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Abstract 

In short term, re-mineralized nitrogen as ammonia can either be conserved in an 

ecosystem through its complete oxidation to nitrate e.g. ‘efficient nitrification’ or lost via 

oxidation to N2 gas e.g., ‘inefficient nitrification’. Here, 15N tracers and molecular 

analyses were used to characterize the ‘nitrification efficiency’ in relation to aerobic 

ammonia oxidation, anaerobic ammonia oxidation (anammox) and nitrite oxidation 

across a range of oxic riverbeds. Here 15NO2
- from 15NH4

+ was rapidly consumed by 

anammox/denitrification and/or nitrite oxidation and although the total rate of ammonia 

oxidation (i.e. 15NO3
- + 15N2) was conserved, nitrification efficiency varied from 22.2% 

to 99.7%. Nitrification efficiency was highest where the contribution from anammox to 

N2 production (ra) was lowest, and maximal where anammox was absent, suggesting 

competition between nitrite oxidation and anammox for nitrite. Nitrification efficiency 

was also highest where the abundance of nxrB gene (Nitrospira + Nitrobacter) was 

greatest, along with the highest abundance of comammox Nitrospira amoA gene. These 

results reveal a gradient in riverbed nitrification efficiency that was related primarily to 

Nitrospira dominating the nitrite oxidizing bacteria (NOB). A preincubation of soluble 

reactive phosphorus (SRP) selectively increased the degree of nitrification efficiency in 

some riverbed sediments by stimulating nitrite oxidation. Furthermore, anammox was 

more important where the abundance of hzsB and amoA genes were greatest, indicating 

an interaction between aerobic and anaerobic ammonia oxidation. In these oxic riverbeds, 

aerobic ammonia oxidizing microorganisms (AOM) and anammox bacteria may 

aggregate together, AOM consumed oxygen at a rate of 22.28 nmol g-1 h-1 and competed 

with heterotrophic respiration for 8% of the total oxygen consumption, making oxygen 

limited in the aggregates and thus enabling anammox. Furthermore, the aerobic ammonia 

oxidation can provide nitrite to sustain the anammox bacteria.   
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Chapter 1 : Introduction 

1.1. Nitrogen and its ecological significance  

Nitrogen is a key element for the living organisms and is critical in the amino 

acids and proteins synthesis process. As many of the original plant species living in 

terrestrial, freshwater and marine ecosystems are with low levels of available nitrogen, it 

controls the primary production of these ecosystems (Vitousek et al. 1997). Although 78% 

of the atmosphere is made of nitrogen gas, most of the environmental systems are nitrogen 

limited as the nitrogen gas cannot be used directly by most microorganisms. In the 

preindustrial world, lightning and biological nitrogen fixation (BNF) are two natural 

processes that can convert unreactive N2 gas to reactive nitrogen and then the reactive 

nitrogen can be used by the biological system (Galloway et al. 1995). Compared with 

lighting, the contribution of BNF is always significantly greater. In the preindustrial world, 

the rates of formation and loss of reactive nitrogen are approximately in balance.  

Human activities have remarkably increased the bioavailable nitrogen loading 

into the biosphere (Gruber and Galloway 2008) through the combustion of fossil fuels, 

fertilization and cultivation (Galloway et al. 1995, Vitousek et al. 1997). Globally, human 

activities converted N2 to reactive forms at about the same rate as BNF, thus doubled the 

turnover rates of the nitrogen cycle of the entire earth. The increase of the nitrogen 

availability has substantially accelerated the productivity and biomass accumulation, 

however, it also brings some negative consequences. 

The formation process and the further distribution of reactive nitrogen can affect 

the atmosphere. For example, the emission of oxides of nitrogen (NO and NO2) can 

enhance the O3 concentration in troposphere, form photochemical smog and acidic rains, 
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also, they are involved in the formation of fine particles (PM), which are associated with 

air pollution and adverse health effects. The release of N2O, although not stable, can 

enhance the greenhouse effect (Vitousek et al. 1997). Furthermore, changes in nitrogen 

can alter the global cycle of carbon, affecting both CO2 and CH4 concentrations in the 

atmosphere (Galloway et al. 2008). Furthermore, the imbalance of the formation and the 

removal of the reactive nitrogen would cause the accumulation of NO3
- in soils. In rivers 

receiving substantial amounts of anthropogenic nitrogen input, the accumulation of 

nitrate may cause eutrophication and harmful algal bloom, decreasing the water quality 

(Vitousek et al. 1997, Boyer et al. 2006), further reduce the biological diversity of the 

ecosystem.  

