenite, and the arsenite-

translocating ATPase were identified in the Batman Pit metagenome dataset. 

Another way to detoxify arsenite is by methylation (Qin et al., 2006, Stolz et al., 

2006). Once the arsenate enters the cell, it is immediately taken by arsenate reduction 

enzymes, which convert it into arsenite and then further enzymes convert it into 

methyl arsenite; these enzymes were also present in the Batman Pit genomic data. 

Thus, some of the bacteria in Batman Pit appear to use detoxifying mechanisms in 

preference to respiration pathways to survive in the presence of increasing arsenic 

concentrations. The detoxification processes used by the bacteria in Batman Pit may 

influence the water quality in Batman Pit because of the export of the more toxic 

form of arsenic, ie arsenite, out of the cell. Thus, microbial activity may increase the 

toxicity of water.  

Bacteria have a range of mechanisms to detoxify selenium (Maiers et al., 1988). The 

soil bacterium Ralstonia metallidurans detoxifies selenium by reducing selenite to 

elemental selenium (Sarret et al., 2005). In contrast, other bacteria species detoxify 

selenium by reducing selenate and incorporating the products from this reaction into 

seleno-amino acids (Maiers et al., 1988). The presence of all of the enzymes 

involved in the production of seleno-amino acids in Batman Pit indicates that this is 

the selenium detoxification pathway that is active in Batman Pit.  This detoxification 

pathway could be exploited for the remediation of selenium in acidic waterways in 

northern Australia.  

Batman Pit contains elevated levels of a range of metals compared to natural water 

bodies. Thus, the bacteria may use metal resistant mechanisms to survive at these 

elevated metal levels. Genes encoding enzymes that transport cadmium, zinc and 

copper were identified in Batman Pit. Of these metal transport enzymes, CopB (Cu2+ 

exporting ATPase, EC 3.6.3.4) was the most common. The CopB protein excretes 

copper from the cell if the cytoplasmic concentrations are excessive (Solioz, 2002). 
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During this process, ATP is converted to ADP, meaning that it is an energy-

consuming pathway. The enzymes involved in copper uptake, CorA (reduces copper 

II to copper I for transport) and CopA (transports into cell), were not identified, 

which suggests copper export is the dominant process. Hence, copper is not being 

removed from water in Batman Pit due to microbial-mediated processes and the 

presence of CopB allows bacteria species to survive in the presence of elevated 

copper levels. The activity of this enzyme is stimulated by the presence of copper, 

hence the microbial community may not change with increasing copper 

concentrations; instead, these metal detoxification pathways may be stimulated. 

The majority (90%) of predicted ORFs identified in the metagenome data were of 

bacterial origin. Eukarya and archaea have previously been identified as the 

dominant groups in acid-mining systems (Edwards et al., 1999, Zettler et al., 2002). 

In this study, no amplification bias was involved as the genomic DNA directly 

isolated from microbial community of the Batman pit was used for metagenomic 

library construction. Similarly special care was taken to break the hard walls of 

microbial eukarya in order to extract DNA from. Hence, we can conclude that 

bacteria were the most dominant group in this system. These findings again endorse 

the fact that acid mining lakes have slightly different highly acidic metaliferous 

drainage (Moser and Weisse, 2011b), where low pH and very high metals produce 

extreme conditions that are favourable for archaea. The possible reason for bacterial 

abundance is the low ionic strength of the Pit compared to highly acidic ARD sites. 

The presence of Acidiphilium as the top species is not unusual as it was the most 

dominant bacterium in the 16S rRNA study of the Batman Pit (Chapter 4) and is also 

widely reported in other acid mine system (Wichlacz et al., 1986, Bond and Banfield, 

2001). However, the presence of the Caulobacter and Phenybacterium is surprising, 

along with Burkholderia. According to KEGG maps, several aromatic compound 

degradation pathways were found. One explanation for the dominance of these 

groups in the system may be their ability to degrade the aromatic organic compound 

(Shin and Spain, 2009, Lafortune et al., 2009), which possibly originates from the 

mining activity or minerals processing (De Wet et al., 1997). It is possible however 

that these results simply reflect a bias in blast searches because the closest matches 

from blastX hit searches consist of organisms for which complete genome sequences 

are available (Debroas et al., 2009). 
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In conclusion, we did not find iron oxidation or reduction genes; however, this 

metagenomics study addressed several issues raised during the course of this study. 

For example archaeal populations may not be involved in ammonia oxidation, at 

least in surface water, and carbon may be the major source of energy for the Batman 

Pit lake community. The major source of carbon for the heterotrophic microbes of 

the Pit may be derived from bacterial carbon fixation, however, this should be 

verified using transcriptomic or proteomic studies. We can also conclude that the 

surrounding environment and the climatic conditions of the wet-dry tropics in the 

area make Batman Pit an ecosystem that is different from other acid mining lakes 

and rivers, where iron oxidation and sulfur metabolism are more common compared 

to carbon and nitrogen metabolism. Similarly, in the Batman system, the bacteria are 

the most important group, which is in contrast to the Rio Tinto and Richmond mine 

sites, where eukarya and archaea were the most dominant, respectively (Zettler et al., 

2002, Edwards et al., 1999). 
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7 General Discussion 

Acid rock drainage lakes are the legacy of open pit mining, and poor water quality 

pose risks to natural ecosystems and humans (Castendyk and Eary, 2009a). 

Examples of contamination caused by these lakes can be found in the literature and 

include contamination of drinking water (Savage et al., 2000) and the deaths of wild 

snow geese (Isanhart et al., 2011, Stierle and Stierle, 2005). However in some parts 

of the world these water bodies are successfully remediated and the water recycled. 

For example some ARD lakes in Germany, Australia and USA are remediated and 

used in tourism, wildlife conservation, aquaculture and irrigation (Fox et al., 2000, 

Evans et al., 2003, Kruger et al., 2002 , McCullough et al., 2009), however there are 

only few reports of mining lakes being used for drinking (Gibb and Evans, 1978). 

Most of the remediated lakes are located in temperate regions and ARD lakes in the 

wet-dry tropics have not been studied in detail.  

I have investigated the microbiology and metabolic potential of Batman Pit located at 

Mount Todd mine in tropical northern Australia. The study has three components. 

Firstly, a physicochemical profile of the Pit was generated during the wet and dry 

seasons. Secondly, microbial abundance and diversity were assessed throughout the 

water column to a depth of 90 meters during both the wet and dry seasons.  Large-

scale 16S rRNA gene sequencing was used to characterise the bacteria and archaea 

community while for eukaryotes, the 18S rRNA gene was targeted. Thirdly, the 

metabolic potential of the community in surface water was studied during the wet 

season using a metagenomics approach. 

Batman Pit is located in the wet-dry tropics of northern Australia where climatic 

conditions of the wet season are distinctly different from that of the dry. The dry 

season is a dry period with low humidity (60-65%) and temperature (range 20-30°C) 

whereas the wet season experiences heavy rains (1000-1800 mm) and is 

comparatively warm with higher temperatures (range 24-33°C) and humidity (> 

80%) (http://www.australia.gov/ weather-and-the-seasons). The Batman Pit is 

located in an area that has been extensively mined, and consequently it has exposed 

minerals and waste rock dumps. According to an estimate, 40 millions tons of sulfide 

minerals were exposed in this area by the time mining ended in 2000 (Environment 

NT, 2002, http://www.rainforestinfo.org.au/gold/news.htm).   
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The distinct climatic regime of the tropical environment and heavy rains of the wet 

season can influence acid mine drainage production (Nordstrom, 2009). In the wet 

season, rain on exposed minerals results in their oxidation and production of acid 

mine run-off which drains into the Pit (Evangelou, 1995, Plumlee et al., 1999). 

Although there is some evidence that this run-off impacts the Pit water (Evangelou, 

1995, Wendt-Potthoff et al., 2010), there is no information about the impact of this 

run-off on the physicochemistry of the Batman Pit. Since acid mine run-off is 

characterised by low pH and high metal levels (Akcil and Koldas, 2006, Johnson, 

2003), my hypothesis was that this run-off into the Pit in the wet season would 

increase acidity and metal concentrations in the Pit water. The chemistry data 

analysed for two sampling times (wet and dry) supported this hypothesis and showed 

that metal levels were significantly higher and pH significantly lower in the wet 

season sample compared to the dry season sample. This result agrees with other acid 

mining lakes data where seasonality influences the metal speciation and chemical 

composition of the lakes (Jonas, 2000, Karakas et al., 2003, Farrell et al., 1979). 

7.1 Microbial community of the Batman Pit 

While the seasonal changes in the chemical composition of Batman Pit were 

consistent with other pit lakes, this particular water body was also unique because 

there was no sediment layer and no anoxic zone in the water column (Blodau, 2004, 

España et al., 2008, Friese et al., 1998, España et al., 2009). Despite these 

differences, the microbial community composition of the Batman Pit shared 

similarities with other acid mining sites. For example, the dominant microbes were 

Acidiphilium, Leptospirillum and Ochromonas, all of which have previously been 

reported as the dominant microbial genera at acid mining sites and lakes in Lustia 

(Germany), San Telemo (Spain), Berkeley and Richmond Mountain USA (Lessmann 

et al., 2000, Lessmann et al., 1999, Wollmann et al., 2000, España et al., 2007). 

However one major difference from the lakes and famous acid mining sites such as 

Richmond, Rio Tinto and ARD sites in China, was the absence of Acidothiobacillus 

and Ferroplasma. Batman Pit is a low temperature mesophilic (23-32°C) site, and in 

such sites, iron oxidizing bacteria such as Acidothiobacillus and archaea 

(Ferroplasma) are known to be dominant (Golyshina, 2011, Golyshina and Timmis, 

2005, Yang et al., 2007). In addition the presence of the archaea Nitrosopumilus, and 

the bacteria Dokdonella as one of the dominant microbes also makes Batman Pit 
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different from all other characterised mining sites. Although both Dokdonella and 

Nitrosopumilus are reported in some acid mining sites, they are never abundant 

(Delavat et al., 2012, Volant et al., 2009.  

7.2 Microbial community and chemistry: An influence on natural 

bioremediation 

The natural remediation of ARD lakes has often been due to the activity of 

dissimilatory sulfate reducing bacteria and archaea (Castro and Moore, 2000). These 

groups obtain energy for growth by coupling the oxidation of organic compounds to 

the reduction of sulfate (Church et al., 2007). This process of reduction causes 

precipitation of sulfide and increases the pH (Kerry et al., 1991, Barton and Tomei, 

1995). Since we did not recover any sulfate reducing microbes in the Batman Pit, this 

type of natural remediation is apparently not occurring. The physicochemistry of the 

water may contribute to the absence of these bacteria and subsequent absence of this 

type of remediation. Batman Pit was oxic at both sampling times, whereas sulfate-

reducing microbes are predominately anaerobic (Muyzer and Stams, 2008). This 

community actively reduce sulfate at pH > 4 (Koschorreck, 2008) however in 

Batman Pit, the pH was in the range of 2.8 to 3.3. However this type of remediation 

can be introduced in Batman Pit by artificially increasing the pH and inducing anoxic 

conditions with the addition of chemicals such as lime and molasses (Park et al., 

2006). A limited success was obtained using this process in Anchor Hill pit lake in 

the USA (Lewis et al., 2003). However in the Berkley pit (Montana, USA), this 

remediation approach failed (Gammons and Tucci, 2013). Since each pit lake has its 

unique geological characteristics, it is important to consider the geological, economic 

and strategic aspects of the Batman Pit before developing any bioremediation 

strategy.  

7.3 Correlation between chemistry and microbial diversity 

Physicochemical parameters can significantly influence microbial diversity in acid 

mining lakes (Santofimia et al., 2013, Frost et al., 1999, Lessmann and Nixdorf, 

2001). In my study there was a significant change in the chemistry between the two 

sampling times and metal levels were significantly higher and pH significantly lower 

in the wet season sample compared to the dry. Consequently, I hypothesised that the 

microbial community would change in response to this measured change in the water 

chemistry at the two sampling times. Against predictions there was no difference in 
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archaeal diversity and abundance at the two sampling times. In contrast, bacteria and 

eukarya were significantly different at the two sampling times and there was a 

reduction in the diversity of both these groups in the wet season sample compared to 

the dry season sample. A possible explanation for this difference is that archaea are 

known to tolerate much more extreme conditions than eukarya and bacteria (Vetriani 

and Reysenbach, 2000, DasSarma et al., 2009). Therefore it is possible that archaea 

in Batman Pit were non-responsive to changes in chemistry in the wet season sample. 

This argument is also supported by the fact that in multivariate analyses, the 

chemistry data were not significantly related to the archaea community data, 

however there was a weakly significant relationship between the chemistry and the 

bacteria, and between the chemistry and the eukarya. These findings are in line with 

other studies where it is reported that archaea respond to environmental stress 

differently compared to bacteria and are less influenced by the environmental stress 

caused by mining activity (Swan et al., 2010). 

7.4 Relationships between microbial domains (archaea, bacteria and eukarya) 

Microbial interactions can also play an important role in defining the community 

structure in acid mining lakes. Yergeau et al., (2012) reported a significant 

correlation between archaea and bacteria diversity in a mining impacted 

environment. Archaea and eukarya were reported to compete with bacteria for the 

same substrate, which has implications for their community structure, including 

diversity (Schleper, 2010, Rawlings and Johnson, 2002, McGinness and Johnson, 

1992, Johnson and Rang, 1993). To identify similar interactions in Batman Pit, 

archaeal diversity and abundance data was compared with bacterial and eukarya 

community data. There was no correlation between the bacteria and archaeal 

communities, nor between eukarya and archaeal communities. I concluded therefore 

that the archaea community had no measurable influence on the bacteria or eukarya 

communities in the Batman Pit.  

In contrast to the archaea, there was a significant correlation between the bacteria 

and eukaryotic communities, which suggested an interaction between these two 

groups. Other studies in acid mining lakes have shown that eukarya grazing can 

significantly influence the diversity and abundance of bacteria (Schmidtke et al., 

2006, Tittel et al., 2003), and in turn the diversity of eukarya can be affected by the 

abundance of bacteria (Schmidtke et al., 2006, Corno, 2006, Johnson and Rang, 
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1993). Although grazing and other trophic interactions were not part of this study, it 

is possible that such interactions in addition to the measured increases in metals and 

acidity in the wet season, influenced bacteria and eukarya community composition. 

Further work is required to determine whether these trophic interactions significantly 

influence the microbial community structure in Batman Pit. 

7.5 Microbial processes and iron speciation 

The bacterial community in Batman Pit included a bacteria iron reducer, 

Acidiphilium and an iron oxidiser Leptospirillum. This result, in combination with 

iron speciation data, suggested that perhaps iron speciation was linked, with both of 

these bacteria having a potential role in iron cycling. This association has been 

reported in acidic environments including acidic sediments, acid mine drainage and 

acid pit lakes (Johnson et al., 1993, Küsel et al., 1999, Malki et al., 2006, Johnson 

and McGinness, 1991, Lu et al., 2010). Acidiphilium uses ferric iron for reduction 

and converts it to ferrous iron (Coupland and Johnson, 2008, Bridge and Johnson, 

2000).  In the wet season sample, ferric iron levels were significantly higher and 

Acidiphilium abundance decreased compared to the dry season sample. It is possible 

that the decrease in Acidiphilium in the wet season might have ‘permitted’ a build up 

of ferric iron.  

Conversely, Leptospirillum, which produces ferric iron by oxidation of ferrous iron 

(Rawlings et al., 1999, Ongendangenda and Ojumu, 2013), was higher in the wet 

season sample. It is possible therefore that the measured increase in ferric iron during 

the wet season was driven by the increase in Leptospirillum. However these 

speculations cannot be confirmed using 16S rRNA genes sequencing only. Inferring 

metabolic capability based on similarity between 16S rRNA genes can be misleading 

because although bacterial 16S rRNA genes might be 100% similar, they can have 

different metabolic capabilities due to gene transfer and adaption to different 

environments (Dinsdale et al., 2008). Hence metagenomic analysis of the total DNA 

from Batman Pit water samples is a more defendable way to explore metabolic 

potential (Oh et al., 2011). 

To try to unravel some of the speculations about functional interactions I sequenced 

environmental DNA extracted from the surface water of Batman Pit using a shotgun 

metagenomics approach. Acidiphilium iron-reducing genes were not detected in my 
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study and one interpretation is that Acidiphilium in the Batman Pit uses oxygen as an 

electron acceptor and may not play a major role in iron speciation. The tendency for 

Acidiphilium to ‘prefer’ oxygen to ferric iron as an electron acceptor at acid mining 

sites with a high concentration of oxygen has been reported previously (Johnson et 

al., 2012). Hence it was logical to conclude that iron speciation, particularly iron 

reduction and increase in the ferric in the wet season, was not influenced by 

Acidiphilium. 

Similarly, no genes involved in ferrous oxidation were recovered. Actually none of 

the known iron-oxidisers (Leptospirillum, Acidothiobacillus or Ferroplasma) were 

recovered from the metagenomic data. Leptospirillum was not as prevalent as 

Acidiphilium in the 16S rRNA study but in the metagenomic data it was absent 

altogether and no open reading frame was recovered from this bacterium. 

Acidothiobacillus and Ferroplasma were also absent from both the 16S rRNA and 

metagenomic data. After the 16S rRNA genes study of the Batman Pit, I also 

predicted that iron oxidation might be under the control of unclassified or uncultured 

microbes. However no iron oxidation genes were recovered from the metagenomic 

data of the Batman Pit. Therefore it is logical to speculate that neither cultured or 

uncultured microbes are influencing the iron cycling in the Batman Pit, and 

consequently biotic iron cycling is not a dominant process in the Pit.  

Iron cycling bacteria such as Leptospirillum, Acidithiobacillus and Acidiphilium have 

reportedly been used to successfully remediate iron from acid mine systems (Senko 

et al., 2008, Vile and Wieder, 1993). The microbial iron reduction pathway can 

generate alkalinity (Howell et al., 1998), which increases pH and helps improve 

water quality in acid mine drainage-impacted systems. Since no iron 

oxidation/reduction genes were detected in my metagenomic study, it is unlikely we 

can use these pathways for iron remediation in the Batman Pit. However I studied 

only the surface water from Batman Pit for this metagenomic analysis. Before 

entirely ruling out iron oxidation/reduction pathways and their potential role in 

bioremediation, future studies should include the hard rock walls and bottom half of 

the 110 metre deep (on average) Batman Pit. 
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7.6 Microbes and nutrients 

Microbial community analysis using the 16S rRNA gene showed that the ammonia 

oxidising archaea Nitrosopumilus was the most abundant archaea. However, no 

ammonia oxidation genes of archaeal origin were identified in the metagenomic 

study. Since the OTU assigned to the Nitrosopumilus genus shared only 92% 

similarity with other species assigned to this genus, the isolate may be from a 

different genus with no role in ammonia oxidation. One bacterial ammonia 

monooxygenase gene was identified in the metagenomic data. This suggests that 

ammonia oxidation is a possible energy source for bacteria in the Pit and bacterial-

driven utilisation of ammonia may influence the concentration of this element in 

water. Enzymes involved in the conversion of ammonia to nitrite were recovered in 

the metagenomic data. If these pathways are active, they might influence the levels 

and activity of nitrifying bacteria and algae in the Pit. 

A wide diversity of carbon fixing eukarya was found in the 18S rRNA study of the 

Batman Pit. I speculate that primary production (under the control of photosynthetic 

microbial eukarya) could be the main source of organic carbon for the heterotrophic 

community of the Pit. However there were no genes originating from microbial 

eukarya. Instead, we recovered complete carbon fixing genes of bacterial origin, 

which suggested that bacteria produce most of the organic carbon in the Batman Pit. 

This result is in line with other studies of acid mining lakes where bacteria produce 

most of the organic carbon (Wendt-Potthoff et al., 2012). 