1.2. Nitrogen cycle 

Nitrogen exists in a wide variety of chemical forms in the environment, the 

oxidation states range from -3 (NH4
+) to +5 (NO3

-) .The nitrogen cycle is a combination 

of processes between various nitrogen chemical forms (Gruber and Galloway 2008). 

Nitrogen cycle mainly consists of nitrogen fixation, ammonification, nitrification, 

denitrification, dissimilatory nitrate reduction to ammonium (DNRA) and anaerobic 

ammonium oxidation (anammox). The relationships among them are illustrated in the 

Figure 1.1 (Trimmer et al. 2003).  

http://en.wikipedia.org/wiki/Nitrogen_fixation
http://en.wikipedia.org/wiki/Ammonification
http://en.wikipedia.org/wiki/Nitrification
http://en.wikipedia.org/wiki/Denitrification
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Figure 1.1. Main processes in nitrogen cycle, based on (Trimmer et al. 2003). 

 

Nitrogen fixation is a process that nitrogen gas is converted into ammonia or other 

molecules available to living organisms. It is an important source for biologically 

available nitrogen and it is critical for maintaining the productivity of the ecosystems 

(Capone 2001, Jetten 2008). Biological nitrogen fixation is mediated enzymatically by 

the nitrogenase complex. Nitrogen fixation can occur in a wide variety of autotrophic and 

heterotrophic bacteria and archaea (Raymond et al. 2004). NifH is a gene marker that 

widely used for detecting the nitrogen fixation microorganisms in the environment (Zehr 

et al. 2003). 

Ammonification or nitrogen mineralization is a process that organic N is 

hydrolysed and catabolised by heterotrophic organisms and release NH4
+ (Herbert 1999). 

The released NH4
+ can then either be oxidized or assimilated and incorporated into 
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organic molecules by a variety of aerobic and anaerobic organisms. Ammonification 

occurs in both oxic and anoxic sediments and is always coupled to heterotrophic carbon 

mineralization (Herbert 1999).  

Nitrification is a fundamental process in all ecosystems as it connects the most 

reduced and oxidised sides of the nitrogen (Herbert 1999). The conventional nitrification 

is the oxidation of NH4
+ to NO3

- through NO2
-, it comprises two separate reactions and is 

driven by two different functional groups of microorganisms producing a set of nitrogen 

intermediates (Ward 2008). The oxidation of NH4
+ to NO2

- is governed by the ammonia 

oxidizing microorganisms (AOM), consists of ammonia oxidizing bacteria (AOB) and 

ammonia oxidizing archaea (AOA). The subsequent oxidation of NO2
- to NO3

- is 

catalysed by the nitrite oxidizing bacteria (NOB) (Ward 2008). Both processes are aerobic 

catabolic processes with oxygen serves as electron acceptor. Nitrification process releases 

N2O into the atmosphere as a by-product (Anderson and Levine 1986). Recently, 

complete ammonia oxidizing bacteria (comammox) possess both ammonia and nitrite 

oxidizing genes and are therefore capable of the complete oxidation of ammonia to nitrate 

(comammox) has been identified (Daims et al. 2015, van Kessel et al. 2015, Kits et al. 

2017). 

Denitrification process is the reduction of nitrate to N2 through a series of nitrogen 

intermediates, this process basically involves four metalloenzymes: nitrate reductase (nar), 

nitrite reductase (nir), nitric oxide reductase (nor) and nitrous oxide reductase (nos). It 

usually occurs under low-oxygen conditions and use organic matter as elector donor 

(Francis et al. 2007). Denitrifiers distributes widely among all the three domain life (Stein 

and Klotz 2016). Denitrification is an important sink for nitrogen, as it is a significant 

pathway for N2 formation and, in turn, the removal of nitrogen in aquatic sediments. 
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Denitrification also forms N2O, which is a highly potent greenhouse gas (Canfield et al. 

2010). 

Anaerobic ammonium oxidation (anammox) is a process where NH4
+ is oxidized 

to N2 gas with nitrite serving as the electron acceptor under anoxic conditions (Mulder et 

al. 1995, Van de Graaf et al. 1995). As an alternative way that can remove fixed nitrogen 

by the production of N2 gas, the discovery of anammox changed our understanding of the 

N cycle on Earth. Anammox dominates N2 production in some marine environments. 

Although anammox and denitrification have the same impact, it has advantage over 

denitrification as there was no N2O release and no need for organic matter in anammox 

process (Babbin and Ward 2013). 

Dissimilatory nitrate reduction to ammonium (DNRA) is the reduction of NO3
- to 

NH4
+ and it mainly occurs under anoxic conditions. Fermentative nitrate reduction and 

sulfur-driven nitrate reduction are two recognized pathways for DNRA (Burgin and 

Hamilton 2007). DNRA is thought to be favoured at anoxic, electron donor-rich zones 

and NO3
- limited conditions, competes with denitrification and anammox for nitrate and 

nitrite (Van Den Berg et al. 2015). 

 

1.3. Aerobic ammonia oxidation 

The ammonia in the environment was mainly obtained from the decay of the 

organic matter. As the rate limiting step of nitrification, aerobic ammonia oxidation is a 

fundamental biogeochemical process in the nitrogen cycle. Aerobic ammonia oxidation 

to nitrite can be driven by both bacteria and archaea (Ward 2008). Bacterial aerobic 

ammonia oxidation was discovered over 100 years ago, it is a two-step enzymatic process, 

the oxidation of ammonia to NH2OH is catalysed by ammonium monooxygenase (AMO) 
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(Equation 1.1) and the oxidation of NH2OH to NO2
- is catalysed by hydroxylamine 

oxidoreductase (HAO) (Equation 1.2). A recent study has found NO as an intermediate 

involved in this process, it is proposed that HAO oxidizes NH2OH to NO, and then NO 

is oxidized to NO2
- aerobically by an unknown enzyme (Caranto and Lancaster 2017).  

 

𝑁𝐻4
+ + 𝑂2 + 2𝐻+ + 2𝑒− = 𝑁𝐻2𝑂𝐻  + 𝐻2𝑂       (1.1) 

 

𝑁𝐻2𝑂𝐻  + 𝐻2𝑂 = 𝑁𝑂2
− + 5𝐻+ + 4𝑒−        (1.2) 

 

The amoA gene encodes the active site of α-subunit of the enzyme AMO, so it is 

normally used as an phylogenetic marker for the AOB (Purkhold et al. 2003). The 

bacterial oxidation of ammonia to nitrite is mainly caused by the Nitrosococcus belong 

to the class ‘Gammaproteobacteria’ and Nitrosomonas and Nitrosospira belong to class 

‘Betaproteobacteria’. While AOB in Gammaproteobacteria were only observed in the 

marine environment, Betaproteobacteria AOB were widely distributed in diverse habitats, 

such as estuaries (Li et al. 2018), streams (Cooper 1983), aquaculture ponds (Lu et al. 

2016, Zhou et al. 2017), lakes (Wu et al. 2010), freshwater wetlands (Lee et al. 2014) and 

paddy soils (Wang et al. 2014).  

AOA was also confirmed to contain the archaeal amoA gene, dominates aerobic 

ammonia oxidation in some freshwater and marine habitats (Francis et al. 2005). The 

genetic capacity of aerobic ammonia oxidation by archaea was firstly found by the 

observation of the amoA genes from uncultured crenarchaeota in seawater (Venter et al. 