Based on abundance of ammonia oxidizing archaea and photosynthetic eukarya in 

Batman Pit, I originally speculated that carbon fixation would be controlled by 

eukarya, and ammonia oxidation by archaea. However, as stated above, both 

processes were more likely under the control of bacteria, so it is possible that 

bacteria drive key processes in the Batman Pit. The metagenomic data, which were 

based on unbiased extraction of DNA, have also shown that bacteria were the most 

dominant group. This finding is in line with other acid mining lakes where it was 

found that archaea are quantitatively inferior to bacteria (Wendt-Potthoff et al., 2012, 

España et al., 2007). However, these findings are in contrast to other well-known 

acid mining sites such as Rio Tinto (Spain) and Richmond Iron Mountain (USA) 

where eukarya and archaea are considered more dominant (Edwards et al., 1999, 

Zettler et al., 2002). However, it is important to note that the metagenomics study 
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was only conducted once on the surface water, and 454 ribosomal RNA (16S and 

18S) amplicon sequencing is not considered to be reliably quantitative particularly 

for eukarya sequencing (Medinger et al., 2010, Stoeck et al., 2009). In other extreme 

environments fluorescent in situ hybridization (FISH) has been useful for finding 

‘dominant’ taxa (Baker et al., 2009, Baker et al., 2003) so this approach may be 

useful for the Batman Pit. 

7.7  Mixotrophy: a survival strategy in the Batman Pit? 

In acid mining lakes, microbes are not only exposed to extreme conditions but also to 

very low levels of essential nutrients like organic carbon and nitrogen (Hakonson et 

al., 2009, Gross, 2000, Lessmann et al., 2000). In such conditions the microbial 

community can be expected to have more than one mode of nutrition (mixotrophic) 

and strategies to cope with low resources (Gross, 2000, Lessmann et al., 2000, Tittel 

et al., 2003, Nixdorf et al., 2003). The dominant archaea, bacteria and eukarya (most 

454 sequence counts) identified in Batman Pit are mixotrophs. For example 

Nitrosopumilus, the most abundant archaea, can obtain energy by ammonia oxidation 

and heterotrophy, and is also reported to fix carbon (Stahl and De la Torre, 2012). 

Similarly, Ochromonas (most 454 sequence counts) can survive as a phagotroph or 

autotroph (Schmidtke et al., 2006). However, from the metagenomics data, we 

recovered two modes of nutrition for Acidiphilium (most abundant bacteria), 

heterotrophy and autotrophy. We recovered no metabolic genes from Nitrosopumilus 

or Ochromonas. Nonetheless, based on diversity and genomic studies it is possible 

that the dominant metabolism in Batman Pit is heterotrophy. This is in contrast to 

other acid mining sites where chemolithotrophic (use of inorganic compound for 

energy production) metabolism of bacteria was reported to be dominant (Hua et al., 

2014). However, this study is not sufficient to conclude that microbes in Batman Pit 

are using mixotrophy as an adaption mechanism to survive in this nutrient deficient 

system. Culturing base study of this community would be required to confirm the 

mode of nutrition of the Batman microbial community. 

7.8  Metals and microbes 

Microbes can also influence water quality by interacting with metals, using strategies 

such as immobilisation, biomethylation and redox transformation (Gadd, 2004, Bini, 

2010). Genes encoding pathways involved in the efflux and methylation of arsenic, 
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selenium, cadmium, copper and zinc were identified in Batman Pit. However, no 

enzymes involved in the respiration of metals were identified in the metagenomics 

analysis. Acidophilic microbes use oxygen in preference to metals as the final 

electron acceptor (Weilinga, 2009a) and since the Batman Pit has high levels of 

oxygen (at both sampling times) the acidophilic microbes may not be actively 

respiring metals.  

The microbial interactions with metals/metalloids can influence the toxicity of the 

Batman Pit water. For example, in my study, genes for the efflux of arsenic from 

bacterial cells were recovered. Arsenic in the form arsenate can enter bacterial cells 

through the phosphate channel but cannot leave (Sánchez-Riego et al., 2014, 

Dhuldhaj et al., 2013). Hence bacterial cells convert arsenate to the more toxic 

arsenite and release this into water using arsenite-translocating ATPase (Dhuldhaj et 

al., 2013, Magalhães, 2002). Genes encoding arsenite-translocating ATPase were 

recovered from the metagenomic data of the Batman Pit. This released arsenite may 

increase the toxicity of the pit water. The arsenic detoxification genes could not be 

resolved to identify the bacteria involved in this pathway. However, some genes 

were similar to those of Acidiphilium so it may be one of the bacteria responsible for 

converting arsenate to arsenite thereby increasing the toxicity of the water. 

Arsenic and selenium levels significantly increased in the wet season compared with 

the dry season. Both arsenic and selenium are highly toxic to microbes (Stolz and 

Oremland, 1999), and can decrease microbial diversity (Zhao et al., 2014, Pratt and 

Bowers, 1990). Based on this information I speculated that this increase in arsenic 

and selenium would influence the microbial diversity and abundance at the two 

sampling times in Batman Pit. As predicted, the bacterial diversity was significantly 

lower in the wet season when arsenic and selenium were high. In addition, bacterial 

genes associated with a resistance mechanism for arsenic (detoxification of arsenic 

by methylation) (Bentley and Chasteen, 2003) and selenium (incorporation of 

selenium into selenomethionine amino acid) (Chasteen and Bentley, 2003) were 

recovered in the metagenomic data. These mechanisms could explain why certain 

bacteria species survived during the wet season and others lacking these metabolic 

pathways declined. To determine if the pathways are active in the Batman Pit 

bacterial community and therefore partially responsible for the survival of particular 

bacteria species over others, it would be necessary to determine if these pathways are 
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active in the Pit bacterial community. This could be done using RNA as the starting 

template for either a metagenomics analysis or a more focussed quantitative PCR 

analysis targeting key genes in these resistance pathways (Czekalski et al. 2012, 

Weber et al., 2006). In other studies, an increase in metal resistance genes using 

qPCR is measured in response to an increase in metal concentrations (Giloteaux et al. 

2013, Knapp et al. 2011, Krumholz, 2007). Such qPCR assays would tell us if the 

RNA transcripts for these pathways increase in response to an increase in arsenic and 

selenium, which occurred in the wet season sample. Such follow up studies would 

provide insight into the question of whether the Batman bacterial community can 

respond to the changes in concentration of toxic elements.  As for Acidiphilium, the 

identities of the bacteria associated with these pathways were also not resolved in 

this study.  

In other systems, methylation pathways were successfully used to remove arsenic 

and selenium from contaminated water and soil (Satyanarayana et al., 2012, Gadd, 

2004). This suggests that if these pathways are active in the Batman Pit and the 

bacteria driving these pathways could be identified, they might be useful approaches 

for removing arsenic and selenium from the Batman Pit. However, arsenic and 

selenium were not as elevated as other metals in the Batman Pit so it may be more 

important to focus on the more concentrated metals such as aluminium, copper and 

zinc.  

7.9 Conclusion 

The overall concentration of metals, metalloids and sulfur in Batman Pit water was 

higher than that in natural fresh water resources such as the Edith River located in 

the Batman Pit area (ANZECC and ARMCANZ, 2000, Van Dam et al., 2008). 

Batman Pit retained its oxic, acidic and mesophilic character in both wet and dry 

season samples.  However the metal concentrations and iron speciation in the pit 

water changed with seasons and this is most likely due to run-off from the waste rock 

dumps entering the pit during the wet season. The shift in water chemistry did not 

appear to influence the archaea diversity or abundance; however, the eukaryal and 

bacterial diversity significantly decreased in the wet season compared to that of the 

dry. One possible explanation for this decrease is the increase in metals and decrease 

in pH during the wet season. The iron reducing bacteria, Acidiphilium was 

significantly less abundant, whereas the iron-oxidizing Leptospirillum was more 
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prevalent in the wet season sample compared to that of the dry. This change in 

abundance in Acidiphilium and Leptospirillum occurred in parallel with a change in 

iron speciation at the two sampling times, so it is possible that the decline in 

Acidiphilium and the increase in Leptospirillum were directly associated with the 

change in iron speciation. However iron-reducing or iron-oxidizing genes were not 

identified in the metagenomic study of the Batman Pit. Therefore it is logical to 

conclude that biotic iron cycling was not prevalent in this pit. The metagenomic 

study showed that the bacterial community of the Batman Pit was involved in carbon 

fixation, ammonia oxidation and the detoxification of metals such as arsenic and 

selenium.  

To my best knowledge, this is the first metagenomics and 16S diversity study of any 

ARD Pit in the wet/dry tropics of northern Australia. There is not much microbial 

diversity and abundance data for most of the Australian Pit lakes (Wendt-Potthoff, 

2012). Hence this study makes a significant contribution to expand the knowledge of 

microbial diversity and function in Australian pit lakes. The 454 sequencing 

technique used during this study has been rarely used for microbial studies of acid pit 

lakes worldwide. However in other environments this technique is used and has 

revolutionized microbial ecology (Amend et al., 2010). The use of this technique for 

Batman Pit has extended our knowledge of the microbial ecology of acidic pit lakes. 

The major findings of this project are that the wet season run-off from waste rock 

dumps increases metals. Hence it is important to control the release of run-off into 

the Batman Pit before starting any remediation strategies for the Pit. The basic 

bioremediation technique of using iron and sulfate reducing bacteria for remediation 

is a possibility however high levels of oxygen in the Batman Pit are a hindrance in 

such types of remediation. Therefore introduction of anoxic conditions using 

chemical methods is an option. Hence a combined use of chemical and biological 

techniques is a possible way to develop remediation strategies for Batman Pit. 
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Appendix A 

Appendix 1: Supplementary data. A detailed comparison of filtered and unfiltered 

water chemistry. 

 

 

Figure 1: Arsenic in the wet and dry season samples, comparing filtered and 

unfiltered water. 

 

Figure 2: Selenium in the wet and dry season samples, comparing filtered and 

unfiltered water. 
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Figure 3: Iron in the wet and dry season samples, comparing filtered and unfiltered 

water. 

 

 

 

Figure 4: Aluminium in the wet and dry season samples, comparing filtered and 

unfiltered water. 
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Figure 5: Cadmium in wet and dry season samples, comparing filtered and unfiltered 

water. 

 

 

 

Figure 6: Lead in wet and dry season samples, comparing filtered and unfiltered 

water. 
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Figure 7: Thorium in wet and dry season samples, comparing filtered and unfiltered 

water. 

 

 

 

Figure 8: Sulfur in wet and dry season samples, comparing filtered and unfiltered 

water. 
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Figure 9: Magnesium in wet and dry season samples, comparing filtered and 

unfiltered water. 

 

 

 

Figure 10: Calcium in wet and dry season samples, comparing filtered and unfiltered 

water. 
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Figure 11: Chromium in wet and dry season samples, comparing filtered and 

unfiltered water. 

 

 

 

Figure 12: Manganese in wet and dry season samples, comparing filtered and 

unfiltered water. 
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Figure 13: Cobalt in wet and dry season samples, comparing filtered and unfiltered 

water. 

 

 

 

Figure 14: Nickel in wet and dry season samples, comparing filtered and unfiltered 

water. 
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Figure 15: Zinc in wet and dry season samples, comparing filtered and unfiltered 

water. 

 

 

 

Figure 16: Gallium in wet and dry season samples , comparing filtered and unfiltered 

water. 

 

 

1	  
6	  
11	  
16	  
21	  
26	  
31	  
36	  
41	  
46	  
51	  

0.1	   5	   10	   15	   25	   35	   45	   55	   90	  

Zi
nc
	  (m

g/
l)
	  

Depth	  (m)	  

Wet	  Filtered	   Wet	  Un\iltered	   Dry	  Filtered	   Dry	  Un\iltered	  

0	  

1	  

2	  

3	  

4	  

5	  

6	  

7	  

0.1	   5	   10	   15	   25	   35	   45	   55	   90	  

Ga
lli
um

	  (μ
g/
l)
	  

Depth	  (m)	  

Wet	  Filtered	   Wet	  Un\iltered	   Dry	  Filtered	   Dry	  Un\iltered	  



	   167	  

Appendix B  
A detailed SIMPER analysis, highlighting the factors contributing to significant differences in the 

chemistry at the two sampling times namely wet and dry. 

Similarity Percentages - species contributions 

One-Way Analysis 

Data worksheet 

Name: Data1 

Data type: Environmental 

Sample selection: All 

Variable selection: All 

Parameters 

Resemblance: D1 Euclidean distance 

Cut off for low contributions: 90.00% 

Groups wet  and Dry 

Average squared distance = 81.19 

 

 Group wet Group Dry                                      

Variable  Av.Value  Av.Value Av.Sq.Dist Sq.Dist/SD Contrib% Cum.% 

Se    -0.967     0.967       3.76       7.04     4.63  4.63 

Ca    -0.951     0.951        3.7       3.17     4.55  9.18 

S    -0.944     0.944       3.67       2.95     4.52 13.70 

TP     0.938    -0.938       3.65       2.79     4.49 18.20 

As    -0.935     0.935       3.64       2.51     4.48 22.68 

Al    -0.921     0.921       3.58       2.15     4.42 27.09 

Fe2+    -0.903     0.903       3.52       1.72     4.34 31.43 

Fe3+       0.9      -0.9       3.51       1.71     4.32 35.75 

Ga    -0.896     0.896       3.49       1.71     4.30 40.05 

Mg    -0.895     0.895       3.49       1.77     4.30 44.35 

TN     0.839    -0.839        3.3       1.58     4.06 48.41 

pH    -0.815     0.815       3.22       1.26     3.96 52.38 

Ni    -0.806     0.806       3.19       1.11     3.93 56.30 

Mn    -0.774     0.774       3.09       1.15     3.80 60.11 

Co    -0.759     0.759       3.04       1.07     3.74 63.85 
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Fe     0.717    -0.717       2.92       0.89     3.59 67.44 

Cond.     0.707    -0.707       2.89       1.01     3.56 71.00 

Mo    -0.536     0.536       2.46       0.88     3.03 74.04 

DOC     0.512    -0.512       2.41       0.66     2.97 77.01 

Th    -0.448     0.448       2.29       0.55     2.82 79.83 

U     -0.44      0.44       2.28       0.63     2.80 82.63 

LDO    -0.416     0.416       2.23       0.84     2.75 85.39 

Cd    -0.387     0.387       2.19       0.80     2.69 88.08 

Temp    -0.221     0.221       1.99       0.35     2.45 90.53 

 

 

Appendix C 
Nitrogen speciation: Due to insufficient samples nitrogen speciation was not measured. Only a few 
depths were studied to find the concentrations of ammonia, nitrates and nitrites in the water column. 
Results are summarised below. 

Depth 
(m) 

Ammonia as NH3 –N 
(ppb) 

Nitrite as NO2 –N 
(ppb) 

Nitrate as NO3 –N 
(ppb) 

Dry Wet Dry Wet Dry Wet 
0.1 880 701 - 2.77 - 8.56 
45 1190 829 - 2.83 - 8.16 
90 1150 887 - 3.22 - 8.54 
 

Note: The analysis was conducted one year after sampling using frozen samples. All the analysis was 
conducted in the CDU laboratories using standard Procedures (LACHAT 31-1907-04-1-A). 

 