2004) and soil samples (Treusch et al. 2005). The AOA was then classified to the phylum 

Thaumarchaeota (Pester et al. 2012). Nitrosopumilus maritimus strain SCM1 is the first 

isolated AOA and it was isolated from a marine aquarium tank (Könneke et al. 2005). 
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The first isolation of AOA from soil is Candidatus. Nitrosophaera viennensis strain EN76 

(Tourna et al. 2011). The widespread of AOA was then confirmed in marine waters and 

the sediments (Francis et al. 2005, Lam et al. 2009), freshwater lake sediments (Herrmann 

et al. 2009, Wu et al. 2010, Hampel et al. 2018) and estuaries (Jin et al. 2011). More than 

ten strains were isolated so far and AOA was divided into four clusters: the 

Nitrosopumilus cluster (1.1a), the Nitrosotalea cluster (1.1a-associated), the 

Nitrososphaera cluster (1.1b) and the Nitrosocaldus cluster (ThAOA) (Pester et al. 2012, 

Liu et al. 2017). The oxidation of ammonia to NH2OH by archaea was firstly catalysed 

by ammonium monooxygenase (AMO) enzyme, the NH2OH was then catalysed to NO2
- 

with NO as the intermediate by a copper-containing enzyme (Kozlowski et al. 2016). 

Unlike AOB, AOA do not encode HAO. 

AOA and AOB coexist in most environment and the distribution of the AOA and 

AOB could be largely dependent on the habitat. Environmental factors such as 

ammonium concentration, pH, organic matters, dissolved oxygen concentration and 

temperature have been demonstrated to influence the niche separation of AOA and AOB 

(He et al. 2012, Liu et al. 2017). The study of (Erguder et al. 2009) showed that AOA 

might be more important in low nutrient, low pH and sulphide containing environment. 

AOA can grow at a ammonium concentration of 0.5-1.5 mM, while AOB can grow at a 

concentration of 1.5 to 25 mM and have a maximum ammonium tolerance of 50-100 mM 

(Nicol et al. 2011). It is reported that archaea mainly drives the marine nitrification with 

low ammonium concentrations (Martens‐Habbena et al. 2015). Studies also showed that 

AOA are more abundant than AOB in acidic soils (He et al. 2012) and eutrophic lake 

sediments (Zhao et al. 2013). The study of (Lam et al. 2007) showed that AOA are 

responsible for most of the ammonia oxidation in oxic marine water and AOB are mainly 

responsible in the suboxic zone.  
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Recently, complete ammonia oxidizing bacteria (comammox) that possess both 

ammonia and nitrite oxidizing genes and are therefore capable of the complete oxidation 

of ammonia to nitrate (comammox) has been identified (Daims et al. 2015, van Kessel et 

al. 2015, Kits et al. 2017). Candidatus Nitrospira nitrosa, Candidatus Nitrospira 

nitrificans Candidatus Nitrospira inopinata and Nitrospira sp. strain Ga0074138) has 

been identified as the comammox Nitrospira to date (Camejo et al. 2017). Comammox 

Nitrospira contain novel amoA genes encoding ammonia monooxygenase (AMO), which 

is distinct from the amoA in AOB and AOA. They also contain genes encoding HAO and 

nitrite oxidoreductase (NXR), the key enzymes of bacteria ammonia oxidation and nitrite 

oxidation (Camejo et al. 2017, Pjevac et al. 2017).  

So far comammox have been found in diverse man-made systems such as 

groundwater-fed rapid sand filters (Fowler et al. 2018), wastewater treatment plants 

(WWTPs) (Gonzalez-Martinez et al. 2016, Fan et al. 2017) and drinking water systems 

(Pinto et al. 2016, Wang et al. 2017), the activated sludge and biofilm samples (Chao et 

al. 2016), freshwater recirculating aquaculture system (Bartelme et al. 2017) and other 

natural habitats such as rice paddy and forest soils, brackish lake sediment and freshwater 

biofilm (Hu and He 2017, Pjevac et al. 2017). It is proposed that comammox Nitrospira 

might outcompete other nitrifiers under highly oligotrophic environment as they have 

high affinity for ammonia (Hu and He 2017).  

 

1.4. Nitrite oxidation 

Nitrite oxidation, the second step of the nitrification, is the major known 

biological source for nitrate. The oxidation of nitrite to nitrate is catalysed by membrane-

bound enzyme nitrite oxidoreductase (NXR) (Kuypers et al. 2018). The oxidation of 



24 

 

nitrite to nitrate is carried out by chemolithoautotrophic nitrite oxidizing bacteria (NOB) 

and it can be described as follows (Equation 1.3): 

 

𝑁𝑂2
− +

1

2
𝑂2 = 𝑁𝑂3

−       (1.3) 

 

NO2
- oxidation to NO3

- is primarily accomplished by bacteria that belong to the 

unrelated genera Nitrobacter, Nitrococcus, Nitrospina and Nitrospira. The nxrB gene 

encoding the ꞵ subunit of NXR, was introduced as the functional and phylogenetic marker 

for Nitrospira and Nitrobacter (Pester et al. 2014).  