Appendix D 
List of species identified in the Metagenomics data 

Acanthamoeba castellanii mamavirus 
Acanthamoeba polyphaga mimivirus 
Acaryochloris sp. CCMEE 5410 
Acetivibrio cellulolyticus CD2 
Acetobacter aceti NBRC 14818 
Acetobacter pasteurianus subsp. pasteurianus LMG 1262 
Acetobacter pomorum DM001 
Acetobacter tropicalis NBRC 101654 
Acetobacteraceae bacterium AT-5844 
Acetobacterium woodii DSM 1030 
Acetohalobium arabaticum DSM 5501 
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Acetonema longum DSM 6540 
acetyl-CoA-carboxylase 
Achromobacter arsenitoxydans SY8 
Achromobacter denitrificans 
Achromobacter piechaudii ATCC 43553 
Achromobacter xylosoxidans 
Acidaminococcus sp. D21 
Acidimicrobium ferrooxidans DSM 10331 
Acidiphilium cryptum JF-5 
Acidiphilium multivorum AIU301 
Acidiphilium rubrum 
Acidiphilium sp. PM 
Acidiphilium symbioticum 
Acidobacterium capsulatum ATCC 51196 
Acidothermus cellulolyticus 11B 
Acidovorax avenae subsp. avenae ATCC 19860 
Acidovorax citrulli AAC00-1 
Acidovorax delafieldii 2AN 
Acidovorax radicis N35 
Acidovorax sp. CF316 
Acidovorax sp. JS42 
Acidovorax sp. NO-1 
Acinetobacter baumannii 1656-2 
Acinetobacter calcoaceticus PHEA-2 
Acinetobacter oleivorans DR1 
Acinetobacter sp. ED23-35 
Acinetobacter sp. P8-3-8 
Acinetobacter sp. RUH2624 
Actinobacillus actinomycetemcomitans 
Actinomadura hibisca 
Actinomyces georgiae F0490 
Actinomyces sp. oral taxon 848 str. F0332 
Actinoplanes missouriensis 431 
Actinosynnema mirum DSM 43827 
acyl-carrier protein 
acyl-carrier-protein 
Advenella kashmirensis WT001 
Aegilops searsii 
Aeromonas caviae Ae398 
Aeromonas hydrophila subsp. hydrophila ATCC 7966 
Aeromonas veronii B565 
Afipia sp. 1NLS2 
Aggregatibacter segnis ATCC 33393 
Agrobacterium luteum 
Agrobacterium radiobacter K84 
Agrobacterium sp. ATCC 31749 
Agrobacterium sp. H13-3 
Agrobacterium tumefaciens 
Agrobacterium vitis S4 
Albugo laibachii Nc14 
Alcaligenes faecalis subsp. faecalis NCIB 8687 
Alcanivorax borkumensis SK2 
Alcanivorax sp. DG881 
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Algoriphagus sp. PR1 
Alicycliphilus denitrificans BC 
Alicyclobacillus acidocaldarius LAA1 
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 
Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc-4-1 
Aliivibrio salmonicida LFI1238 
Alishewanella aestuarii B11 
Alishewanella jeotgali KCTC 22429 
Alistipes indistinctus YIT 12060 
Alistipes putredinis DSM 17216 
Alkalilimnicola ehrlichii MLHE-1 
Alkaliphilus metalliredigens QYMF 
Allochromatium vinosum DSM 180 
alpha proteobacterium BAL199 
alpha proteobacterium HTCC2255 
Alteromonas macleodii ATCC 27126 
Alteromonas macleodii str. 'Deep ecotype' 
Alteromonas sp. S89 
Amaranthus quitensis 
Aminomonas paucivorans DSM 12260 
Ammonifex degensii KC4 
Amphimedon queenslandica 
Amycolatopsis mediterranei S699 
Amycolatopsis mediterranei U32 
Amycolatopsis sp. ATCC 39116 
Anabaena variabilis ATCC 29413 
Anaerobaculum hydrogeniformans ATCC BAA-1850 
Anaerofustis stercorihominis DSM 17244 
Anaeroglobus geminatus F0357 
Anaerolinea thermophila UNI-1 
Anaeromyxobacter dehalogenans 2CP-1 
Anaeromyxobacter dehalogenans 2CP-C 
Anaeromyxobacter sp. Fw109-5 
Anaeromyxobacter sp. K 
Anaerotruncus colihominis DSM 17241 
Anaplasma centrale str. Israel 
Anolis carolinensis 
Anopheles darlingi 
Arabidopsis lyrata subsp. lyrata 
Arabidopsis thaliana 
Archaeoglobus profundus DSM 5631 
Arcobacter butzleri ED-1 
Arcobacter sp. L 
Aromatoleum aromaticum EbN1 
Arthrobacter phenanthrenivorans Sphe3 
Arthrobacter sp. FB24 
Arthrospira platensis str. Paraca 
Ashbya gossypii ATCC 10895 
Aster yellows phytoplasma 
Asticcacaulis biprosthecum C19 
Asticcacaulis excentricus CB 48 
Atopobium rimae ATCC 49626 
Aurantimonas manganoxydans SI85-9A1 
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Aureococcus anophagefferens 
Azoarcus communis 
Azoarcus sp. BH72 
Azoarcus sp. EbN1 
Azoarcus sp. KH32C 
Azorhizobium caulinodans ORS 571 
Azospirillum amazonense Y2 
Azospirillum brasilense Sp245 
Azospirillum lipoferum 4B 
Azospirillum sp. B510 
Azotobacter vinelandii DJ 
Babesia bovis T2Bo 
Bacillus cereus BGSC 6E1 
Bacillus cereus F65185 
Bacillus cereus G9241 
Bacillus cereus Q1 
Bacillus coagulans 2-6 
Bacillus halodurans C-125 
Bacillus licheniformis WX-02 
Bacillus macauensis ZFHKF-1 
Bacillus megaterium QM B1551 
Bacillus methanolicus MGA3 
Bacillus methanolicus PB1 
Bacillus pseudofirmus OF4 
Bacillus selenitireducens MLS10 
Bacillus sp. 1NLA3E 
Bacillus sp. 2_A_57_CT2 
Bacillus sp. NRRL B-14911 
Bacillus subtilis BSn5 
Bacillus thuringiensis serovar monterrey BGSC 4AJ1 
Bacillus thuringiensis serovar pulsiensis BGSC 4CC1 
bacterium Ellin514 
Bacteroides eggerthii 1_2_48FAA 
Bacteroides nordii CL02T12C05 
Bacteroides plebeius DSM 17135 
Bacteroides sp. 2_1_56FAA 
Bartonella alsatica IBS 382 
Bartonella tamiae Th239 
Bdellovibrio bacteriovorus HD100 
Bdellovibrio phage phi1422 
Beggiatoa alba B18LD 
Beggiatoa sp. PS 
Beijerinckia indica subsp. indica ATCC 9039 
beta proteobacterium KB13 
Beutenbergia cavernae DSM 12333 
Bifidobacterium bifidum S17 
Bilophila wadsworthia 3_1_6 
Bizionia argentinensis JUB59 
Blastocystis hominis 
Blastopirellula marina DSM 3645 
blood disease bacterium R229 
Bordetella avium 197N 
Bordetella bronchiseptica RB50 
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Bordetella parapertussis 12822 
Bordetella petrii DSM 12804 
Bordetella phage BPP-1 
Brachyspira intermedia PWS/A 
Bradyrhizobiaceae bacterium SG-6C 
Bradyrhizobium japonicum USDA 110 
Bradyrhizobium japonicum USDA 6 
Bradyrhizobium sp. BTAi1 
Bradyrhizobium sp. ORS 278 
Bradyrhizobium sp. ORS 285 
Bradyrhizobium sp. ORS 375 
Bradyrhizobium sp. S23321 
Bradyrhizobium sp. STM 3809 
Bradyrhizobium sp. STM 3843 
Bradyrhizobium sp. WSM1253 
Bradyrhizobium sp. WSM471 
Branchiostoma floridae 
Brenneria sp. EniD312 
Brevibacillus brevis NBRC 100599 
Brevibacillus laterosporus GI-9 
Brevibacillus laterosporus LMG 15441 
Brevundimonas diminuta ATCC 11568 
Brevundimonas sp. BAL3 
Brevundimonas subvibrioides ATCC 15264 
Brucella melitensis bv. 3 str. Ether 
Brucella sp. 83/13 
Brucella sp. BO2 
Brucella sp. NVSL 07-0026 
Burkholderia ambifaria AMMD 
Burkholderia ambifaria MC40-6 
Burkholderia ambifaria MEX-5 
Burkholderia cenocepacia AU 1054 
Burkholderia cenocepacia H111 
Burkholderia cenocepacia J2315 
Burkholderia cenocepacia MC0-3 
Burkholderia cenocepacia PC184 
Burkholderia dolosa AUO158 
Burkholderia gladioli BSR3 
Burkholderia glumae BGR1 
Burkholderia graminis C4D1M 
Burkholderia mallei ATCC 23344 
Burkholderia mallei FMH 
Burkholderia mallei SAVP1 
Burkholderia multivorans ATCC 17616 
Burkholderia multivorans CGD1 
Burkholderia multivorans CGD2M 
Burkholderia oklahomensis C6786 
Burkholderia oklahomensis EO147 
Burkholderia phage BcepIL02 
Burkholderia phymatum STM815 
Burkholderia phytofirmans PsJN 
Burkholderia pseudomallei 1026b 
Burkholderia rhizoxinica HKI 454 
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Burkholderia sp.  
Burkholderia terrae BS001 
Burkholderia thailandensis Bt4 
Burkholderia ubonensis Bu 
Burkholderia vietnamiensis G4 
Burkholderia xenovorans LB400 
Burkholderiales bacterium JOSHI_001 
Butyrivibrio proteoclasticus B316 
Caenorhabditis remanei 
Cafeteria roenbergensis virus BV-PW1 
Caldalkalibacillus thermarum TA2.A1 
Caldicellulosiruptor hydrothermalis 108 
Caldicellulosiruptor kristjanssonii 177R1B 
Caldicellulosiruptor saccharolyticus DSM 8903 
Caldilinea aerophila DSM 14535 = NBRC 104270 
Calditerrivibrio nitroreducens DSM 19672 
Caldithrix abyssi DSM 13497 
Camponotus floridanus 
Campylobacter jejuni subsp. jejuni LMG 9872 
Candida maltosa 
candidate division TM7 single-cell isolate TM7c 
Candidatus Accumulibacter phosphatis clade IIA str. UW-1 
Candidatus Burkholderia kirkii UZHbot1 
Candidatus Chloracidobacterium thermophilum 
Candidatus Chloracidobacterium thermophilum B 
Candidatus Cloacamonas acidaminovorans 
Candidatus Desulforudis audaxviator MP104C 
Candidatus Glomeribacter gigasporarum BEG34 
Candidatus Hamiltonella defensa 5AT (Acyrthosiphon pisum) 
Candidatus Korarchaeum cryptofilum OPF8 
Candidatus Koribacter versatilis Ellin345 
Candidatus Methylomirabilis oxyfera 
Candidatus Nitrospira defluvii 
Candidatus Odyssella thessalonicensis L13 
Candidatus Pelagibacter ubique HTCC1062 
Candidatus Poribacteria sp. WGA-A3 
Candidatus Puniceispirillum marinum IMCC1322 
Candidatus Solibacter usitatus Ellin6076 
Capsaspora owczarzaki ATCC 30864 
Carboxydothermus hydrogenoformans Z-2901 
Cardiobacterium hominis ATCC 15826 
Catenulispora acidiphila DSM 44928 
Caulobacter crescentus CB15 
Caulobacter crescentus NA1000 
Caulobacter segnis ATCC 21756 
Caulobacter sp. K31 
Cavia porcellus 
Cellulomonas flavigena DSM 20109 
Cellulophaga algicola DSM 14237 
Cellvibrio japonicus Ueda107 
Cellvibrio sp. BR 
Cenarchaeum symbiosum A 
Chattonella marina 
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Chattonella marina var. antiqua 
Chelativorans sp. BNC1 
Chitinophaga pinensis DSM 2588 
Chlamydomonas reinhardtii 
Chlorobium chlorochromatii CaD3 
Chlorobium ferrooxidans DSM 13031 
Chlorobium limicola DSM 245 
Chlorobium luteolum DSM 273 
Chlorobium phaeobacteroides BS1 
Chlorobium phaeovibrioides DSM 265 
Chlorobium tepidum TLS 
Chloroflexus aggregans DSM 9485 
Chloroflexus aurantiacus J-10-fl 
Chloroherpeton thalassium ATCC 35110 
Chromobacterium violaceum ATCC 12472 
Chromohalobacter salexigens DSM 3043 
Chryseobacterium gleum ATCC 35910 
Chrysodidymus synuroideus 
Chthoniobacter flavus Ellin428 
Citreicella sp. 357 
Citreicella sp. SE45 
Citrobacter freundii 4_7_47CFAA 
Citromicrobium bathyomarinum JL354 
Citromicrobium sp. JLT1363 
Clostridium carboxidivorans P7 
Clostridium citroniae WAL-17108 
Clostridium clariflavum DSM 19732 
Clostridium hylemonae DSM 15053 
Clostridium lentocellum DSM 5427 
Clostridium leptum DSM 753 
Clostridium papyrosolvens DSM 2782 
Clostridium perfringens SM101 
Clostridium sp. BNL1100 
Clostridium sp. D5 
Clostridium sp. L2-50 
Clostridium sporogenes PA 3679 
Clostridium sticklandii DSM 519 
Clostridium symbiosum WAL-14163 
Clostridium thermocellum ATCC 27405 
Coccidioides immitis RS 
Colletotrichum higginsianum 
Collimonas fungivorans Ter331 
Collinsella stercoris DSM 13279 
Colwellia psychrerythraea 34H 
Comamonas testosteroni CNB-2 
Comamonas testosteroni KF-1 
Comamonas testosteroni S44 
Commensalibacter intestini A911 
Conexibacter woesei DSM 14684 
Congregibacter litoralis KT71 
Coniophora puteana RWD-64-598 SS2 
Coprobacillus sp. 29_1 
Corallococcus coralloides DSM 2259 
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Coriobacteriaceae bacterium JC110 
Corynebacterium aurimucosum ATCC 700975 
Corynebacterium bovis DSM 20582 
Corynebacterium urealyticum DSM 7109 
Coxiella burnetii Dugway 5J108-111 
Cronobacter turicensis z3032 
Cryptosporidium muris RN66 
Cupriavidus basilensis OR16 
Cupriavidus metallidurans CH34 
Cupriavidus necator N-1 
Cupriavidus taiwanensis LMG 19424 
Curvibacter putative symbiont of Hydra magnipapillata 
Cyanobium sp. PCC 7001 
Cyanophage 9515-10a 
Cyanophage KBS-S-1A 
Cyanophage S-TIM5 
Cyanothece sp. ATCC 51142 
Cyanothece sp. CCY0110 
Cyanothece sp. PCC 7425 
Cyanothece sp. PCC 7822 
Cyanothece sp. PCC 8801 
Cyanothece sp. PCC 8802 
Cylindrospermopsis raciborskii CS-505 
Cytophaga hutchinsonii ATCC 33406 
Danio rerio 
Daphnia pulex 
Dechloromonas aromatica RCB 
Dechlorosoma suillum PS 
Dehalococcoides sp. VS 
Dehalogenimonas lykanthroporepellens BL-DC-9 
Deinococcus deserti VCD115 
Deinococcus geothermalis DSM 11300 
Deinococcus gobiensis I-0 
Deinococcus maricopensis DSM 21211 
Deinococcus radiodurans R1 
Delftia acidovorans SPH-1 
Delftia sp. Cs1-4 
delta proteobacterium MLMS-1 
delta proteobacterium NaphS2 
Denitrovibrio acetiphilus DSM 12809 
Desmospora sp. 8437 
Desulfarculus baarsii DSM 2075 
Desulfatibacillum alkenivorans AK-01 
Desulfitobacterium hafniense DCB-2 
Desulfitobacterium hafniense DP7 
Desulfitobacterium hafniense Y51 
Desulfitobacterium metallireducens DSM 15288 
Desulfobacca acetoxidans DSM 11109 
Desulfobacterium autotrophicum HRM2 
Desulfococcus oleovorans Hxd3 
Desulfohalobium retbaense DSM 5692 
Desulfomonile tiedjei DSM 6799 
Desulfonatronospira thiodismutans ASO3-1 
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Desulfosporosinus acidiphilus SJ4 
Desulfosporosinus meridiei DSM 13257 
Desulfosporosinus orientis DSM 765 
Desulfosporosinus sp. OT 
Desulfosporosinus youngiae DSM 17734 
Desulfotalea psychrophila LSv54 
Desulfotignum balticum 
Desulfotomaculum acetoxidans DSM 771 
Desulfotomaculum carboxydivorans CO-1-SRB 
Desulfotomaculum gibsoniae DSM 7213 
Desulfotomaculum kuznetsovii DSM 6115 
Desulfotomaculum nigrificans DSM 574 
Desulfotomaculum reducens MI-1 
Desulfotomaculum ruminis DSM 2154 
Desulfovibrio africanus str. Walvis Bay 
Desulfovibrio desulfuricans ND132 
Desulfovibrio fructosovorans JJ 
Desulfovibrio magneticus RS-1 
Desulfovibrio piger ATCC 29098 
Desulfovibrio sp. 3_1_syn3 
Desulfovibrio sp. FW1012B 
Desulfovibrio sp. U5L 
Desulfovibrio vulgaris DP4 
Desulfovibrio vulgaris str. Hildenborough 
Desulfurispirillum indicum S5 
Desulfurivibrio alkaliphilus AHT2 
Desulfurobacterium thermolithotrophum DSM 11699 
Desulfuromonas acetoxidans DSM 684 
Dethiobacter alkaliphilus AHT 1 
Dialister invisus DSM 15470 
Dialister succinatiphilus YIT 11850 
Dicentrarchus labrax 
Dickeya dadantii 3937 
Dickeya dadantii Ech586 
Dickeya zeae Ech1591 
Dictyoglomus thermophilum H-6-12 
Dictyoglomus turgidum DSM 6724 
Dictyostelium discoideum 
Dictyostelium discoideum AX4 
Dictyostelium fasciculatum 
Dictyostelium purpureum 
Dictyota hamifera 
Dietzia cinnamea P4 
Dinoroseobacter shibae DFL 12 
Diplosoma listerianum 
Diplosphaera colitermitum TAV2 
Dolosigranulum pigrum ATCC 51524 
Drosophila melanogaster 
Drosophila mojavensis 
Ectocarpus siliculosus 
Ectothiorhodospira sp. PHS-1 
Ectropis obliqua 
Eikenella corrodens ATCC 23834 
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Elizabethkingia anophelis Ag1 
endosymbiont of Tevnia jerichonana (vent Tica) 
Enhydrobacter aerosaccus SK60 
Enterobacter aerogenes KCTC 2190 
Enterobacter cloacae SCF1 
Enterobacter cloacae subsp. cloacae GS1 
Enterobacter cloacae subsp. dissolvens SDM 
Enterobacter radicincitans DSM 16656 
Enterobacteria phage vB_EcoM-FV3 
Enterobacteriaceae bacterium 9_2_54FAA 
Enterococcus faecalis DS5 
Enterococcus faecalis V583 
Erwinia amylovora CFBP1430 
Erwinia billingiae Eb661 
Erysipelotrichaceae bacterium 2_2_44A 
Erythrobacter litoralis HTCC2594 
Erythrobacter sp. NAP1 
Escherichia blattae DSM 4481 
Escherichia coli 
Eubacteriaceae bacterium CM2 
Eubacterium hallii DSM 3353 
Eubacterium infirmum F0142 
Eubacterium yurii subsp. margaretiae ATCC 43715 
Exiguobacterium sibiricum 255-15 
Exophiala dermatitidis NIH/UT8656 
Faecalibacterium prausnitzii A2-165 
Faecalibacterium prausnitzii L2-6 
Ferrimonas balearica DSM 9799 
Fervidobacterium pennivorans DSM 9078 
Fibrella aestuarina BUZ 2 
Fibrisoma limi BUZ 3 
Fibrobacter succinogenes subsp. succinogenes S85 
Fischerella sp. JSC-11 
Flavobacteriaceae bacterium S85 
Flavobacterium branchiophilum FL-15 
Flavobacterium johnsoniae UW101 
Flavonifractor plautii ATCC 29863 
Fluoribacter dumoffii Tex-KL 
Francisella sp. TX077308 
Frankia alni ACN14a 
Frankia sp. CcI3 
Frankia sp. CN3 
Frankia sp. EAN1pec 
Frankia sp. EuI1c 
Frankia sp. EUN1f 
Frankia sp. QA3 
Frankia symbiont of Datisca glomerata 
Frateuria aurantia DSM 6220 
Fremyella diplosiphon Fd33 
Fulvimarina pelagi HTCC2506 
Fusobacterium sp. 1_1_41FAA 
Fusobacterium ulcerans ATCC 49185 
Fusobacterium varium ATCC 27725 
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Gallionella capsiferriformans ES-2 
Gallus gallus 
gamma proteobacterium NOR5-3 
Gemmata obscuriglobus UQM 2246 
Gemmatimonas aurantiaca T-27 
Geobacillus kaustophilus HTA426 
Geobacillus sp. C56-T3 
Geobacillus sp. WCH70 
Geobacillus thermoglucosidans TNO-09.020 
Geobacillus thermoglucosidasius C56-YS93 
Geobacter bemidjiensis Bem 
Geobacter daltonii FRC-32 
Geobacter lovleyi SZ 
Geobacter sp. M18 
Geobacter sp. M21 
Geobacter sulfurreducens KN400 
Geobacter sulfurreducens PCA 
Geobacter uraniireducens Rf4 
Geodermatophilus obscurus DSM 43160 
Gibberella zeae PH-1 
Gillisia limnaea DSM 15749 
Glaciecola nitratireducens FR1064 
Glaciecola sp. 4H-3-7+YE-5 
Gloeobacter violaceus PCC 7421 
Glomerella graminicola M1.001 
Gluconacetobacter diazotrophicus 
Gluconacetobacter diazotrophicus PAl 5 
Gluconacetobacter europaeus LMG 18494 
Gluconacetobacter hansenii ATCC 23769 
Gluconacetobacter oboediens 174Bp2 
Gluconacetobacter rhaeticus 
Gluconacetobacter sp. SXCC-1 
Gluconacetobacter xylinus NBRC 3288 
Gluconobacter morbifer G707 
Gluconobacter oxydans 621H 
glutamine-hydrolyzing 
Glycine max 
Gordonia bronchialis DSM 43247 
Gordonia effusa NBRC 100432 
Gordonia sputi NBRC 100414 
Gramella forsetii KT0803 
Granulibacter bethesdensis CGDNIH1 
Granulicella mallensis MP5ACTX8 
Granulicella tundricola MP5ACTX9 
Haemophilus [parainfluenzae 
Haemophilus influenzae 22.1-21 
Haemophilus influenzae PittGG 
Hahella chejuensis KCTC 2396 
Haladaptatus paucihalophilus DX253 
Halalkalicoccus jeotgali B3 
Halanaerobium hydrogeniformans 
Haliangium ochraceum DSM 14365 
Haliscomenobacter hydrossis DSM 1100 
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Halobacillus halophilus DSM 2266 
Halobacterium sp. DL1 
Haloferax volcanii DS2 
Halogeometricum borinquense DSM 11551 
Halomicrobium mukohataei DSM 12286 
Halomonas boliviensis LC1 
Halomonas elongata DSM 2581 
Halomonas sp. GFAJ-1 
Halomonas sp. HAL1 
Halomonas sp. TD01 
Haloquadratum walsbyi DSM 16790 
Halorubrum lacusprofundi ATCC 49239 
Halothermothrix orenii H 168 
Halothiobacillus neapolitanus c2 
Helicobacter bizzozeronii CCUG 35545 
Helicobacter pylori Hp P-4 
Helicobacter winghamensis ATCC BAA-430 
Heliobacterium modesticaldum Ice1 
Heliophilum fasciatum 
Herbaspirillum seropedicae SmR1 
Herbaspirillum sp. GW103 
Herminiimonas arsenicoxydans 
Herpetosiphon aurantiacus DSM 785 
Heterosigma akashiwo 
Hirschia baltica ATCC 49814 
Hoeflea phototrophica DFL-43 
Holophaga foetida DSM 6591 
Homo sapiens 
Hordeum vulgare subsp. vulgare 
Hydra magnipapillata 
Hydrocarboniphaga effusa AP103 
Hydrogenivirga sp. 128-5-R1-1 
Hydrogenophaga sp. PBC 
Hylemonella gracilis ATCC 19624 
Hyphomicrobium denitrificans 1NES1 
Hyphomicrobium denitrificans ATCC 51888 
Hyphomicrobium sp. MC1 
Hyphomicrobium sulfonivorans 
Hyphomonas neptunium ATCC 15444 
Hypotrichomonas acosta 
Idiomarina baltica OS145 
Idiomarina loihiensis L2TR 
Idiomarina sp. A28L 
Ignavibacterium album JCM 16511 
Ignicoccus hospitalis KIN4/I 
Ilyobacter polytropus DSM 2926 
Imtechella halotolerans K1 
Intrasporangium calvum DSM 43043 
Isosphaera pallida ATCC 43644 
Ixodes scapularis 
Jannaschia sp. CCS1 
Janthinobacterium lividum 
Janthinobacterium sp. Marseille 
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Janthinobacterium sp. PAMC 25724 
Kangiella koreensis DSM 16069 
Ketogulonicigenium vulgare Y25 
Ketogulonigenium vulgarum WSH-001 
Kineococcus radiotolerans SRS30216 
Kingella kingae ATCC 23330 
Kingella oralis ATCC 51147 
Kitasatospora setae KM-6054 
Klebsiella oxytoca 10-5245 
Klebsiella oxytoca 10-5250 
Klebsiella pneumoniae 
Klebsiella pneumoniae subsp. pneumoniae HS11286 
Klebsiella sp. 1_1_55 
Klebsiella sp. MS 92-3 
Kocuria rhizophila DC2201 
Kordia algicida OT-1 
Kosmotoga olearia TBF 19.5.1 
Kribbella flavida DSM 17836 
Ktedonobacter racemifer DSM 44963 
Kyrpidia tusciae DSM 2912 
Kytococcus sedentarius DSM 20547 
Labrenzia alexandrii DFL-11 
Lachnospiraceae bacterium ACC2 
Lactobacillus kisonensis F0435 
Lactobacillus malefermentans KCTC 3548 
Lactobacillus mali KCTC 3596 = DSM 20444 
Lactobacillus rhamnosus MTCC 5462 
Lactobacillus salivarius CECT 5713 
Laribacter hongkongensis HLHK9 
Lautropia mirabilis ATCC 51599 
Leeuwenhoekiella blandensis MED217 
Legionella drancourtii LLAP12 
Legionella pneumophila str. Lens 
Legionella pneumophila str. Paris 
Legionella pneumophila subsp. pneumophila 
Leishmania braziliensis MHOM/BR/75/M2904 
Leishmania infantum JPCM5 
Leishmania major strain Friedlin 
Lentibacillus sp. Grbi 
Leptospira biflexa serovar Patoc strain 'Patoc 1 (Paris)' 
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130 
Leptospira licerasiae serovar Varillal str. MMD0835 
Leptospira santarosai str. 2000030832 
Leptospira weilii str. 2006001855 
Leptospirillum ferrodiazotrophum 
Leptospirillum ferrooxidans C2-3 
Leptospirillum rubarum 
Leptospirillum sp. Group II '5-way CG' 
Leptothrix cholodnii SP-6 
Leptothrix ochracea L12 
Limnobacter sp. MED105 
Listeria phage P35 
Lyngbya sp. PCC 8106 
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Lysinibacillus sphaericus C3-41 
Maconellicoccus hirsutus 
Magnetococcus marinus MC-1 
Magnetospirillum gryphiswaldense 
Magnetospirillum gryphiswaldense MSR-1 
Magnetospirillum magneticum AMB-1 
Magnetospirillum magnetotacticum MS-1 
Mahella australiensis 50-1 BON 
Malassezia globosa CBS 7966 
Maricaulis maris MCS10 
Marichromatium purpuratum 984 
marine gamma proteobacterium HTCC2080 
marine gamma proteobacterium HTCC2143 
marine gamma proteobacterium HTCC2148 
Marinithermus hydrothermalis DSM 14884 
Marinobacter algicola DG893 
Marinobacter aquaeolei VT8 
Marinobacter manganoxydans MnI7-9 
Marinobacter sp. ELB17 
Marinobacterium stanieri S30 
Marinomonas sp. MED121 
Marinomonas sp. MWYL1 
Mariprofundus ferrooxydans PV-1 
Maritimibacter alkaliphilus HTCC2654 
Megamonas funiformis YIT 11815 
Megasphaera elsdenii DSM 20460 
Megasphaera sp. UPII 199-6 
Megavirus chiliensis 
Megavirus courdo7 
Meiothermus ruber DSM 1279 
Meiothermus silvanus DSM 9946 
Mesoflavibacter zeaxanthinifaciens S86 
Mesorhizobium alhagi CCNWXJ12-2 
Mesorhizobium amorphae CCNWGS0123 
Mesorhizobium australicum WSM2073 
Mesorhizobium ciceri biovar biserrulae WSM1271 
Mesorhizobium loti 
Mesorhizobium loti MAFF303099 
Mesorhizobium opportunistum WSM2075 
Mesorhizobium sp. BNC1 
Methanocaldococcus fervens AG86 
Methanocella conradii HZ254 
Methanocella paludicola SANAE 
Methanococcus maripaludis S2 
Methanoculleus bourgensis MS2 
Methanoplanus limicola DSM 2279 
Methanoplanus petrolearius DSM 11571 
Methanosaeta harundinacea 6Ac 
Methanosarcina barkeri str. Fusaro 
Methylacidiphilum fumariolicum SolV 
Methylacidiphilum infernorum V4 
Methylibium petroleiphilum PM1 
Methylobacillus flagellatus KT 
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Methylobacter tundripaludum SV96 
Methylobacterium chloromethanicum 
Methylobacterium chloromethanicum CM4 
Methylobacterium extorquens AM1 
Methylobacterium extorquens DM4 
Methylobacterium extorquens DSM 13060 
Methylobacterium extorquens PA1 
Methylobacterium nodulans ORS 2060 
Methylobacterium populi BJ001 
Methylobacterium radiotolerans JCM 2831 
Methylobacterium sp. 4-46 
Methylobacterium sp. GXF4 
Methylocella silvestris BL2 
Methylococcus capsulatus str. Bath 
Methylocystis sp. ATCC 49242 
Methylocystis sp. SC2 
Methylomicrobium album BG8 
Methylomicrobium alcaliphilum 
Methylomonas methanica MC09 
Methylophaga aminisulfidivorans MP 
Methylophaga sp. JAM1 
Methylophaga sp. JAM7 
Methylophaga thiooxidans DMS010 
Methylophilales phage HIM624-A 
Methylosinus trichosporium OB3b 
Methylotenera mobilis JLW8 
Methylotenera versatilis 301 
Methyloversatilis universalis FAM5 
Methylovorus glucosetrophus SIP3-4 
Methylovorus sp. MP688 
Micavibrio aeruginosavorus ARL-13 
Microbacterium laevaniformans OR221 
Microcoleus chthonoplastes PCC 7420 
Microcoleus vaginatus FGP-2 
Microcystis aeruginosa PCC 7806 
Microcystis aeruginosa PCC 9432 
Microcystis aeruginosa PCC 9701 
Microcystis aeruginosa PCC 9808 
Microcystis aeruginosa PCC 9809 
Micromonas pusilla CCMP1545 
Micromonas pusilla virus PL1 
Micromonospora lupini str. Lupac 08 
Micromonospora sp. ATCC 39149 
Micromonospora sp. L5 
Microvirga sp. WSM3557 
Mitsuokella multacida DSM 20544 
Mobiluncus curtisii subsp. holmesii ATCC 35242 
Modestobacter marinus 
Moorea producta 3L 
Moorella thermoacetica ATCC 39073 
Moritella sp. PE36 
Moumouvirus Monve 
Mucilaginibacter paludis DSM 18603 
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Mycobacterium abscessus 47J26 
Mycobacterium colombiense CECT 3035 
Mycobacterium phage Nappy 
Mycobacterium rhodesiae JS60 
Mycobacterium smegmatis str. MC2 155 
Mycobacterium sp. MCS 
Mycobacterium tuberculosis C 
Mycobacterium tusciae JS617 
Mycobacterium vanbaalenii PYR-1 
Mycobacterium xenopi RIVM700367 
Mycosphaerella graminicola IPO323 
Myxococcus xanthus DK 1622 
NADPH 
Naegleria gruberi 
Nakamurella multipartita DSM 44233 
Natranaerobius thermophilus JW/NM-WN-LF 
Natrinema pellirubrum DSM 15624 
Neisseria bacilliformis ATCC BAA-1200 
Neisseria cinerea ATCC 14685 
Neisseria flavescens SK114 
Neisseria meningitidis 8013 
Neisseria meningitidis alpha14 
Neisseria meningitidis alpha704 
Neisseria meningitidis G2136 
Neisseria mucosa ATCC 25996 
Neisseria mucosa C102 
Neisseria polysaccharea ATCC 43768 
Neisseria shayeganii 871 
Neisseria sicca VK64 
Neisseria sp. GT4A_CT1 
Neisseria sp. oral taxon 014 str. F0314 
Neisseria subflava NJ9703 
Neisseria weaveri ATCC 51223 
Nematostella vectensis 
Nephroselmis olivacea 
Niabella soli DSM 19437 
Niastella koreensis GR20-10 
Nitratireductor aquibiodomus RA22 
Nitritalea halalkaliphila LW7 
Nitrobacter hamburgensis X14 
Nitrobacter sp. Nb-311A 
Nitrobacter winogradskyi Nb-255 
Nitrococcus mobilis Nb-231 
Nitrolancetus hollandicus Lb 
Nitrosococcus halophilus Nc4 
Nitrosococcus oceani AFC27 
Nitrosococcus oceani ATCC 19707 
Nitrosococcus watsonii C-113 
Nitrosomonas europaea ATCC 19718 
Nitrosomonas eutropha C91 
Nitrosomonas sp. AL212 
Nitrosomonas sp. Is79A3 
Nitrosospira multiformis ATCC 25196 
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Nitrosovibrio sp. FJI82 
Nocardioidaceae bacterium Broad-1 
Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111 
Nostoc azollae' 0708 
Nostoc punctiforme PCC 73102 
Nostoc sp. PCC 7120 
Novosphingobium aromaticivorans DSM 12444 
Novosphingobium nitrogenifigens DSM 19370 
Novosphingobium pentaromativorans US6-1 
Novosphingobium sp. PP1Y 
Novosphingobium sp. Rr 2-17 
Oceanibulbus indolifex HEL-45 
Oceanicola batsensis HTCC2597 
Oceanicola granulosus HTCC2516 
Oceanicola sp. S124 
Oceanimonas sp. GK1 
Oceanithermus profundus DSM 14977 
Oceanobacillus iheyensis HTE831 
Oceanobacter sp. RED65 
Oceanospirillum sp. MED92 
Ochrobactrum anthropi ATCC 49188 
Ochromonas danica 
Octadecabacter antarcticus 307 
Odoribacter laneus YIT 12061 
Oligotropha carboxidovorans OM5 
Opitutaceae bacterium TAV1 
Opitutaceae bacterium TAV5 
Opitutus terrae PB90-1 
Organic Lake phycodnavirus 1 
Organic Lake phycodnavirus 2 
Ornithinibacillus scapharcae TW25 
Oryza sativa Japonica Group 
Oscillatoria sp. PCC 6506 
Oscillochloris trichoides DG6 
Ostreococcus lucimarinus CCE9901 
Oxalobacter formigenes HOxBLS 
Oxalobacter formigenes OXCC13 
Oxalobacteraceae bacterium IMCC9480 
Oxytricha fallax 
Paenibacillus curdlanolyticus YK9 
Paenibacillus dendritiformis C454 
Paenibacillus elgii B69 
Paenibacillus larvae subsp. larvae BRL-230010 
Paenibacillus polymyxa E681 
Paenibacillus polymyxa M1 
Paenibacillus polymyxa SC2 
Paenibacillus sp. HGF5 
Paenibacillus sp. HGF7 
Paenibacillus sp. oral taxon 786 str. D14 
Paenibacillus sp. Y412MC10 
Paenibacillus vortex V453 
Paludibacter propionicigenes WB4 
Pantoea ananatis LMG 5342 
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Pantoea sp. At-9b 
Pantoea stewartii subsp. stewartii DC283 
Paracoccus aestuarii 
Paracoccus bengalensis 
Paracoccus denitrificans PD1222 
Paracoccus methylutens 
Paracoccus sp. TRP 
Paramecium bursaria Chlorella virus NY2A 
Paramecium tetraurelia strain d4-2 
Parascardovia denticolens DSM 10105 = JCM 12538 
Parvibaculum lavamentivorans DS-1 
Parvularcula bermudensis HTCC2503 
Pasteurella dagmatis ATCC 43325 
Pasteurella multocida subsp. multocida str. Anand1_goat 
Patulibacter sp. I11 
Pectobacterium carotovorum subsp. brasiliensis PBR1692 
Pectobacterium carotovorum subsp. carotovorum WPP14 
Pediculus humanus corporis 
Pedobacter heparinus DSM 2366 
Pedobacter sp. BAL39 
Pelagibaca bermudensis HTCC2601 
Pelagibacterium halotolerans B2 
Pelobacter carbinolicus DSM 2380 
Pelobacter propionicus DSM 2379 
Pelodictyon phaeoclathratiforme BU-1 
Pelosinus fermentans A12 
Pelosinus fermentans DSM 17108 
Pelosinus fermentans JBW45 
Pelotomaculum thermopropionicum SI 
Penicillium marneffei ATCC 18224 
Pennaria disticha 
Peptostreptococcus anaerobius 653-L 
Perkinsus marinus ATCC 50983 
Persephonella marina EX-H1 
Phaeobacter gallaeciensis 2.10 
Phaeocystis globosa virus 12T 
Phaeodactylum tricornutum CCAP 1055/1 
Phaeospirillum molischianum DSM 120 
Phascolarctobacterium succinatutens YIT 12067 
Phenylobacterium zucineum HLK1 
Photobacterium damselae subsp. damselae CIP 102761 
Photorhabdus asymbiotica subsp. asymbiotica ATCC 43949 
Photorhabdus luminescens subsp. laumondii TTO1 
Phycisphaera mikurensis NBRC 102666 
Physcomitrella patens subsp. patens 
Phytophthora infestans T30-4 
Phytophthora sojae 
Picea glauca 
Picea sitchensis 
Pirellula staleyi DSM 6068 
Planctomyces brasiliensis DSM 5305 
Planctomyces maris DSM 8797 
planctomycete KSU-1 
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Planococcus antarcticus DSM 14505 
Plasmid pSB102 
Plasmodium gallinaceum 
Plesiocystis pacifica SIR-1 
Polaromonas naphthalenivorans CJ2 
Polaromonas sp. JS666 
Polyangium cellulosum 
Polymorphum gilvum SL003B-26A1 
Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 
Polynucleobacter necessarius subsp. necessarius STIR1 
Polysphondylium pallidum PN500 
Pontibacter sp. BAB1700 
Populus trichocarpa 
Prevotella amnii CRIS 21A-A 
Prevotella marshii DSM 16973 
Prevotella melaninogenica D18 
Prevotella oris C735 
Prevotella sp. oral taxon 317 str. F0108 
Prevotella stercorea DSM 18206 
Prochlorococcus marinus str. MIT 9313 
Prochlorococcus marinus subsp. pastoris str. CCMP1986 
Prochlorococcus phage Syn33 
Propionibacterium acnes HL063PA1 
Propionibacterium humerusii P08 
Propionibacterium propionicum F0230a 
Prosthecochloris aestuarii DSM 271 
Pseudoalteromonas atlantica T6c 
Pseudoalteromonas citrea NCIMB 1889 
Pseudoalteromonas piscicida JCM 20779 
Pseudoalteromonas rubra ATCC 29570 
Pseudoalteromonas sp. BSi20480 
Pseudoalteromonas spongiae UST010723-006 
Pseudogulbenkiania ferrooxidans 2002 
Pseudogulbenkiania sp. NH8B 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa 2192 
Pseudomonas aeruginosa DK2 
Pseudomonas aeruginosa PA7 
Pseudomonas aeruginosa PAO1 