Nitrospira is the most diverse and widespread group of NOB and it belongs to the 

phylum Nitrospirae. It is regarded as more important than Nitrobacter in WWTPs and 

aquaria (Daims et al. 2001, Pester et al. 2014). It consists of at least six phylogenetic 

lineages (Pester et al. 2014). Selected species in Nitrospira consists of Nitrospira defluvii 

(lineage І), Nitrospira moscoviensis (lineage Ⅱ), Nitrospira marina (lineage Ⅳ), 

Candidatus Nitrospira bockiana (lineage Ⅴ), Nitrospira calida (lineage Ⅵ) (Pester et al. 

2014, Daims and Wagner 2018). The first isolated Nitrospira species, Nitrospira marina, 

was obtained from the marine water (Watson et al. 1986). The study in WWTPs showed 

that the distribution of Nitrospira populations is related to their affinities of substrates and 

their relationships with AOB (Maixner et al. 2006, Ushiki et al. 2017), while sub-lineage 

І had an advantage over sub-lineage Ⅱ under higher nitrite concentrations (5 mg NO2
- L-

1 vs. 0.1 mg NO2
- L-1) (Maixner et al. 2006). 

Nitrobacter also plays an important role in both fertilized and unfertilized soils 

(Vanparys et al. 2007, Fukushima et al. 2013), Nitrobacter winogradskyi, Nitrobacter 

hamburgensis, Nitrobacter vulgaris and Nitrobacter alkalicus are four species that belong 

to Nitrobacter (Vanparys et al. 2007). The coexistence of Nitrospira and Nitrobacter have 
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been found in WWTPs (Whang et al. 2009) and estuaries (Cebron and Garnier 2005). 

Nitrite concentration was the main factor that controlling the distribution of Nitrospira 

and Nitrobacter. Compared with Nitrospira, Nitrobacter have a relatively lower affinity 

for nitrite and a higher maximum nitrite uptake rate (Schramm et al. 1999). Inorganic 

carbon was also demonstrated to be a factor that driven the distribution of Nitrospira and 

Nitrobacter, Nitrospira dominated in the bioreactor with higher inorganic carbon, while 

Nitrobacter dominated in the bioreactor with lower inorganic carbon(Fukushima et al. 

2013). 

Compared with AOA and AOB, NOB have received less attention though the 

abundance of Nitrospira was sometimes higher than those of AOA and AOB, for example, 

in a marine aquaculture biofilm (Foesel et al. 2007) and river sediments (Nakamura et al. 

2006). 

 

1.5. Anaerobic ammonia oxidation 

Anaerobic ammonia oxidation (anammox), an alternative microbiological process 

that can oxidize ammonium under anoxic conditions with nitrite serving as the electron 

acceptor (Mulder et al. 1995, Van de Graaf et al. 1995), has been identified as an 

important way to remove the fixed nitrogen into atmosphere as N2 (Kuypers et al. 2005). 

The discovery of anammox changed our understanding of the N cycle, since 

denitrification was thought to be the only process that can remove fixed nitrogen to the 

atmosphere for over 100 years. The first direct evidence of the anaerobic ammonium 

oxidation was found by (Mulder et al. 1995) in a denitrifying fluidized bed reactor in 1995 

in Delft, the Netherlands. A few years later, the direct evidence of anaerobic ammonia 

oxidation in a natural environment, marine sediments, was published (Thamdrup and 
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Dalsgaard 2002). Subsequently, based on experiments using a 15N isotope labelling 

technique (Thamdrup and Dalsgaard 2002), more and more evidences appeared 

confirming that the anammox process is important in the overall nitrogen cycle.  

The anammox process have been confirmed to play important roles in marine 

environments (Rich et al. 2008, Stevens and Ulloa 2008), estuaries (Trimmer et al. 2003, 

Nicholls and Trimmer 2009), subtropical mangrove-aquaculture ecosystems (Amano et 

al. 2011), marsh sediments (Hou et al. 2013) and paddy soils (Zhu et al. 2011). The 

contribution of anammox to total N2 production ranged from negligible to approximately 

70% (Trimmer et al. 2013). 