Pseudomonas aeruginosa UCBPP-PA14 
Pseudomonas chlororaphis O6 
Pseudomonas entomophila L48 
Pseudomonas extremaustralis 14-3 substr. 14-3b 
Pseudomonas fluorescens F113 
Pseudomonas fluorescens Pf-5 
Pseudomonas fluorescens SS101 
Pseudomonas fulva 
Pseudomonas fulva 12-X 
Pseudomonas mendocina NK-01 
Pseudomonas mendocina ymp 
Pseudomonas phage 73 
Pseudomonas phage PaP3 
Pseudomonas psychrotolerans L19 
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Pseudomonas putida 
Pseudomonas putida BIRD-1 
Pseudomonas putida GB-1 
Pseudomonas putida S16 
Pseudomonas putida W619 
Pseudomonas sp. 2_1_26 
Pseudomonas sp. Ag1 
Pseudomonas sp. K-62 
Pseudomonas sp. M47T1 
Pseudomonas sp. PAMC 25886 
Pseudomonas sp. S9 
Pseudomonas sp. TJI-51 
Pseudomonas stutzeri A1501 
Pseudomonas stutzeri ATCC 14405 = CCUG 16156 
Pseudomonas stutzeri ATCC 17588 = LMG 11199 
Pseudomonas stutzeri CCUG 29243 
Pseudomonas stutzeri DSM 10701 
Pseudomonas stutzeri TS44 
Pseudomonas synxantha BG33R 
Pseudomonas syringae pv. glycinea str. race 4 
Pseudomonas syringae pv. lachrymans str. M302278 
Pseudomonas syringae pv. maculicola str. ES4326 
Pseudomonas syringae pv. morsprunorum str. M302280 
Pseudomonas syringae pv. phaseolicola 
Pseudomonas syringae pv. phaseolicola 1448A 
Pseudomonas syringae pv. syringae 642 
Pseudomonas syringae pv. syringae FF5 
Pseudomonas syringae pv. tomato str. DC3000 
Pseudomonas syringae pv. tomato T1 
Pseudonocardia dioxanivorans CB1190 
Pseudonocardia sp. P1 
Pseudovibrio sp. FO-BEG1 
Pseudovibrio sp. JE062 
Pseudoxanthomonas spadix BD-a59 
Pseudoxanthomonas suwonensis 11-1 
Psychrobacter cryohalolentis K5 
Pusillimonas sp. T7-7 
Pyrococcus sp. ST04 
Rahnella aquatilis CIP 78.65 = ATCC 33071 
Ralstonia eutropha H16 
Ralstonia eutropha JMP134 
Ralstonia phage RSB1 
Ralstonia pickettii 12D 
Ralstonia pickettii 12J 
Ralstonia solanacearum CFBP2957 
Ralstonia solanacearum CMR15 
Ralstonia solanacearum GMI1000 
Ralstonia solanacearum K60-1 
Ralstonia solanacearum MolK2 
Ralstonia solanacearum Po82 
Ralstonia solanacearum PSI07 
Ralstonia solanacearum UW551 
Ralstonia sp. 5_7_47FAA 
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Ralstonia sp. PBA 
Ralstonia syzygii R24 
Reclinomonas americana 
Reinekea sp. MED297 
Rheinheimera nanhaiensis E407-8 
Rhizobium etli 8C-3 
Rhizobium etli Brasil 5 
Rhizobium etli CFN 42 
Rhizobium etli CIAT 652 
Rhizobium etli CIAT 894 
Rhizobium etli CNPAF512 
Rhizobium etli GR56 
Rhizobium etli Kim 5 
Rhizobium leguminosarum bv. trifolii WSM1325 
Rhizobium leguminosarum bv. trifolii WSM2012 
Rhizobium leguminosarum bv. trifolii WSM2297 
Rhizobium leguminosarum bv. trifolii WSM2304 
Rhizobium leguminosarum bv. trifolii WSM597 
Rhizobium leguminosarum bv. trifolii WU95 
Rhizobium leguminosarum bv. viciae 3841 
Rhizobium leguminosarum bv. viciae USDA 2370 
Rhizobium leguminosarum bv. viciae WSM1455 
Rhizobium sp. PDO1-076 
Rhizopus oryzae RA 99-880 
Rhodanobacter fulvus Jip2 
Rhodanobacter sp. 115 
Rhodanobacter sp. 116-2 
Rhodanobacter sp. 2APBS1 
Rhodanobacter spathiphylli B39 
Rhodanobacter thiooxydans LCS2 
Rhodobacter capsulatus SB 1003 
Rhodobacter sp. SW2 
Rhodobacter sphaeroides 
Rhodobacter sphaeroides 2.4.1 
Rhodobacter sphaeroides ATCC 17025 
Rhodobacter sphaeroides ATCC 17029 
Rhodobacter sphaeroides KD131 
Rhodobacter sphaeroides WS8N 
Rhodobacteraceae bacterium KLH11 
Rhodobacterales bacterium HTCC2083 
Rhodobacterales bacterium HTCC2150 
Rhodobacterales bacterium Y4I 
Rhodococcus jostii RHA1 
Rhodococcus opacus M213 
Rhodococcus opacus PD630 
Rhodococcus sp. JVH1 
Rhodoferax ferrireducens T118 
Rhodomicrobium vannielii ATCC 17100 
Rhodopirellula baltica SH 1 
Rhodopirellula baltica WH47 
Rhodopseudomonas palustris BisA53 
Rhodopseudomonas palustris BisB18 
Rhodopseudomonas palustris BisB5 
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Rhodopseudomonas palustris CGA009 
Rhodopseudomonas palustris DX-1 
Rhodopseudomonas palustris HaA2 
Rhodopseudomonas palustris TIE-1 
Rhodopseudomonas sp. TUT3601 
Rhodospirillum centenum SW 
Rhodospirillum photometricum DSM 122 
Rhodospirillum rubrum ATCC 11170 
Rhodothermus marinus SG0.5JP17-172 
Ricinus communis 
Rickettsia felis URRWXCal2 
Riemerella anatipestifer ATCC 11845 = DSM 15868 
Robiginitalea biformata HTCC2501 
Roseburia intestinalis L1-82 
Roseibium sp. TrichSKD4 
Roseiflexus castenholzii DSM 13941 
Roseiflexus sp. RS-1 
Roseobacter denitrificans OCh 114 
Roseobacter litoralis Och 149 
Roseobacter sp. AzwK-3b 
Roseobacter sp. CCS2 
Roseobacter sp. MED193 
Roseobacter sp. SK209-2-6 
Roseomonas cervicalis ATCC 49957 
Roseovarius sp. 217 
Roseovarius sp. TM1035 
Rothia dentocariosa ATCC 17931 
Rubrivivax benzoatilyticus JA2 
Rubrivivax gelatinosus IL144 
Rubrobacter xylanophilus DSM 9941 
Ruegeria sp. TM1040 
Ruegeria sp. TW15 
Ruminococcus albus 7 
Runella slithyformis DSM 19594 
Saccharomonospora azurea NA-128 
Saccharomonospora cyanea NA-134 
Saccharomonospora glauca K62 
Saccharomonospora marina XMU15 
Saccharomonospora viridis DSM 43017 
Saccharopolyspora erythraea NRRL 2338 
Saccharopolyspora spinosa NRRL 18395 
Saccoglossus kowalevskii 
Sagittula stellata E-37 
Salinibacter ruber DSM 13855 
Salinisphaera shabanensis E1L3A 
Salinispora arenicola CNS-205 
Salinispora tropica CNB-440 
Salmonella enterica subsp. enterica serovar Montevideo str. 609458-1 
Salmonella enterica subsp. enterica serovar Montevideo str. NC_MB110209-0054 
Salmonella enterica subsp. enterica serovar Typhi str. CT18 
Salpingoeca sp. ATCC 50818 
SAR116 cluster alpha proteobacterium HIMB100 
SAR324 cluster bacterium JCVI-SC AAA005 
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Selenomonas noxia ATCC 43541 
Selenomonas ruminantium subsp. lactilytica TAM6421 
Selenomonas sp. oral taxon 149 str. 67H29BP 
Selenomonas sputigena ATCC 35185 
Serinicoccus profundi MCCC 1A05965 
Serratia plymuthica PRI-2C 
Serratia proteamaculans 568 
Serratia sp. M24T3 
Serratia symbiotica str. Tucson 
Shewanella baltica OS155 
Shewanella putrefaciens 200 
Shewanella sediminis HAW-EB3 
Shewanella sp. ANA-3 
Shewanella sp. MR-7 
Shewanella woodyi ATCC 51908 
Shigella flexneri 1235-66 
Sideroxydans lithotrophicus ES-1 
Silicibacter sp. TrichCH4B 
Simkania negevensis Z 
Simonsiella muelleri ATCC 29453 
Singulisphaera acidiphila DSM 18658 
Sinorhizobium fredii HH103 
Sinorhizobium fredii NGR234 
Sinorhizobium fredii USDA 257 
Sinorhizobium medicae WSM419 
Sinorhizobium meliloti 
Sinorhizobium meliloti 1021 
Sinorhizobium meliloti AK83 
Sinorhizobium meliloti BL225C 
Sinorhizobium meliloti CCNWSX0020 
Sinorhizobium meliloti SM11 
Solitalea canadensis DSM 3403 
Sorangium cellulosum 'So ce 56' 
Sorghum bicolor 
Sphaerobacter thermophilus DSM 20745 
Sphingobacterium spiritivorum ATCC 33861 
Sphingobium chlorophenolicum L-1 
Sphingobium indicum B90A 
Sphingobium japonicum UT26S 
Sphingobium sp. SYK-6 
Sphingobium yanoikuyae XLDN2-5 
Sphingomonas echinoides ATCC 14820 
Sphingomonas elodea ATCC 31461 
Sphingomonas sp. ATCC 53159 
Sphingomonas sp. KC8 
Sphingomonas sp. PAMC 26605 
Sphingomonas sp. PAMC 26617 
Sphingomonas sp. S17 
Sphingomonas sp. SKA58 
Sphingomonas wittichii RW1 
Sphingopyxis alaskensis RB2256 
Sphingopyxis macrogoltabida 
Spirochaeta thermophila DSM 6192 
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Spirosoma linguale DSM 74 
Sporisorium reilianum SRZ2 
Sporolactobacillus inulinus CASD 
Stackebrandtia nassauensis DSM 44728 
Staphylococcus simiae CCM 7213 
Stappia aggregata IAM 12614 
Starkeya novella DSM 506 
Stenotrophomonas maltophilia D457 
Stenotrophomonas maltophilia JV3 
Stenotrophomonas maltophilia K279a 
Stenotrophomonas maltophilia R551-3 
Stenotrophomonas sp. SKA14 
Stigmatella aurantiaca DW4/3-1 
Streptococcus criceti HS-6 
Streptococcus pneumoniae GA52306 
Streptococcus suis 
Streptomyces albus J1074 
Streptomyces ambofaciens ATCC 23877 
Streptomyces auratus AGR0001 
Streptomyces avermitilis MA-4680 
Streptomyces bingchenggensis BCW-1 
Streptomyces cattleya NRRL 8057 = DSM 46488 
Streptomyces clavuligerus ATCC 27064 
Streptomyces ghanaensis ATCC 14672 
Streptomyces hygroscopicus ATCC 53653 
Streptomyces hygroscopicus subsp. jinggangensis 5008 
Streptomyces pristinaespiralis ATCC 25486 
Streptomyces roseofulvus 
Streptomyces scabiei 87.22 
Streptomyces sp. AA4 
Streptomyces sp. C 
Streptomyces sp. e14 
Streptomyces sp. Mg1 
Streptomyces sp. SA3_actF 
Streptomyces sp. SA3_actG 
Streptomyces sp. W007 
Streptomyces sviceus ATCC 29083 
Streptomyces tsukubaensis NRRL18488 
Streptomyces violaceusniger Tu 4113 
Streptomyces viridochromogenes DSM 40736 
Streptomyces zinciresistens K42 
Streptosporangium roseum DSM 43021 
Strongylocentrotus purpuratus 
Succinivibrionaceae bacterium WG-1 
Sulfitobacter sp. NAS-14.1 
Sulfobacillus acidophilus DSM 10332 
Sulfobacillus acidophilus TPY 
Sulfolobus tokodaii str. 7 
Sulfuricella denitrificans skB26 
Sulfuricurvum kujiense DSM 16994 
Sulfurospirillum barnesii SES-3 
Sus scrofa 
Sutterella wadsworthensis 3_1_45B 
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Symbiobacterium thermophilum IAM 14863 
Synechococcus elongatus PCC 7942 
Synechococcus phage S-CBS4 
Synechococcus phage S-SSM5 
Synechococcus phage S-SSM7 
Synechococcus sp. CB0101 
Synechococcus sp. CB0205 
Synechococcus sp. CC9311 
Synechococcus sp. CC9605 
Synechococcus sp. CC9902 
Synechococcus sp. JA-2-3B'a(2-13) 
Synechococcus sp. JA-3-3Ab 
Synechococcus sp. PCC 7002 
Synechococcus sp. RS9916 
Synechococcus sp. RS9917 
Synechococcus sp. WH 5701 
Synechocystis sp. PCC 6803 
Synergistes sp. 3_1_syn1 
Syntrophobacter fumaroxidans MPOB 
Syntrophomonas wolfei subsp. wolfei str. Goettingen 
Syntrophothermus lipocalidus DSM 12680 
Syntrophus aciditrophicus SB 
Talaromyces stipitatus ATCC 10500 
Tepidanaerobacter acetatoxydans Re1 
Teredinibacter turnerae T7901 
Terriglobus roseus DSM 18391 
Terriglobus saanensis SP1PR4 
Tetrahymena thermophila 
Tetraodon nigroviridis 
Tetrapisispora blattae CBS 6284 
Thalassiosira pseudonana CCMP1335 
Thauera sp. MZ1T 
Thermaerobacter marianensis DSM 12885 
Thermaerobacter subterraneus DSM 13965 
Thermanaerovibrio acidaminovorans DSM 6589 
Thermincola potens JR 
Thermoanaerobacter ethanolicus CCSD1 
Thermoanaerobacter mathranii subsp. mathranii str. A3 
Thermoanaerobacter pseudethanolicus ATCC 33223 
Thermoanaerobacter sp. X514 
Thermoanaerobacter tengcongensis MB4 
Thermoanaerobacterium thermosaccharolyticum DSM 571 
Thermobacillus composti KWC4 
Thermobaculum terrenum ATCC BAA-798 
Thermobifida fusca YX 
Thermobispora bispora DSM 43833 
Thermococcus barophilus MP 
Thermococcus gammatolerans EJ3 
Thermococcus kodakarensis KOD1 
Thermocrinis albus DSM 14484 
Thermodesulfatator indicus DSM 15286 
Thermodesulfobium narugense DSM 14796 
Thermodesulfovibrio yellowstonii DSM 11347 
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Thermomicrobium roseum DSM 5159 
Thermomonospora curvata DSM 43183 
Thermosediminibacter oceani DSM 16646 
Thermosinus carboxydivorans Nor1 
Thermosipho africanus TCF52B 
Thermotoga thermarum DSM 5069 
Thermovibrio ammonificans HB-1 
Thermovirga lienii DSM 17291 
Thermus aquaticus Y51MC23 
Thermus scotoductus SA-01 
Thermus thermophilus 
Thermus thermophilus HB27 
Thermus thermophilus SG0.5JP17-16 
Thioalkalimicrobium aerophilum AL3 
Thioalkalimicrobium cyclicum ALM1 
Thioalkalivibrio sp. K90mix 
Thioalkalivibrio sulfidophilus HL-EbGr7 
Thioalkalivibrio thiocyanoxidans ARh 4 
Thiobacillus denitrificans 
Thiobacillus denitrificans ATCC 25259 
Thiocapsa marina 5811 
Thiocystis violascens DSM 198 
Thiomicrospira crunogena XCL-2 
Thiomonas intermedia K12 
Thiomonas sp. 3As 
Thiorhodococcus drewsii AZ1 
Thiorhodospira sibirica ATCC 700588 
Thiorhodovibrio sp. 970 
Thiothrix nivea DSM 5205 
Tistrella mobilis KA081020-065 
Tolumonas auensis DSM 9187 
Top-Hit Species 
Toxoplasma gondii ME49 
transaldolase and glucose-6-phosphate isomerase 
Treponema azotonutricium ZAS-9 
Treponema brennaborense DSM 12168 
Treponema primitia ZAS-1 
Treponema vincentii ATCC 35580 
Tribolium castaneum 
Trichoderma atroviride IMI 206040 
Trichomonas vaginalis G3 
Truepera radiovictrix DSM 17093 
Trypanosoma congolense IL3000 
Trypanosoma cruzi strain CL Brener 
Turneriella parva DSM 21527 
uncultured Acidobacteria bacterium 
uncultured actinobacterium 
uncultured archaeon 
uncultured archaeon GZfos35B7 
uncultured bacterium 
uncultured bacterium 1116 
uncultured bacterium 16A2 
uncultured bacterium BLR19 
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uncultured beta proteobacterium 
uncultured beta proteobacterium HF0010_04H24 
uncultured candidate division OP1 bacterium 
uncultured delta proteobacterium 
uncultured Desulfobacterium sp. 
uncultured gamma proteobacterium 
uncultured marine bacterium 159 
uncultured marine bacterium EB0_39H12 
uncultured marine crenarchaeote KM3-153-F8 
uncultured marine microorganism HF4000_006O13 
uncultured microorganism 
uncultured Myxococcales bacterium 
uncultured organism 
uncultured organism MedDCM-OCT-S04-C16 
uncultured phage MedDCM-OCT-S04-C1220 
uncultured phage MedDCM-OCT-S04-C136 
uncultured prokaryote 
uncultured Rhizobiales bacterium HF4000_32B18 
uncultured SUP05 cluster bacterium 
uncultured Verrucomicrobia bacterium 
Ustilago hordei 
Variovorax paradoxus EPS 
Variovorax paradoxus S110 
Veillonella atypica ACS-134-V-Col7a 
Veillonella dispar ATCC 17748 
Veillonella parvula ACS-068-V-Sch12 
Veillonella sp. 3_1_44 
Veillonella sp. oral taxon 780 str. F0422 
Verminephrobacter aporrectodeae subsp. tuberculatae At4 
Verminephrobacter eiseniae EF01-2 
Verrucomicrobiae bacterium DG1235 
Verrucomicrobium spinosum DSM 4136 
Verrucosispora maris AB-18-032 
Vibrio anguillarum 775 
Vibrio caribbenthicus ATCC BAA-2122 
Vibrio cholerae 
Vibrio cholerae bv. albensis VL426 
Vibrio cholerae HC-02A1 
Vibrio cholerae MZO-2 
Vibrio cholerae O37 
Vibrio cholerae RC27 
Vibrio fischeri SR5 
Vibrio mimicus MB-451 
Vibrio mimicus VM573 
Vibrio mimicus VM603 
Vibrio nigripulchritudo ATCC 27043 
Vibrio phage SSP002 
Vibrio rotiferianus DAT722 
Vibrio sp. N418 
Vibrio splendidus ATCC 33789 
Victivallis vadensis ATCC BAA-548 
Vitis vinifera 
Volvox carteri f. nagariensis 
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Vulcanisaeta moutnovskia 768-28 
Wallemia sebi CBS 633.66 
Wolinella succinogenes DSM 1740 
Xanthobacter autotrophicus Py2 
Xanthomonas axonopodis pv. citrumelo F1 
Xanthomonas campestris 
Xanthomonas campestris pv. campestris str. ATCC 33913 
Xanthomonas campestris pv. musacearum NCPPB 4381 
Xanthomonas campestris pv. vasculorum NCPPB 702 
Xanthomonas citri pv. mangiferaeindicae LMG 941 
Xanthomonas fuscans subsp. aurantifolii str. ICPB 10535 
Xanthomonas gardneri ATCC 19865 
Xanthomonas oryzae pv. oryzae MAFF 311018 
Xanthomonas oryzae pv. oryzae PXO99A 
Xanthomonas sacchari NCPPB 4393 
Xenopus (Silurana) tropicalis 
Xenorhabdus bovienii SS-2004 
Xenorhabdus nematophila ATCC 19061 
Xylanimonas cellulosilytica DSM 15894 
Xylella fastidiosa 9a5c 
Xylella fastidiosa Temecula1 
Yersinia enterocolitica 
Yersinia pestis PY-48 
Yersinia pseudotuberculosis IP 31758 
Zobellia galactanivorans 
Zymomonas mobilis subsp. mobilis ATCC 29191 
Zymomonas mobilis subsp. mobilis NCIMB 11163 
Zymomonas mobilis subsp. mobilis ZM4 
Zymomonas mobilis subsp. pomaceae ATCC 29192 

 

 

Appendix E 
A list of KEGG pathways identified in the metagenomic data of the Batman Pit. 

Pathway 
Number of 
sequences 

Purine metabolism 400 
Nitrogen metabolism 188 
Oxidative phosphorylation 142 
Thiamine metabolism 129 
Glyoxylate and dicarboxylate metabolism 127 
Methane metabolism 123 
Pyrimidine metabolism 118 
Glycine, serine and threonine metabolism 108 
Pyruvate metabolism 103 
Carbon fixation pathways in prokaryotes 102 
Propanoate metabolism 99 
Valine, leucine and isoleucine degradation 98 
Arginine and proline metabolism 90 
Glycolysis / Gluconeogenesis 86 
Butanoate metabolism 85 
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Citrate cycle (TCA cycle) 77 
Glutathione metabolism 72 
Aminoacyl-tRNA biosynthesis 72 
Cysteine and methionine metabolism 69 
Fatty acid metabolism 65 
Alanine, aspartate and glutamate metabolism 63 
Carbon fixation in photosynthetic organisms 63 
Pentose phosphate pathway 61 
Phenylalanine metabolism 59 
Lysine degradation 57 
Porphyrin and chlorophyll metabolism 55 
Tryptophan metabolism 54 
Benzoate degradation 53 
Fatty acid biosynthesis 53 
Amino sugar and nucleotide sugar metabolism 52 
Pantothenate and CoA biosynthesis 47 
Valine, leucine and isoleucine biosynthesis 46 
beta-Alanine metabolism 46 
Phenylalanine, tyrosine and tryptophan biosynthesis 42 
Selenocompound metabolism 40 
Terpenoid backbone biosynthesis 40 
Lysine biosynthesis 39 
Histidine metabolism 39 
Biosynthesis of unsaturated fatty acids 39 
Sulfur metabolism 39 
Aminobenzoate degradation 38 
Peptidoglycan biosynthesis 35 
One carbon pool by folate 35 
Fructose and mannose metabolism 34 
Geraniol degradation 33 
Fatty acid elongation 32 
Caprolactam degradation 32 
Chloroalkane and chloroalkene degradation 29 
Tyrosine metabolism 28 
Synthesis and degradation of ketone bodies 26 
Pentose and glucuronate interconversions 26 
Streptomycin biosynthesis 26 
alpha-Linolenic acid metabolism 25 
Drug metabolism - other enzymes 25 
Glycerolipid metabolism 24 
Limonene and pinene degradation 24 
Nicotinate and nicotinamide metabolism 24 
Starch and sucrose metabolism 23 
Glycerophospholipid metabolism 23 
Drug metabolism - cytochrome P450 23 
Ascorbate and aldarate metabolism 22 
Metabolism of xenobiotics by cytochrome P450 22 
Phenylpropanoid biosynthesis 21 
Toluene degradation 21 
Vitamin B6 metabolism 19 
Galactose metabolism 19 
Riboflavin metabolism 17 
Polyketide sugar unit biosynthesis 16 
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Tetracycline biosynthesis 15 
C5-Branched dibasic acid metabolism 14 
Inositol phosphate metabolism 14 
Lipopolysaccharide biosynthesis 14 
Folate biosynthesis 14 
Primary bile acid biosynthesis 14 
Biotin metabolism 13 
Fluorobenzoate degradation 12 
Chlorocyclohexane and chlorobenzene degradation 12 
Styrene degradation 11 
Retinol metabolism 11 
Naphthalene degradation 11 
Phosphatidylinositol signaling system 10 
Ethylbenzene degradation 10 
Cyanoamino acid metabolism 9 
Biosynthesis of ansamycins 9 
Atrazine degradation 9 
Tropane, piperidine and pyridine alkaloid biosynthesis 9 
Novobiocin biosynthesis 7 
Taurine and hypotaurine metabolism 7 
D-Alanine metabolism 7 
Sphingolipid metabolism 7 
Biosynthesis of vancomycin group antibiotics 6 
Nitrotoluene degradation 6 
Arachidonic acid metabolism 6 
Glucosinolate biosynthesis 6 
D-Glutamine and D-glutamate metabolism 6 
Isoquinoline alkaloid biosynthesis 5 
Photosynthesis 5 
Ubiquinone and other terpenoid-quinone biosynthesis 5 
Lipoic acid metabolism 4 
Steroid hormone biosynthesis 3 
Xylene degradation 3 
Dioxin degradation 3 
Other glycan degradation 3 
Glycosphingolipid biosynthesis - globo series 3 
Ether lipid metabolism 2 
T cell receptor signaling pathway 2 
Biosynthesis of terpenoids and steroids 2 
Glycosaminoglycan degradation 2 
N-Glycan biosynthesis 2 
Carotenoid biosynthesis 2 
D-Arginine and D-ornithine metabolism 2 
beta-Lactam resistance 2 
Penicillin and cephalosporin biosynthesis 2 
Glycosphingolipid biosynthesis - ganglio series 2 
Biosynthesis of siderophore group nonribosomal peptides 1 
Caffeine metabolism 1 
Various types of N-glycan biosynthesis 1 
Sesquiterpenoid and triterpenoid biosynthesis 1 
Zeatin biosynthesis 1 
Monoterpenoid biosynthesis 1 
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Acanthamoeba castellanii mamavirus 
Acanthamoeba polyphaga mimivirus 
Acaryochloris sp. CCMEE 5410 
Acetivibrio cellulolyticus CD2 
Acetobacter aceti NBRC 14818 
Acetobacter pasteurianus subsp. pasteurianus LMG 1262 
Acetobacter pomorum DM001 
Acetobacter tropicalis NBRC 101654 
Acetobacteraceae bacterium AT-5844 
Acetobacterium woodii DSM 1030 
Acetohalobium arabaticum DSM 5501 
Acetonema longum DSM 6540 
acetyl-CoA-carboxylase 
Achromobacter arsenitoxydans SY8 
Achromobacter denitrificans 
Achromobacter piechaudii ATCC 43553 
Achromobacter xylosoxidans 
Acidaminococcus sp. D21 
Acidimicrobium ferrooxidans DSM 10331 
Acidiphilium cryptum JF-5 
Acidiphilium multivorum AIU301 
Acidiphilium rubrum 
Acidiphilium sp. PM 
Acidiphilium symbioticum 
Acidobacterium capsulatum ATCC 51196 
Acidothermus cellulolyticus 11B 
Acidovorax avenae subsp. avenae ATCC 19860 
Acidovorax citrulli AAC00-1 
Acidovorax delafieldii 2AN 
Acidovorax radicis N35 
Acidovorax sp. CF316 
Acidovorax sp. JS42 
Acidovorax sp. NO-1 
Acinetobacter baumannii 1656-2 
Acinetobacter calcoaceticus PHEA-2 
Acinetobacter oleivorans DR1 
Acinetobacter sp. ED23-35 
Acinetobacter sp. P8-3-8 
Acinetobacter sp. RUH2624 
Actinobacillus actinomycetemcomitans 
Actinomadura hibisca 
Actinomyces georgiae F0490 
Actinomyces sp. oral taxon 848 str. F0332 
Actinoplanes missouriensis 431 
Actinosynnema mirum DSM 43827 
acyl-carrier protein 
acyl-carrier-protein 
Advenella kashmirensis WT001 
Aegilops searsii 
Aeromonas caviae Ae398 
Aeromonas hydrophila subsp. hydrophila ATCC 7966 
Aeromonas veronii B565 
Afipia sp. 1NLS2 
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Aggregatibacter segnis ATCC 33393 
Agrobacterium luteum 
Agrobacterium radiobacter K84 
Agrobacterium sp. ATCC 31749 
Agrobacterium sp. H13-3 
Agrobacterium tumefaciens 
Agrobacterium vitis S4 
Albugo laibachii Nc14 
Alcaligenes faecalis subsp. faecalis NCIB 8687 
Alcanivorax borkumensis SK2 
Alcanivorax sp. DG881 
Algoriphagus sp. PR1 
Alicycliphilus denitrificans BC 
Alicyclobacillus acidocaldarius LAA1 
Alicyclobacillus acidocaldarius subsp. acidocaldarius DSM 446 
Alicyclobacillus acidocaldarius subsp. acidocaldarius Tc-4-1 
Aliivibrio salmonicida LFI1238 
Alishewanella aestuarii B11 
Alishewanella jeotgali KCTC 22429 
Alistipes indistinctus YIT 12060 
Alistipes putredinis DSM 17216 
Alkalilimnicola ehrlichii MLHE-1 
Alkaliphilus metalliredigens QYMF 
Allochromatium vinosum DSM 180 
alpha proteobacterium BAL199 
alpha proteobacterium HTCC2255 
Alteromonas macleodii ATCC 27126 
Alteromonas macleodii str. 'Deep ecotype' 
Alteromonas sp. S89 
Amaranthus quitensis 
Aminomonas paucivorans DSM 12260 
Ammonifex degensii KC4 
Amphimedon queenslandica 
Amycolatopsis mediterranei S699 
Amycolatopsis mediterranei U32 
Amycolatopsis sp. ATCC 39116 
Anabaena variabilis ATCC 29413 
Anaerobaculum hydrogeniformans ATCC BAA-1850 
Anaerofustis stercorihominis DSM 17244 
Anaeroglobus geminatus F0357 
Anaerolinea thermophila UNI-1 
Anaeromyxobacter dehalogenans 2CP-1 
Anaeromyxobacter dehalogenans 2CP-C 
Anaeromyxobacter sp. Fw109-5 
Anaeromyxobacter sp. K 
Anaerotruncus colihominis DSM 17241 
Anaplasma centrale str. Israel 
Anolis carolinensis 
Anopheles darlingi 
Arabidopsis lyrata subsp. lyrata 
Arabidopsis thaliana 
Archaeoglobus profundus DSM 5631 
Arcobacter butzleri ED-1 
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Arcobacter sp. L 
Aromatoleum aromaticum EbN1 
Arthrobacter phenanthrenivorans Sphe3 
Arthrobacter sp. FB24 
Arthrospira platensis str. Paraca 
Ashbya gossypii ATCC 10895 
Aster yellows phytoplasma 
Asticcacaulis biprosthecum C19 
Asticcacaulis excentricus CB 48 
Atopobium rimae ATCC 49626 
Aurantimonas manganoxydans SI85-9A1 
Aureococcus anophagefferens 
Azoarcus communis 
Azoarcus sp. BH72 
Azoarcus sp. EbN1 
Azoarcus sp. KH32C 
Azorhizobium caulinodans ORS 571 
Azospirillum amazonense Y2 
Azospirillum brasilense Sp245 
Azospirillum lipoferum 4B 
Azospirillum sp. B510 
Azotobacter vinelandii DJ 
Babesia bovis T2Bo 
Bacillus cereus BGSC 6E1 
Bacillus cereus F65185 
Bacillus cereus G9241 
Bacillus cereus Q1 
Bacillus coagulans 2-6 
Bacillus halodurans C-125 
Bacillus licheniformis WX-02 
Bacillus macauensis ZFHKF-1 
Bacillus megaterium QM B1551 
Bacillus methanolicus MGA3 
Bacillus methanolicus PB1 
Bacillus pseudofirmus OF4 
Bacillus selenitireducens MLS10 
Bacillus sp. 1NLA3E 
Bacillus sp. 2_A_57_CT2 
Bacillus sp. NRRL B-14911 
Bacillus subtilis BSn5 
Bacillus thuringiensis serovar monterrey BGSC 4AJ1 
Bacillus thuringiensis serovar pulsiensis BGSC 4CC1 
bacterium Ellin514 
Bacteroides eggerthii 1_2_48FAA 
Bacteroides nordii CL02T12C05 
Bacteroides plebeius DSM 17135 
Bacteroides sp. 2_1_56FAA 
Bartonella alsatica IBS 382 
Bartonella tamiae Th239 
Bdellovibrio bacteriovorus HD100 
Bdellovibrio phage phi1422 
Beggiatoa alba B18LD 
Beggiatoa sp. PS 
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Beijerinckia indica subsp. indica ATCC 9039 
beta proteobacterium KB13 
Beutenbergia cavernae DSM 12333 
Bifidobacterium bifidum S17 
Bilophila wadsworthia 3_1_6 
Bizionia argentinensis JUB59 
Blastocystis hominis 
Blastopirellula marina DSM 3645 
blood disease bacterium R229 
Bordetella avium 197N 
Bordetella bronchiseptica RB50 
Bordetella parapertussis 12822 
Bordetella petrii DSM 12804 
Bordetella phage BPP-1 
Brachyspira intermedia PWS/A 
Bradyrhizobiaceae bacterium SG-6C 
Bradyrhizobium japonicum USDA 110 
Bradyrhizobium japonicum USDA 6 
Bradyrhizobium sp. BTAi1 
Bradyrhizobium sp. ORS 278 
Bradyrhizobium sp. ORS 285 
Bradyrhizobium sp. ORS 375 
Bradyrhizobium sp. S23321 
Bradyrhizobium sp. STM 3809 
Bradyrhizobium sp. STM 3843 
Bradyrhizobium sp. WSM1253 
Bradyrhizobium sp. WSM471 
Branchiostoma floridae 
Brenneria sp. EniD312 
Brevibacillus brevis NBRC 100599 
Brevibacillus laterosporus GI-9 
Brevibacillus laterosporus LMG 15441 
Brevundimonas diminuta ATCC 11568 
Brevundimonas sp. BAL3 
Brevundimonas subvibrioides ATCC 15264 
Brucella melitensis bv. 3 str. Ether 
Brucella sp. 83/13 
Brucella sp. BO2 
Brucella sp. NVSL 07-0026 
Burkholderia ambifaria AMMD 
Burkholderia ambifaria MC40-6 
Burkholderia ambifaria MEX-5 
Burkholderia cenocepacia AU 1054 
Burkholderia cenocepacia H111 
Burkholderia cenocepacia J2315 
Burkholderia cenocepacia MC0-3 
Burkholderia cenocepacia PC184 
Burkholderia dolosa AUO158 
Burkholderia gladioli BSR3 
Burkholderia glumae BGR1 
Burkholderia graminis C4D1M 
Burkholderia mallei ATCC 23344 
Burkholderia mallei FMH 
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Burkholderia mallei SAVP1 
Burkholderia multivorans ATCC 17616 
Burkholderia multivorans CGD1 
Burkholderia multivorans CGD2M 
Burkholderia oklahomensis C6786 
Burkholderia oklahomensis EO147 
Burkholderia phage BcepIL02 
Burkholderia phymatum STM815 
Burkholderia phytofirmans PsJN 
Burkholderia pseudomallei 1026b 
Burkholderia rhizoxinica HKI 454 
Burkholderia sp.  
Burkholderia terrae BS001 
Burkholderia thailandensis Bt4 
Burkholderia ubonensis Bu 
Burkholderia vietnamiensis G4 
Burkholderia xenovorans LB400 
Burkholderiales bacterium JOSHI_001 
Butyrivibrio proteoclasticus B316 
Caenorhabditis remanei 
Cafeteria roenbergensis virus BV-PW1 
Caldalkalibacillus thermarum TA2.A1 
Caldicellulosiruptor hydrothermalis 108 
Caldicellulosiruptor kristjanssonii 177R1B 
Caldicellulosiruptor saccharolyticus DSM 8903 
Caldilinea aerophila DSM 14535 = NBRC 104270 
Calditerrivibrio nitroreducens DSM 19672 
Caldithrix abyssi DSM 13497 
Camponotus floridanus 
Campylobacter jejuni subsp. jejuni LMG 9872 
Candida maltosa 
candidate division TM7 single-cell isolate TM7c 
Candidatus Accumulibacter phosphatis clade IIA str. UW-1 
Candidatus Burkholderia kirkii UZHbot1 
Candidatus Chloracidobacterium thermophilum 
Candidatus Chloracidobacterium thermophilum B 
Candidatus Cloacamonas acidaminovorans 
Candidatus Desulforudis audaxviator MP104C 
Candidatus Glomeribacter gigasporarum BEG34 
Candidatus Hamiltonella defensa 5AT (Acyrthosiphon pisum) 
Candidatus Korarchaeum cryptofilum OPF8 
Candidatus Koribacter versatilis Ellin345 
Candidatus Methylomirabilis oxyfera 
Candidatus Nitrospira defluvii 
Candidatus Odyssella thessalonicensis L13 
Candidatus Pelagibacter ubique HTCC1062 
Candidatus Poribacteria sp. WGA-A3 
Candidatus Puniceispirillum marinum IMCC1322 
Candidatus Solibacter usitatus Ellin6076 
Capsaspora owczarzaki ATCC 30864 
Carboxydothermus hydrogenoformans Z-2901 
Cardiobacterium hominis ATCC 15826 
Catenulispora acidiphila DSM 44928 
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Caulobacter crescentus CB15 
Caulobacter crescentus NA1000 
Caulobacter segnis ATCC 21756 
Caulobacter sp. K31 
Cavia porcellus 
Cellulomonas flavigena DSM 20109 
Cellulophaga algicola DSM 14237 
Cellvibrio japonicus Ueda107 
Cellvibrio sp. BR 
Cenarchaeum symbiosum A 
Chattonella marina 
Chattonella marina var. antiqua 
Chelativorans sp. BNC1 
Chitinophaga pinensis DSM 2588 
Chlamydomonas reinhardtii 
Chlorobium chlorochromatii CaD3 
Chlorobium ferrooxidans DSM 13031 
Chlorobium limicola DSM 245 
Chlorobium luteolum DSM 273 
Chlorobium phaeobacteroides BS1 
Chlorobium phaeovibrioides DSM 265 
Chlorobium tepidum TLS 
Chloroflexus aggregans DSM 9485 
Chloroflexus aurantiacus J-10-fl 
Chloroherpeton thalassium ATCC 35110 
Chromobacterium violaceum ATCC 12472 
Chromohalobacter salexigens DSM 3043 
Chryseobacterium gleum ATCC 35910 
Chrysodidymus synuroideus 
Chthoniobacter flavus Ellin428 
Citreicella sp. 357 
Citreicella sp. SE45 
Citrobacter freundii 4_7_47CFAA 
Citromicrobium bathyomarinum JL354 
Citromicrobium sp. JLT1363 
Clostridium carboxidivorans P7 
Clostridium citroniae WAL-17108 
Clostridium clariflavum DSM 19732 
Clostridium hylemonae DSM 15053 
Clostridium lentocellum DSM 5427 
Clostridium leptum DSM 753 
Clostridium papyrosolvens DSM 2782 
Clostridium perfringens SM101 
Clostridium sp. BNL1100 
Clostridium sp. D5 
Clostridium sp. L2-50 
Clostridium sporogenes PA 3679 
Clostridium sticklandii DSM 519 
Clostridium symbiosum WAL-14163 
Clostridium thermocellum ATCC 27405 
Coccidioides immitis RS 
Colletotrichum higginsianum 
Collimonas fungivorans Ter331 
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Collinsella stercoris DSM 13279 
Colwellia psychrerythraea 34H 
Comamonas testosteroni CNB-2 
Comamonas testosteroni KF-1 
Comamonas testosteroni S44 
Commensalibacter intestini A911 
Conexibacter woesei DSM 14684 
Congregibacter litoralis KT71 
Coniophora puteana RWD-64-598 SS2 
Coprobacillus sp. 29_1 
Corallococcus coralloides DSM 2259 
Coriobacteriaceae bacterium JC110 
Corynebacterium aurimucosum ATCC 700975 
Corynebacterium bovis DSM 20582 
Corynebacterium urealyticum DSM 7109 
Coxiella burnetii Dugway 5J108-111 
Cronobacter turicensis z3032 
Cryptosporidium muris RN66 
Cupriavidus basilensis OR16 
Cupriavidus metallidurans CH34 
Cupriavidus necator N-1 
Cupriavidus taiwanensis LMG 19424 
Curvibacter putative symbiont of Hydra magnipapillata 
Cyanobium sp. PCC 7001 
Cyanophage 9515-10a 
Cyanophage KBS-S-1A 
Cyanophage S-TIM5 
Cyanothece sp. ATCC 51142 
Cyanothece sp. CCY0110 
Cyanothece sp. PCC 7425 
Cyanothece sp. PCC 7822 
Cyanothece sp. PCC 8801 
Cyanothece sp. PCC 8802 
Cylindrospermopsis raciborskii CS-505 
Cytophaga hutchinsonii ATCC 33406 
Danio rerio 
Daphnia pulex 
Dechloromonas aromatica RCB 
Dechlorosoma suillum PS 
Dehalococcoides sp. VS 
Dehalogenimonas lykanthroporepellens BL-DC-9 
Deinococcus deserti VCD115 
Deinococcus geothermalis DSM 11300 
Deinococcus gobiensis I-0 
Deinococcus maricopensis DSM 21211 
Deinococcus radiodurans R1 
Delftia acidovorans SPH-1 
Delftia sp. Cs1-4 
delta proteobacterium MLMS-1 
delta proteobacterium NaphS2 
Denitrovibrio acetiphilus DSM 12809 
Desmospora sp. 8437 
Desulfarculus baarsii DSM 2075 
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Desulfatibacillum alkenivorans AK-01 
Desulfitobacterium hafniense DCB-2 
Desulfitobacterium hafniense DP7 
Desulfitobacterium hafniense Y51 
Desulfitobacterium metallireducens DSM 15288 
Desulfobacca acetoxidans DSM 11109 
Desulfobacterium autotrophicum HRM2 
Desulfococcus oleovorans Hxd3 
Desulfohalobium retbaense DSM 5692 
Desulfomonile tiedjei DSM 6799 
Desulfonatronospira thiodismutans ASO3-1 
Desulfosporosinus acidiphilus SJ4 
Desulfosporosinus meridiei DSM 13257 
Desulfosporosinus orientis DSM 765 
Desulfosporosinus sp. OT 
Desulfosporosinus youngiae DSM 17734 