In freshwater ecosystems, the first direct evidence of anammox bacteria was found 

in a lacustrine system, Lake Tanganyika, here, the anammox process contributed to 9–

13% of the N2 production (Schubert et al. 2006). Since then, anammox process has been 

confirmed to exist in some muddy lakes and rivers sediments, it contributed to 0.8–13% 

of the N2 production (Penton et al. 2006, Schubert et al. 2006, Zhang et al. 2007, Zhao et 

al. 2013) and up to 40% in a eutrophic freshwater lake (Yoshinaga et al. 2011). To date, 

research for anammox in rivers were mainly focused on the muddy sediments, in these 

rivers, the oxygen penetrations are restricted, which can provide an ideal environment for 

anammox. 

Environmental factors such as organic matter, nitrate and nitrite concentrations, 

salinity and pH can influence the distribution of anammox bacteria. Anammox bacteria 

was found less competitive for NO2
− than the denitrifiers in organic-rich shallow 

sediments (Thamdrup and Dalsgaard 2002, Trimmer et al. 2003, Trimmer et al. 2013). 

Studies also showed that higher NO3
− concentration leads to a higher nitrate reduction 

rate and a greater release of NO2
− for anammox (Risgaard-Petersen et al. 2004, Rich et al. 

2008, Hou et al. 2013). The study of (Terada et al. 2011) showed that higher contributions 
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of the anammox process to nitrogen loss were found at higher salinity environments (Li 

et al. 2011, Terada et al. 2011, Hou et al. 2013). Anammox bacteria was active at a wide 

range of temperature, with an optimal temperature of 35 °C in laboratory bioreactors 

(Schubert et al. 2006, Hou et al. 2013). 

The first discovered anammox bacterium belongs to the phylum Planctomycetales 

and, while not in pure culture, was named Candidatus Brocadia anammoxidans 

(Dalsgaard et al. 2005). At least five genera (Candidatus Brocadia, Candidatus Kuenenia, 

Candidatus Scalindua, Candidatus Anammoxoglobus and Candidatus Jettenia) and 22 

species have been identified using culture-independent molecular techniques (Hu et al. 

2011, Sonthiphand et al. 2014, Zhou et al. 2018). Anammox bacteria have a widespread 

distribution in various natural habitats. Among the anammox bacteria that have been 

described to date, Candidatus Scalindua were mainly discovered in marine systems 

(Penton et al. 2006, Rich et al. 2008, Li et al. 2010), Candidatus Brocadia and Candidatus 

Kuenenia appeared to be more common in freshwater, terrestrial ecosystems and the 

reservoirs (Hu et al. 2011, Shen et al. 2017). The coexistence of different groups of 

anammox was normally found in various habitats with certain groups dominated in 

specific habitats (Humbert et al. 2012, Shen et al. 2015). 

Base on the 15N tracing studies, the metabolic pathway of anammox was firstly 

proposed by (Van De Graaf et al. 1997), the hydroxylamine (NH2OH), which is most 

likely derived from incomplete reduction of NO2
-, was proposed as an intermediate for 

the anammox reaction. Ammonium is then biologically oxidized using NH2OH as the 

electron acceptor and produce hydrazine (N2H4), the N2H4 is then oxidized to N2 gas. 

Based on the genomic analysis of uncultured anammox bacterium Candidatus Kuenenia 

stuttgartiensis, NO was proposed as an intermediate for the anammox reaction (Strous et 

al. 2006). The overall stoichiometry was then proposed as follows (Equations 1.4-1.6) 
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(Kartal et al. 2011). The nitrite reductase (NirS) has the potential ability to reduce nitrite 

to NO (Equation 1.4), then NO reacts with ammonium to produce N2H4. 