Desulfotalea psychrophila LSv54 
Desulfotignum balticum 
Desulfotomaculum acetoxidans DSM 771 
Desulfotomaculum carboxydivorans CO-1-SRB 
Desulfotomaculum gibsoniae DSM 7213 
Desulfotomaculum kuznetsovii DSM 6115 
Desulfotomaculum nigrificans DSM 574 
Desulfotomaculum reducens MI-1 
Desulfotomaculum ruminis DSM 2154 
Desulfovibrio africanus str. Walvis Bay 
Desulfovibrio desulfuricans ND132 
Desulfovibrio fructosovorans JJ 
Desulfovibrio magneticus RS-1 
Desulfovibrio piger ATCC 29098 
Desulfovibrio sp. 3_1_syn3 
Desulfovibrio sp. FW1012B 
Desulfovibrio sp. U5L 
Desulfovibrio vulgaris DP4 
Desulfovibrio vulgaris str. Hildenborough 
Desulfurispirillum indicum S5 
Desulfurivibrio alkaliphilus AHT2 
Desulfurobacterium thermolithotrophum DSM 11699 
Desulfuromonas acetoxidans DSM 684 
Dethiobacter alkaliphilus AHT 1 
Dialister invisus DSM 15470 
Dialister succinatiphilus YIT 11850 
Dicentrarchus labrax 
Dickeya dadantii 3937 
Dickeya dadantii Ech586 
Dickeya zeae Ech1591 
Dictyoglomus thermophilum H-6-12 
Dictyoglomus turgidum DSM 6724 
Dictyostelium discoideum 
Dictyostelium discoideum AX4 
Dictyostelium fasciculatum 
Dictyostelium purpureum 
Dictyota hamifera 
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Dietzia cinnamea P4 
Dinoroseobacter shibae DFL 12 
Diplosoma listerianum 
Diplosphaera colitermitum TAV2 
Dolosigranulum pigrum ATCC 51524 
Drosophila melanogaster 
Drosophila mojavensis 
Ectocarpus siliculosus 
Ectothiorhodospira sp. PHS-1 
Ectropis obliqua 
Eikenella corrodens ATCC 23834 
Elizabethkingia anophelis Ag1 
endosymbiont of Tevnia jerichonana (vent Tica) 
Enhydrobacter aerosaccus SK60 
Enterobacter aerogenes KCTC 2190 
Enterobacter cloacae SCF1 
Enterobacter cloacae subsp. cloacae GS1 
Enterobacter cloacae subsp. dissolvens SDM 
Enterobacter radicincitans DSM 16656 
Enterobacteria phage vB_EcoM-FV3 
Enterobacteriaceae bacterium 9_2_54FAA 
Enterococcus faecalis DS5 
Enterococcus faecalis V583 
Erwinia amylovora CFBP1430 
Erwinia billingiae Eb661 
Erysipelotrichaceae bacterium 2_2_44A 
Erythrobacter litoralis HTCC2594 
Erythrobacter sp. NAP1 
Escherichia blattae DSM 4481 
Escherichia coli 
Eubacteriaceae bacterium CM2 
Eubacterium hallii DSM 3353 
Eubacterium infirmum F0142 
Eubacterium yurii subsp. margaretiae ATCC 43715 
Exiguobacterium sibiricum 255-15 
Exophiala dermatitidis NIH/UT8656 
Faecalibacterium prausnitzii A2-165 
Faecalibacterium prausnitzii L2-6 
Ferrimonas balearica DSM 9799 
Fervidobacterium pennivorans DSM 9078 
Fibrella aestuarina BUZ 2 
Fibrisoma limi BUZ 3 
Fibrobacter succinogenes subsp. succinogenes S85 
Fischerella sp. JSC-11 
Flavobacteriaceae bacterium S85 
Flavobacterium branchiophilum FL-15 
Flavobacterium johnsoniae UW101 
Flavonifractor plautii ATCC 29863 
Fluoribacter dumoffii Tex-KL 
Francisella sp. TX077308 
Frankia alni ACN14a 
Frankia sp. CcI3 
Frankia sp. CN3 
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Frankia sp. EAN1pec 
Frankia sp. EuI1c 
Frankia sp. EUN1f 
Frankia sp. QA3 
Frankia symbiont of Datisca glomerata 
Frateuria aurantia DSM 6220 
Fremyella diplosiphon Fd33 
Fulvimarina pelagi HTCC2506 
Fusobacterium sp. 1_1_41FAA 
Fusobacterium ulcerans ATCC 49185 
Fusobacterium varium ATCC 27725 
Gallionella capsiferriformans ES-2 
Gallus gallus 
gamma proteobacterium NOR5-3 
Gemmata obscuriglobus UQM 2246 
Gemmatimonas aurantiaca T-27 
Geobacillus kaustophilus HTA426 
Geobacillus sp. C56-T3 
Geobacillus sp. WCH70 
Geobacillus thermoglucosidans TNO-09.020 
Geobacillus thermoglucosidasius C56-YS93 
Geobacter bemidjiensis Bem 
Geobacter daltonii FRC-32 
Geobacter lovleyi SZ 
Geobacter sp. M18 
Geobacter sp. M21 
Geobacter sulfurreducens KN400 
Geobacter sulfurreducens PCA 
Geobacter uraniireducens Rf4 
Geodermatophilus obscurus DSM 43160 
Gibberella zeae PH-1 
Gillisia limnaea DSM 15749 
Glaciecola nitratireducens FR1064 
Glaciecola sp. 4H-3-7+YE-5 
Gloeobacter violaceus PCC 7421 
Glomerella graminicola M1.001 
Gluconacetobacter diazotrophicus 
Gluconacetobacter diazotrophicus PAl 5 
Gluconacetobacter europaeus LMG 18494 
Gluconacetobacter hansenii ATCC 23769 
Gluconacetobacter oboediens 174Bp2 
Gluconacetobacter rhaeticus 
Gluconacetobacter sp. SXCC-1 
Gluconacetobacter xylinus NBRC 3288 
Gluconobacter morbifer G707 
Gluconobacter oxydans 621H 
glutamine-hydrolyzing 
Glycine max 
Gordonia bronchialis DSM 43247 
Gordonia effusa NBRC 100432 
Gordonia sputi NBRC 100414 
Gramella forsetii KT0803 
Granulibacter bethesdensis CGDNIH1 
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Granulicella mallensis MP5ACTX8 
Granulicella tundricola MP5ACTX9 
Haemophilus [parainfluenzae 
Haemophilus influenzae 22.1-21 
Haemophilus influenzae PittGG 
Hahella chejuensis KCTC 2396 
Haladaptatus paucihalophilus DX253 
Halalkalicoccus jeotgali B3 
Halanaerobium hydrogeniformans 
Haliangium ochraceum DSM 14365 
Haliscomenobacter hydrossis DSM 1100 
Halobacillus halophilus DSM 2266 
Halobacterium sp. DL1 
Haloferax volcanii DS2 
Halogeometricum borinquense DSM 11551 
Halomicrobium mukohataei DSM 12286 
Halomonas boliviensis LC1 
Halomonas elongata DSM 2581 
Halomonas sp. GFAJ-1 
Halomonas sp. HAL1 
Halomonas sp. TD01 
Haloquadratum walsbyi DSM 16790 
Halorubrum lacusprofundi ATCC 49239 
Halothermothrix orenii H 168 
Halothiobacillus neapolitanus c2 
Helicobacter bizzozeronii CCUG 35545 
Helicobacter pylori Hp P-4 
Helicobacter winghamensis ATCC BAA-430 
Heliobacterium modesticaldum Ice1 
Heliophilum fasciatum 
Herbaspirillum seropedicae SmR1 
Herbaspirillum sp. GW103 
Herminiimonas arsenicoxydans 
Herpetosiphon aurantiacus DSM 785 
Heterosigma akashiwo 
Hirschia baltica ATCC 49814 
Hoeflea phototrophica DFL-43 
Holophaga foetida DSM 6591 
Homo sapiens 
Hordeum vulgare subsp. vulgare 
Hydra magnipapillata 
Hydrocarboniphaga effusa AP103 
Hydrogenivirga sp. 128-5-R1-1 
Hydrogenophaga sp. PBC 
Hylemonella gracilis ATCC 19624 
Hyphomicrobium denitrificans 1NES1 
Hyphomicrobium denitrificans ATCC 51888 
Hyphomicrobium sp. MC1 
Hyphomicrobium sulfonivorans 
Hyphomonas neptunium ATCC 15444 
Hypotrichomonas acosta 
Idiomarina baltica OS145 
Idiomarina loihiensis L2TR 
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Idiomarina sp. A28L 
Ignavibacterium album JCM 16511 
Ignicoccus hospitalis KIN4/I 
Ilyobacter polytropus DSM 2926 
Imtechella halotolerans K1 
Intrasporangium calvum DSM 43043 
Isosphaera pallida ATCC 43644 
Ixodes scapularis 
Jannaschia sp. CCS1 
Janthinobacterium lividum 
Janthinobacterium sp. Marseille 
Janthinobacterium sp. PAMC 25724 
Kangiella koreensis DSM 16069 
Ketogulonicigenium vulgare Y25 
Ketogulonigenium vulgarum WSH-001 
Kineococcus radiotolerans SRS30216 
Kingella kingae ATCC 23330 
Kingella oralis ATCC 51147 
Kitasatospora setae KM-6054 
Klebsiella oxytoca 10-5245 
Klebsiella oxytoca 10-5250 
Klebsiella pneumoniae 
Klebsiella pneumoniae subsp. pneumoniae HS11286 
Klebsiella sp. 1_1_55 
Klebsiella sp. MS 92-3 
Kocuria rhizophila DC2201 
Kordia algicida OT-1 
Kosmotoga olearia TBF 19.5.1 
Kribbella flavida DSM 17836 
Ktedonobacter racemifer DSM 44963 
Kyrpidia tusciae DSM 2912 
Kytococcus sedentarius DSM 20547 
Labrenzia alexandrii DFL-11 
Lachnospiraceae bacterium ACC2 
Lactobacillus kisonensis F0435 
Lactobacillus malefermentans KCTC 3548 
Lactobacillus mali KCTC 3596 = DSM 20444 
Lactobacillus rhamnosus MTCC 5462 
Lactobacillus salivarius CECT 5713 
Laribacter hongkongensis HLHK9 
Lautropia mirabilis ATCC 51599 
Leeuwenhoekiella blandensis MED217 
Legionella drancourtii LLAP12 
Legionella pneumophila str. Lens 
Legionella pneumophila str. Paris 
Legionella pneumophila subsp. pneumophila 
Leishmania braziliensis MHOM/BR/75/M2904 
Leishmania infantum JPCM5 
Leishmania major strain Friedlin 
Lentibacillus sp. Grbi 
Leptospira biflexa serovar Patoc strain 'Patoc 1 (Paris)' 
Leptospira interrogans serovar Copenhageni str. Fiocruz L1-130 
Leptospira licerasiae serovar Varillal str. MMD0835 
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Leptospira santarosai str. 2000030832 
Leptospira weilii str. 2006001855 
Leptospirillum ferrodiazotrophum 
Leptospirillum ferrooxidans C2-3 
Leptospirillum rubarum 
Leptospirillum sp. Group II '5-way CG' 
Leptothrix cholodnii SP-6 
Leptothrix ochracea L12 
Limnobacter sp. MED105 
Listeria phage P35 
Lyngbya sp. PCC 8106 
Lysinibacillus sphaericus C3-41 
Maconellicoccus hirsutus 
Magnetococcus marinus MC-1 
Magnetospirillum gryphiswaldense 
Magnetospirillum gryphiswaldense MSR-1 
Magnetospirillum magneticum AMB-1 
Magnetospirillum magnetotacticum MS-1 
Mahella australiensis 50-1 BON 
Malassezia globosa CBS 7966 
Maricaulis maris MCS10 
Marichromatium purpuratum 984 
marine gamma proteobacterium HTCC2080 
marine gamma proteobacterium HTCC2143 
marine gamma proteobacterium HTCC2148 
Marinithermus hydrothermalis DSM 14884 
Marinobacter algicola DG893 
Marinobacter aquaeolei VT8 
Marinobacter manganoxydans MnI7-9 
Marinobacter sp. ELB17 
Marinobacterium stanieri S30 
Marinomonas sp. MED121 
Marinomonas sp. MWYL1 
Mariprofundus ferrooxydans PV-1 
Maritimibacter alkaliphilus HTCC2654 
Megamonas funiformis YIT 11815 
Megasphaera elsdenii DSM 20460 
Megasphaera sp. UPII 199-6 
Megavirus chiliensis 
Megavirus courdo7 
Meiothermus ruber DSM 1279 
Meiothermus silvanus DSM 9946 
Mesoflavibacter zeaxanthinifaciens S86 
Mesorhizobium alhagi CCNWXJ12-2 
Mesorhizobium amorphae CCNWGS0123 
Mesorhizobium australicum WSM2073 
Mesorhizobium ciceri biovar biserrulae WSM1271 
Mesorhizobium loti 
Mesorhizobium loti MAFF303099 
Mesorhizobium opportunistum WSM2075 
Mesorhizobium sp. BNC1 
Methanocaldococcus fervens AG86 
Methanocella conradii HZ254 
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Methanocella paludicola SANAE 
Methanococcus maripaludis S2 
Methanoculleus bourgensis MS2 
Methanoplanus limicola DSM 2279 
Methanoplanus petrolearius DSM 11571 
Methanosaeta harundinacea 6Ac 
Methanosarcina barkeri str. Fusaro 
Methylacidiphilum fumariolicum SolV 
Methylacidiphilum infernorum V4 
Methylibium petroleiphilum PM1 
Methylobacillus flagellatus KT 
Methylobacter tundripaludum SV96 
Methylobacterium chloromethanicum 
Methylobacterium chloromethanicum CM4 
Methylobacterium extorquens AM1 
Methylobacterium extorquens DM4 
Methylobacterium extorquens DSM 13060 
Methylobacterium extorquens PA1 
Methylobacterium nodulans ORS 2060 
Methylobacterium populi BJ001 
Methylobacterium radiotolerans JCM 2831 
Methylobacterium sp. 4-46 
Methylobacterium sp. GXF4 
Methylocella silvestris BL2 
Methylococcus capsulatus str. Bath 
Methylocystis sp. ATCC 49242 
Methylocystis sp. SC2 
Methylomicrobium album BG8 
Methylomicrobium alcaliphilum 
Methylomonas methanica MC09 
Methylophaga aminisulfidivorans MP 
Methylophaga sp. JAM1 
Methylophaga sp. JAM7 
Methylophaga thiooxidans DMS010 
Methylophilales phage HIM624-A 
Methylosinus trichosporium OB3b 
Methylotenera mobilis JLW8 
Methylotenera versatilis 301 
Methyloversatilis universalis FAM5 
Methylovorus glucosetrophus SIP3-4 
Methylovorus sp. MP688 
Micavibrio aeruginosavorus ARL-13 
Microbacterium laevaniformans OR221 
Microcoleus chthonoplastes PCC 7420 
Microcoleus vaginatus FGP-2 
Microcystis aeruginosa PCC 7806 
Microcystis aeruginosa PCC 9432 
Microcystis aeruginosa PCC 9701 
Microcystis aeruginosa PCC 9808 
Microcystis aeruginosa PCC 9809 
Micromonas pusilla CCMP1545 
Micromonas pusilla virus PL1 
Micromonospora lupini str. Lupac 08 
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Micromonospora sp. ATCC 39149 
Micromonospora sp. L5 
Microvirga sp. WSM3557 
Mitsuokella multacida DSM 20544 
Mobiluncus curtisii subsp. holmesii ATCC 35242 
Modestobacter marinus 
Moorea producta 3L 
Moorella thermoacetica ATCC 39073 
Moritella sp. PE36 
Moumouvirus Monve 
Mucilaginibacter paludis DSM 18603 
Mycobacterium abscessus 47J26 
Mycobacterium colombiense CECT 3035 
Mycobacterium phage Nappy 
Mycobacterium rhodesiae JS60 
Mycobacterium smegmatis str. MC2 155 
Mycobacterium sp. MCS 
Mycobacterium tuberculosis C 
Mycobacterium tusciae JS617 
Mycobacterium vanbaalenii PYR-1 
Mycobacterium xenopi RIVM700367 
Mycosphaerella graminicola IPO323 
Myxococcus xanthus DK 1622 
NADPH 
Naegleria gruberi 
Nakamurella multipartita DSM 44233 
Natranaerobius thermophilus JW/NM-WN-LF 
Natrinema pellirubrum DSM 15624 
Neisseria bacilliformis ATCC BAA-1200 
Neisseria cinerea ATCC 14685 
Neisseria flavescens SK114 
Neisseria meningitidis 8013 
Neisseria meningitidis alpha14 
Neisseria meningitidis alpha704 
Neisseria meningitidis G2136 
Neisseria mucosa ATCC 25996 
Neisseria mucosa C102 
Neisseria polysaccharea ATCC 43768 
Neisseria shayeganii 871 
Neisseria sicca VK64 
Neisseria sp. GT4A_CT1 
Neisseria sp. oral taxon 014 str. F0314 
Neisseria subflava NJ9703 
Neisseria weaveri ATCC 51223 
Nematostella vectensis 
Nephroselmis olivacea 
Niabella soli DSM 19437 
Niastella koreensis GR20-10 
Nitratireductor aquibiodomus RA22 
Nitritalea halalkaliphila LW7 
Nitrobacter hamburgensis X14 
Nitrobacter sp. Nb-311A 
Nitrobacter winogradskyi Nb-255 
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Nitrococcus mobilis Nb-231 
Nitrolancetus hollandicus Lb 
Nitrosococcus halophilus Nc4 
Nitrosococcus oceani AFC27 
Nitrosococcus oceani ATCC 19707 
Nitrosococcus watsonii C-113 
Nitrosomonas europaea ATCC 19718 
Nitrosomonas eutropha C91 
Nitrosomonas sp. AL212 
Nitrosomonas sp. Is79A3 
Nitrosospira multiformis ATCC 25196 
Nitrosovibrio sp. FJI82 
Nocardioidaceae bacterium Broad-1 
Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111 
Nostoc azollae' 0708 
Nostoc punctiforme PCC 73102 
Nostoc sp. PCC 7120 
Novosphingobium aromaticivorans DSM 12444 
Novosphingobium nitrogenifigens DSM 19370 
Novosphingobium pentaromativorans US6-1 
Novosphingobium sp. PP1Y 
Novosphingobium sp. Rr 2-17 
Oceanibulbus indolifex HEL-45 
Oceanicola batsensis HTCC2597 
Oceanicola granulosus HTCC2516 
Oceanicola sp. S124 
Oceanimonas sp. GK1 
Oceanithermus profundus DSM 14977 
Oceanobacillus iheyensis HTE831 
Oceanobacter sp. RED65 
Oceanospirillum sp. MED92 
Ochrobactrum anthropi ATCC 49188 
Ochromonas danica 
Octadecabacter antarcticus 307 
Odoribacter laneus YIT 12061 
Oligotropha carboxidovorans OM5 
Opitutaceae bacterium TAV1 
Opitutaceae bacterium TAV5 
Opitutus terrae PB90-1 
Organic Lake phycodnavirus 1 
Organic Lake phycodnavirus 2 
Ornithinibacillus scapharcae TW25 
Oryza sativa Japonica Group 
Oscillatoria sp. PCC 6506 
Oscillochloris trichoides DG6 
Ostreococcus lucimarinus CCE9901 
Oxalobacter formigenes HOxBLS 
Oxalobacter formigenes OXCC13 
Oxalobacteraceae bacterium IMCC9480 
Oxytricha fallax 
Paenibacillus curdlanolyticus YK9 
Paenibacillus dendritiformis C454 
Paenibacillus elgii B69 
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Paenibacillus larvae subsp. larvae BRL-230010 
Paenibacillus polymyxa E681 
Paenibacillus polymyxa M1 
Paenibacillus polymyxa SC2 
Paenibacillus sp. HGF5 
Paenibacillus sp. HGF7 
Paenibacillus sp. oral taxon 786 str. D14 
Paenibacillus sp. Y412MC10 
Paenibacillus vortex V453 
Paludibacter propionicigenes WB4 
Pantoea ananatis LMG 5342 
Pantoea sp. At-9b 
Pantoea stewartii subsp. stewartii DC283 
Paracoccus aestuarii 
Paracoccus bengalensis 
Paracoccus denitrificans PD1222 
Paracoccus methylutens 
Paracoccus sp. TRP 
Paramecium bursaria Chlorella virus NY2A 
Paramecium tetraurelia strain d4-2 
Parascardovia denticolens DSM 10105 = JCM 12538 
Parvibaculum lavamentivorans DS-1 
Parvularcula bermudensis HTCC2503 
Pasteurella dagmatis ATCC 43325 
Pasteurella multocida subsp. multocida str. Anand1_goat 
Patulibacter sp. I11 
Pectobacterium carotovorum subsp. brasiliensis PBR1692 
Pectobacterium carotovorum subsp. carotovorum WPP14 
Pediculus humanus corporis 
Pedobacter heparinus DSM 2366 
Pedobacter sp. BAL39 
Pelagibaca bermudensis HTCC2601 
Pelagibacterium halotolerans B2 
Pelobacter carbinolicus DSM 2380 
Pelobacter propionicus DSM 2379 
Pelodictyon phaeoclathratiforme BU-1 
Pelosinus fermentans A12 
Pelosinus fermentans DSM 17108 
Pelosinus fermentans JBW45 
Pelotomaculum thermopropionicum SI 
Penicillium marneffei ATCC 18224 
Pennaria disticha 
Peptostreptococcus anaerobius 653-L 
Perkinsus marinus ATCC 50983 
Persephonella marina EX-H1 
Phaeobacter gallaeciensis 2.10 
Phaeocystis globosa virus 12T 
Phaeodactylum tricornutum CCAP 1055/1 
Phaeospirillum molischianum DSM 120 
Phascolarctobacterium succinatutens YIT 12067 
Phenylobacterium zucineum HLK1 
Photobacterium damselae subsp. damselae CIP 102761 
Photorhabdus asymbiotica subsp. asymbiotica ATCC 43949 
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Photorhabdus luminescens subsp. laumondii TTO1 
Phycisphaera mikurensis NBRC 102666 
Physcomitrella patens subsp. patens 
Phytophthora infestans T30-4 
Phytophthora sojae 
Picea glauca 
Picea sitchensis 