 

𝑁𝑂2
− + 2𝐻+ + 𝑒− = 𝑁𝑂 + 𝐻2𝑂                                                                     (1.4) 

 

𝑁𝑂 + 𝑁𝐻4
+ + 2𝐻+ + 3𝑒− = 𝑁2𝐻4  + 𝐻2𝑂                                                   (1.5) 

 

𝑁2𝐻4 = 𝑁2  + 4𝐻+ + 4𝑒−                                                                               (1.6) 

 

The enzymatic mechanism of the hydrazine (N2H4) synthesis was proposed as a 

two-step process, the reduction of the NO to NH2OH (Equation 1.7) at the active site of 

the ϒ-subunit and its subsequent condensation with NH3, which will yield N2H4 in the 

active centre of the α-subunit (Equation 1.8) (Dietl et al. 2015). Hydrazine synthesis (HZS) 

enzyme is the only known enzyme that can activate ammonium anaerobically (Kuypers 

et al. 2018). hzsA and hzsB genes encode the HZS and have been used as the gene makers 

for anammox.  

 

𝑁𝑂 + 3𝐻+ + 3𝑒− = 𝑁𝐻2𝑂𝐻                                           (1.7) 

 

𝑁𝐻2𝑂𝐻 + 𝑁𝐻3 = 𝑁2𝐻4  + 𝐻2𝑂                                      (1.8)  

 

1.6. Rivers as important sinks for N 

As a hydrological connection between terrestrial system and costal system, rivers 

play an important role in the N cycle. It is reported that 25% of the human added N inputs 

are exported to the rivers, and then are further transported to the inland-receiving waters 
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and coastal waters (Boyer et al. 2006). Rivers are important sinks for the bioavailable 

nitrogen (Mulholland et al. 2008). In short term, organic nitrogen is mineralized to 

ammonia, and then aerobically oxidized and conserved as nitrate through nitrification or 

returned to the atmosphere as N2 through denitrification and anammox. 

Denitrification was thought to be the only process that can remove the fixed 

nitrogen in the rivers, approximate 50% of the nitrogen entering river systems appears to 

be lost to denitrification (Galloway et al. 2004, Pina-Ochoa and Alvarez-Cobelas 2006, 

Burgin and Hamilton 2007). In rivers, both overlying water nitrification and sediment 

nitrification can provide nitrate for sediment denitrification (Seitzinger et al. 2006). 

Denitrification and nitrification are tightly coupled in spatially and temporally. It is 

proposed that the overlying water nitrate concentration was the main factor that influence 

the nitrate source of the sediment denitrification. In rivers where nitrate concentration was 

less than 10 µM, coupled nitrification/denitrification in the sediments appears to be the 

major substrate for denitrification (Seitzinger 1988), while in others the water column 

with nitrate concentration higher than 60 µM, the bottom water accounts for major nitrate 

source for denitrification (Seitzinger et al. 2006, Smith et al. 2006).  

In permeable, oxic sediments, the advective flows of the porewater can enhance 

the supply of the oxidants and organic matter, as well as the removal of remineralization 

by-products, thus resulting in high metabolic activity (Rao et al. 2008). Nitrification and 

nitrate reduction can occur simultaneously in permeable coastal sediments and about 30% 

of the nitrate was reduced as N2 gas (Koike and Hattori 1978). By adding 15N tracers into 

sediment slurries in oxic conditions, the coupling of nitrification and dentification has 

been studied in permeable, oxic costal sediments (Rao et al. 2008, Gao et al. 2009, 

Marchant et al. 2014, Marchant et al. 2016) and suspended sediments in oxic rivers (Xia 

et al. 2017). These findings therefore suggest the interactions between nitrification and 
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denitrification are very tight in permeable coastal sediments. The availability of 

ammonium, nitrate, organic matter and oxygen was thought be the controlling factors for 

the degree of the coupled nitrification and denitrification when anammox was absent (Gao 

et al. 2009). 

Given the widespread occurrence of anammox in various aquatic environments 

(Kuypers et al. 2005), affiliation between anammox and nitrification might have an 

important but so far neglected role in the removal of N2 in permeable, oxic riverbeds. To 

date, the study of anammox in permeable, oxic riverbed is limited. Lansdown et.al found 

negligible anammox activity in a permeable, oxic river Leith (Lansdown et al. 2012, 

Lansdown et al. 2014). While in the Hampshire Avon, both anammox and denitrification 

contributed to the production of 15N-N2 in oxic, permeable riverbeds with the addition of 

15NH4
+, indicated the potential coupling between aerobic ammonia oxidation, 

denitrification and anammox (Lansdown et al. 2016). In a costal upwelling oxycline, the 

interactions between anammox and denitrification and nitrification were also found to co-

contribute the N2 production (Galán et al. 2017). However, these studies have so far 

mainly focused on the presence and the contribution of the anammox on the N2 production, 

little is known about distributions and the interactions between anammox and nitrification 

in oxic riverbeds. 