Pirellula staleyi DSM 6068 
Planctomyces brasiliensis DSM 5305 
Planctomyces maris DSM 8797 
planctomycete KSU-1 
Planococcus antarcticus DSM 14505 
Plasmid pSB102 
Plasmodium gallinaceum 
Plesiocystis pacifica SIR-1 
Polaromonas naphthalenivorans CJ2 
Polaromonas sp. JS666 
Polyangium cellulosum 
Polymorphum gilvum SL003B-26A1 
Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 
Polynucleobacter necessarius subsp. necessarius STIR1 
Polysphondylium pallidum PN500 
Pontibacter sp. BAB1700 
Populus trichocarpa 
Prevotella amnii CRIS 21A-A 
Prevotella marshii DSM 16973 
Prevotella melaninogenica D18 
Prevotella oris C735 
Prevotella sp. oral taxon 317 str. F0108 
Prevotella stercorea DSM 18206 
Prochlorococcus marinus str. MIT 9313 
Prochlorococcus marinus subsp. pastoris str. CCMP1986 
Prochlorococcus phage Syn33 
Propionibacterium acnes HL063PA1 
Propionibacterium humerusii P08 
Propionibacterium propionicum F0230a 
Prosthecochloris aestuarii DSM 271 
Pseudoalteromonas atlantica T6c 
Pseudoalteromonas citrea NCIMB 1889 
Pseudoalteromonas piscicida JCM 20779 
Pseudoalteromonas rubra ATCC 29570 
Pseudoalteromonas sp. BSi20480 
Pseudoalteromonas spongiae UST010723-006 
Pseudogulbenkiania ferrooxidans 2002 
Pseudogulbenkiania sp. NH8B 
Pseudomonas aeruginosa 
Pseudomonas aeruginosa 2192 
Pseudomonas aeruginosa DK2 
Pseudomonas aeruginosa PA7 
Pseudomonas aeruginosa PAO1 
Pseudomonas aeruginosa UCBPP-PA14 
Pseudomonas chlororaphis O6 
Pseudomonas entomophila L48 
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Pseudomonas extremaustralis 14-3 substr. 14-3b 
Pseudomonas fluorescens F113 
Pseudomonas fluorescens Pf-5 
Pseudomonas fluorescens SS101 
Pseudomonas fulva 
Pseudomonas fulva 12-X 
Pseudomonas mendocina NK-01 
Pseudomonas mendocina ymp 
Pseudomonas phage 73 
Pseudomonas phage PaP3 
Pseudomonas psychrotolerans L19 
Pseudomonas putida 
Pseudomonas putida BIRD-1 
Pseudomonas putida GB-1 
Pseudomonas putida S16 
Pseudomonas putida W619 
Pseudomonas sp. 2_1_26 
Pseudomonas sp. Ag1 
Pseudomonas sp. K-62 
Pseudomonas sp. M47T1 
Pseudomonas sp. PAMC 25886 
Pseudomonas sp. S9 
Pseudomonas sp. TJI-51 
Pseudomonas stutzeri A1501 
Pseudomonas stutzeri ATCC 14405 = CCUG 16156 
Pseudomonas stutzeri ATCC 17588 = LMG 11199 
Pseudomonas stutzeri CCUG 29243 
Pseudomonas stutzeri DSM 10701 
Pseudomonas stutzeri TS44 
Pseudomonas synxantha BG33R 
Pseudomonas syringae pv. glycinea str. race 4 
Pseudomonas syringae pv. lachrymans str. M302278 
Pseudomonas syringae pv. maculicola str. ES4326 
Pseudomonas syringae pv. morsprunorum str. M302280 
Pseudomonas syringae pv. phaseolicola 
Pseudomonas syringae pv. phaseolicola 1448A 
Pseudomonas syringae pv. syringae 642 
Pseudomonas syringae pv. syringae FF5 
Pseudomonas syringae pv. tomato str. DC3000 
Pseudomonas syringae pv. tomato T1 
Pseudonocardia dioxanivorans CB1190 
Pseudonocardia sp. P1 
Pseudovibrio sp. FO-BEG1 
Pseudovibrio sp. JE062 
Pseudoxanthomonas spadix BD-a59 
Pseudoxanthomonas suwonensis 11-1 
Psychrobacter cryohalolentis K5 
Pusillimonas sp. T7-7 
Pyrococcus sp. ST04 
Rahnella aquatilis CIP 78.65 = ATCC 33071 
Ralstonia eutropha H16 
Ralstonia eutropha JMP134 
Ralstonia phage RSB1 
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Ralstonia pickettii 12D 
Ralstonia pickettii 12J 
Ralstonia solanacearum CFBP2957 
Ralstonia solanacearum CMR15 
Ralstonia solanacearum GMI1000 
Ralstonia solanacearum K60-1 
Ralstonia solanacearum MolK2 
Ralstonia solanacearum Po82 
Ralstonia solanacearum PSI07 
Ralstonia solanacearum UW551 
Ralstonia sp. 5_7_47FAA 
Ralstonia sp. PBA 
Ralstonia syzygii R24 
Reclinomonas americana 
Reinekea sp. MED297 
Rheinheimera nanhaiensis E407-8 
Rhizobium etli 8C-3 
Rhizobium etli Brasil 5 
Rhizobium etli CFN 42 
Rhizobium etli CIAT 652 
Rhizobium etli CIAT 894 
Rhizobium etli CNPAF512 
Rhizobium etli GR56 
Rhizobium etli Kim 5 
Rhizobium leguminosarum bv. trifolii WSM1325 
Rhizobium leguminosarum bv. trifolii WSM2012 
Rhizobium leguminosarum bv. trifolii WSM2297 
Rhizobium leguminosarum bv. trifolii WSM2304 
Rhizobium leguminosarum bv. trifolii WSM597 
Rhizobium leguminosarum bv. trifolii WU95 
Rhizobium leguminosarum bv. viciae 3841 
Rhizobium leguminosarum bv. viciae USDA 2370 
Rhizobium leguminosarum bv. viciae WSM1455 
Rhizobium sp. PDO1-076 
Rhizopus oryzae RA 99-880 
Rhodanobacter fulvus Jip2 
Rhodanobacter sp. 115 
Rhodanobacter sp. 116-2 
Rhodanobacter sp. 2APBS1 
Rhodanobacter spathiphylli B39 
Rhodanobacter thiooxydans LCS2 
Rhodobacter capsulatus SB 1003 
Rhodobacter sp. SW2 
Rhodobacter sphaeroides 
Rhodobacter sphaeroides 2.4.1 
Rhodobacter sphaeroides ATCC 17025 
Rhodobacter sphaeroides ATCC 17029 
Rhodobacter sphaeroides KD131 
Rhodobacter sphaeroides WS8N 
Rhodobacteraceae bacterium KLH11 
Rhodobacterales bacterium HTCC2083 
Rhodobacterales bacterium HTCC2150 
Rhodobacterales bacterium Y4I 
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Rhodococcus jostii RHA1 
Rhodococcus opacus M213 
Rhodococcus opacus PD630 
Rhodococcus sp. JVH1 
Rhodoferax ferrireducens T118 
Rhodomicrobium vannielii ATCC 17100 
Rhodopirellula baltica SH 1 
Rhodopirellula baltica WH47 
Rhodopseudomonas palustris BisA53 
Rhodopseudomonas palustris BisB18 
Rhodopseudomonas palustris BisB5 
Rhodopseudomonas palustris CGA009 
Rhodopseudomonas palustris DX-1 
Rhodopseudomonas palustris HaA2 
Rhodopseudomonas palustris TIE-1 
Rhodopseudomonas sp. TUT3601 
Rhodospirillum centenum SW 
Rhodospirillum photometricum DSM 122 
Rhodospirillum rubrum ATCC 11170 
Rhodothermus marinus SG0.5JP17-172 
Ricinus communis 
Rickettsia felis URRWXCal2 
Riemerella anatipestifer ATCC 11845 = DSM 15868 
Robiginitalea biformata HTCC2501 
Roseburia intestinalis L1-82 
Roseibium sp. TrichSKD4 
Roseiflexus castenholzii DSM 13941 
Roseiflexus sp. RS-1 
Roseobacter denitrificans OCh 114 
Roseobacter litoralis Och 149 
Roseobacter sp. AzwK-3b 
Roseobacter sp. CCS2 
Roseobacter sp. MED193 
Roseobacter sp. SK209-2-6 
Roseomonas cervicalis ATCC 49957 
Roseovarius sp. 217 
Roseovarius sp. TM1035 
Rothia dentocariosa ATCC 17931 
Rubrivivax benzoatilyticus JA2 
Rubrivivax gelatinosus IL144 
Rubrobacter xylanophilus DSM 9941 
Ruegeria sp. TM1040 
Ruegeria sp. TW15 
Ruminococcus albus 7 
Runella slithyformis DSM 19594 
Saccharomonospora azurea NA-128 
Saccharomonospora cyanea NA-134 
Saccharomonospora glauca K62 
Saccharomonospora marina XMU15 
Saccharomonospora viridis DSM 43017 
Saccharopolyspora erythraea NRRL 2338 
Saccharopolyspora spinosa NRRL 18395 
Saccoglossus kowalevskii 
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Sagittula stellata E-37 
Salinibacter ruber DSM 13855 
Salinisphaera shabanensis E1L3A 
Salinispora arenicola CNS-205 
Salinispora tropica CNB-440 
Salmonella enterica subsp. enterica serovar Montevideo str. 609458-1 
Salmonella enterica subsp. enterica serovar Montevideo str. NC_MB110209-0054 
Salmonella enterica subsp. enterica serovar Typhi str. CT18 
Salpingoeca sp. ATCC 50818 
SAR116 cluster alpha proteobacterium HIMB100 
SAR324 cluster bacterium JCVI-SC AAA005 
Selenomonas noxia ATCC 43541 
Selenomonas ruminantium subsp. lactilytica TAM6421 
Selenomonas sp. oral taxon 149 str. 67H29BP 
Selenomonas sputigena ATCC 35185 
Serinicoccus profundi MCCC 1A05965 
Serratia plymuthica PRI-2C 
Serratia proteamaculans 568 
Serratia sp. M24T3 
Serratia symbiotica str. Tucson 
Shewanella baltica OS155 
Shewanella putrefaciens 200 
Shewanella sediminis HAW-EB3 
Shewanella sp. ANA-3 
Shewanella sp. MR-7 
Shewanella woodyi ATCC 51908 
Shigella flexneri 1235-66 
Sideroxydans lithotrophicus ES-1 
Silicibacter sp. TrichCH4B 
Simkania negevensis Z 
Simonsiella muelleri ATCC 29453 
Singulisphaera acidiphila DSM 18658 
Sinorhizobium fredii HH103 
Sinorhizobium fredii NGR234 
Sinorhizobium fredii USDA 257 
Sinorhizobium medicae WSM419 
Sinorhizobium meliloti 
Sinorhizobium meliloti 1021 
Sinorhizobium meliloti AK83 
Sinorhizobium meliloti BL225C 
Sinorhizobium meliloti CCNWSX0020 
Sinorhizobium meliloti SM11 
Solitalea canadensis DSM 3403 
Sorangium cellulosum 'So ce 56' 
Sorghum bicolor 
Sphaerobacter thermophilus DSM 20745 
Sphingobacterium spiritivorum ATCC 33861 
Sphingobium chlorophenolicum L-1 
Sphingobium indicum B90A 
Sphingobium japonicum UT26S 
Sphingobium sp. SYK-6 
Sphingobium yanoikuyae XLDN2-5 
Sphingomonas echinoides ATCC 14820 
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Sphingomonas elodea ATCC 31461 
Sphingomonas sp. ATCC 53159 
Sphingomonas sp. KC8 
Sphingomonas sp. PAMC 26605 
Sphingomonas sp. PAMC 26617 
Sphingomonas sp. S17 
Sphingomonas sp. SKA58 
Sphingomonas wittichii RW1 
Sphingopyxis alaskensis RB2256 
Sphingopyxis macrogoltabida 
Spirochaeta thermophila DSM 6192 
Spirosoma linguale DSM 74 
Sporisorium reilianum SRZ2 
Sporolactobacillus inulinus CASD 
Stackebrandtia nassauensis DSM 44728 
Staphylococcus simiae CCM 7213 
Stappia aggregata IAM 12614 
Starkeya novella DSM 506 
Stenotrophomonas maltophilia D457 
Stenotrophomonas maltophilia JV3 
Stenotrophomonas maltophilia K279a 
Stenotrophomonas maltophilia R551-3 
Stenotrophomonas sp. SKA14 
Stigmatella aurantiaca DW4/3-1 
Streptococcus criceti HS-6 
Streptococcus pneumoniae GA52306 
Streptococcus suis 
Streptomyces albus J1074 
Streptomyces ambofaciens ATCC 23877 
Streptomyces auratus AGR0001 
Streptomyces avermitilis MA-4680 
Streptomyces bingchenggensis BCW-1 
Streptomyces cattleya NRRL 8057 = DSM 46488 
Streptomyces clavuligerus ATCC 27064 
Streptomyces ghanaensis ATCC 14672 
Streptomyces hygroscopicus ATCC 53653 
Streptomyces hygroscopicus subsp. jinggangensis 5008 
Streptomyces pristinaespiralis ATCC 25486 
Streptomyces roseofulvus 
Streptomyces scabiei 87.22 
Streptomyces sp. AA4 
Streptomyces sp. C 
Streptomyces sp. e14 
Streptomyces sp. Mg1 
Streptomyces sp. SA3_actF 
Streptomyces sp. SA3_actG 
Streptomyces sp. W007 
Streptomyces sviceus ATCC 29083 
Streptomyces tsukubaensis NRRL18488 
Streptomyces violaceusniger Tu 4113 
Streptomyces viridochromogenes DSM 40736 
Streptomyces zinciresistens K42 
Streptosporangium roseum DSM 43021 
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Strongylocentrotus purpuratus 
Succinivibrionaceae bacterium WG-1 
Sulfitobacter sp. NAS-14.1 
Sulfobacillus acidophilus DSM 10332 
Sulfobacillus acidophilus TPY 
Sulfolobus tokodaii str. 7 
Sulfuricella denitrificans skB26 
Sulfuricurvum kujiense DSM 16994 
Sulfurospirillum barnesii SES-3 
Sus scrofa 
Sutterella wadsworthensis 3_1_45B 
Symbiobacterium thermophilum IAM 14863 
Synechococcus elongatus PCC 7942 
Synechococcus phage S-CBS4 
Synechococcus phage S-SSM5 
Synechococcus phage S-SSM7 
Synechococcus sp. CB0101 
Synechococcus sp. CB0205 
Synechococcus sp. CC9311 
Synechococcus sp. CC9605 
Synechococcus sp. CC9902 
Synechococcus sp. JA-2-3B'a(2-13) 
Synechococcus sp. JA-3-3Ab 
Synechococcus sp. PCC 7002 
Synechococcus sp. RS9916 
Synechococcus sp. RS9917 
Synechococcus sp. WH 5701 
Synechocystis sp. PCC 6803 
Synergistes sp. 3_1_syn1 
Syntrophobacter fumaroxidans MPOB 
Syntrophomonas wolfei subsp. wolfei str. Goettingen 
Syntrophothermus lipocalidus DSM 12680 
Syntrophus aciditrophicus SB 
Talaromyces stipitatus ATCC 10500 
Tepidanaerobacter acetatoxydans Re1 
Teredinibacter turnerae T7901 
Terriglobus roseus DSM 18391 
Terriglobus saanensis SP1PR4 
Tetrahymena thermophila 
Tetraodon nigroviridis 
Tetrapisispora blattae CBS 6284 
Thalassiosira pseudonana CCMP1335 
Thauera sp. MZ1T 
Thermaerobacter marianensis DSM 12885 
Thermaerobacter subterraneus DSM 13965 
Thermanaerovibrio acidaminovorans DSM 6589 
Thermincola potens JR 
Thermoanaerobacter ethanolicus CCSD1 
Thermoanaerobacter mathranii subsp. mathranii str. A3 
Thermoanaerobacter pseudethanolicus ATCC 33223 
Thermoanaerobacter sp. X514 
Thermoanaerobacter tengcongensis MB4 
Thermoanaerobacterium thermosaccharolyticum DSM 571 
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Thermobacillus composti KWC4 
Thermobaculum terrenum ATCC BAA-798 
Thermobifida fusca YX 
Thermobispora bispora DSM 43833 
Thermococcus barophilus MP 
Thermococcus gammatolerans EJ3 
Thermococcus kodakarensis KOD1 
Thermocrinis albus DSM 14484 
Thermodesulfatator indicus DSM 15286 
Thermodesulfobium narugense DSM 14796 
Thermodesulfovibrio yellowstonii DSM 11347 
Thermomicrobium roseum DSM 5159 
Thermomonospora curvata DSM 43183 
Thermosediminibacter oceani DSM 16646 
Thermosinus carboxydivorans Nor1 
Thermosipho africanus TCF52B 
Thermotoga thermarum DSM 5069 
Thermovibrio ammonificans HB-1 
Thermovirga lienii DSM 17291 
Thermus aquaticus Y51MC23 
Thermus scotoductus SA-01 
Thermus thermophilus 
Thermus thermophilus HB27 
Thermus thermophilus SG0.5JP17-16 
Thioalkalimicrobium aerophilum AL3 
Thioalkalimicrobium cyclicum ALM1 
Thioalkalivibrio sp. K90mix 
Thioalkalivibrio sulfidophilus HL-EbGr7 
Thioalkalivibrio thiocyanoxidans ARh 4 
Thiobacillus denitrificans 
Thiobacillus denitrificans ATCC 25259 
Thiocapsa marina 5811 
Thiocystis violascens DSM 198 
Thiomicrospira crunogena XCL-2 
Thiomonas intermedia K12 
Thiomonas sp. 3As 
Thiorhodococcus drewsii AZ1 
Thiorhodospira sibirica ATCC 700588 
Thiorhodovibrio sp. 970 
Thiothrix nivea DSM 5205 
Tistrella mobilis KA081020-065 
Tolumonas auensis DSM 9187 
Top-Hit Species 
Toxoplasma gondii ME49 
transaldolase and glucose-6-phosphate isomerase 
Treponema azotonutricium ZAS-9 
Treponema brennaborense DSM 12168 
Treponema primitia ZAS-1 
Treponema vincentii ATCC 35580 
Tribolium castaneum 
Trichoderma atroviride IMI 206040 
Trichomonas vaginalis G3 
Truepera radiovictrix DSM 17093 
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Trypanosoma congolense IL3000 
Trypanosoma cruzi strain CL Brener 
Turneriella parva DSM 21527 
uncultured Acidobacteria bacterium 
uncultured actinobacterium 
uncultured archaeon 
uncultured archaeon GZfos35B7 
uncultured bacterium 
uncultured bacterium 1116 
uncultured bacterium 16A2 
uncultured bacterium BLR19 
uncultured beta proteobacterium 
uncultured beta proteobacterium HF0010_04H24 
uncultured candidate division OP1 bacterium 
uncultured delta proteobacterium 
uncultured Desulfobacterium sp. 
uncultured gamma proteobacterium 
uncultured marine bacterium 159 
uncultured marine bacterium EB0_39H12 
uncultured marine crenarchaeote KM3-153-F8 
uncultured marine microorganism HF4000_006O13 
uncultured microorganism 
uncultured Myxococcales bacterium 
uncultured organism 
uncultured organism MedDCM-OCT-S04-C16 
uncultured phage MedDCM-OCT-S04-C1220 
uncultured phage MedDCM-OCT-S04-C136 
uncultured prokaryote 
uncultured Rhizobiales bacterium HF4000_32B18 
uncultured SUP05 cluster bacterium 
uncultured Verrucomicrobia bacterium 
Ustilago hordei 
Variovorax paradoxus EPS 
Variovorax paradoxus S110 
Veillonella atypica ACS-134-V-Col7a 
Veillonella dispar ATCC 17748 
Veillonella parvula ACS-068-V-Sch12 
Veillonella sp. 3_1_44 
Veillonella sp. oral taxon 780 str. F0422 
Verminephrobacter aporrectodeae subsp. tuberculatae At4 
Verminephrobacter eiseniae EF01-2 
Verrucomicrobiae bacterium DG1235 
Verrucomicrobium spinosum DSM 4136 
Verrucosispora maris AB-18-032 
Vibrio anguillarum 775 
Vibrio caribbenthicus ATCC BAA-2122 
Vibrio cholerae 
Vibrio cholerae bv. albensis VL426 
Vibrio cholerae HC-02A1 
Vibrio cholerae MZO-2 
Vibrio cholerae O37 
Vibrio cholerae RC27 
Vibrio fischeri SR5 
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Vibrio mimicus MB-451 
Vibrio mimicus VM573 
Vibrio mimicus VM603 
Vibrio nigripulchritudo ATCC 27043 
Vibrio phage SSP002 
Vibrio rotiferianus DAT722 
Vibrio sp. N418 
Vibrio splendidus ATCC 33789 
Victivallis vadensis ATCC BAA-548 
Vitis vinifera 
Volvox carteri f. nagariensis 
Vulcanisaeta moutnovskia 768-28 
Wallemia sebi CBS 633.66 
Wolinella succinogenes DSM 1740 
Xanthobacter autotrophicus Py2 
Xanthomonas axonopodis pv. citrumelo F1 
Xanthomonas campestris 
Xanthomonas campestris pv. campestris str. ATCC 33913 
Xanthomonas campestris pv. musacearum NCPPB 4381 
Xanthomonas campestris pv. vasculorum NCPPB 702 
Xanthomonas citri pv. mangiferaeindicae LMG 941 
Xanthomonas fuscans subsp. aurantifolii str. ICPB 10535 
Xanthomonas gardneri ATCC 19865 
Xanthomonas oryzae pv. oryzae MAFF 311018 
Xanthomonas oryzae pv. oryzae PXO99A 
Xanthomonas sacchari NCPPB 4393 
Xenopus (Silurana) tropicalis 
Xenorhabdus bovienii SS-2004 
Xenorhabdus nematophila ATCC 19061 
Xylanimonas cellulosilytica DSM 15894 
Xylella fastidiosa 9a5c 
Xylella fastidiosa Temecula1 
Yersinia enterocolitica 
Yersinia pestis PY-48 
Yersinia pseudotuberculosis IP 31758 
Zobellia galactanivorans 
Zymomonas mobilis subsp. mobilis ATCC 29191 
Zymomonas mobilis subsp. mobilis NCIMB 11163 
Zymomonas mobilis subsp. mobilis ZM4 
Zymomonas mobilis subsp. pomaceae ATCC 29192 
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