AOM and anammox bacteria are thought to be natural partners in ecosystems that 

the oxygen supply was limited (Schmidt et al. 2002). The coexistence of AOM and 

anammox have been found in the some marine oxygen minimum zones (OMZs), it is 

estimated that aerobic ammonia oxidation provided about 33% of the nitrite supply for 

the anammox (Lam et al. 2007, Lam et al. 2009). Coexistences of aerobic ammonia and 

nitrite oxidation, as well as anammox and denitrification was found in the Bay of Bengal 

OMZs, here nitrite oxidation competes with anaerobic organisms for nitrite (Bristow et 
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al. 2016). Coupling of nitrification with denitrification and anammox was also found in 

intertidal sediments in Arcachon Bay (Fernandes et al. 2016). This interaction between 

anammox bacteria and nitrifiers has been widely used in WWTPs called Completely 

Autotrophic Nitrogen-removal Over Nitrite (CANON), where partial nitrification is 

coupled to anammox, under reduced oxygen (Third et al. 2001, Third et al. 2001, Hao et 

al. 2002). Here, the partial oxidation by aerobic ammonia oxidizing microorganisms 

(AOM) consumes enough oxygen to keep the core of the aggregates anoxic, provide ideal 

environment for anammox (Nielsen et al. 2005). 

Aerobic ammonia oxidation and denitrification could both potentially provide 

nitrite source for anammox, yet very few measurements of interactions between these 

organisms have been taken in riverbeds. The study of (Zhou et al. 2014) showed that 

denitrification can provide nitrite for anammox in muddy freshwater sediments. Other 

studies also proposed that both nitrification and denitrification can provide nitrite as an 

intermediate for anammox in the oxic-anoxic interfaces (Kuenen 2008, Zhu et al. 2013). 

(Lee et al. 2014) reported the distributions of AOB and anammox bacteria in freshwater 

marsh sediments. Anammox bacteria were also observed in the water-saturated zone in 

an unconfined aquifer soils, where AOB was thought to be the major source of nitrite for 

anammox bacteria (Wang et al. 2017). So far, however, coupled nitrification–

denitrification/anammox has rarely been measured directly in permeable, oxic riverbeds. 

As anammox utilize common substrates for aerobic ammonia oxidation (NH4
+) 

and nitrite oxidation (NO2
-), interactions between AOM, anammox, and NOB might be 

very tight in oxic riverbeds. However, in the oxic permeable riverbeds, when AOM, 

anammox, and NOB coexist, the fate of the ammonia remains unclear, the factors and key 

players that influence the overall degree of nitrification efficiency remains unsolved. 

Furthermore, how comammox sits in the oxic riverbeds in relation to other processes i.e. 
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anammox remains largely unknown, yet no measurements of interactions between 

comammox and anammox have been taken in oxic riverbeds.  

The UK Rivers Habitat Survey (Naura et al. 2016) shows that 48% of the rivers 

are dominated by gravels and pebbles and 26% of sites are dominated by sands and fine 

sediments. Twelve rivers with permeable, oxic riverbeds from southern England were 

visited for this thesis. pH, oxygen and nutrient concentrations are presented in Chapter 2.  

 

1.7. Nitrification efficiency and its regulatory environmental factors 

The degree of the net nitrification efficiency, i.e., the proportion of ammonia that 

totally oxidized to nitrate, regulates the primary production and the degree of 

eutrophication in rivers (Seitzinger 1988, Vitousek et al. 1997, Boyer et al. 2006). The 

degree of the nitrification efficiency can be influenced by the processes of aerobic 

ammonia oxidation, anammox, denitrification and nitrite oxidation. The substrates 

concentrations (ammonium, nitrite and nitrate) are the fundamental factors that influence 

the nitrification efficiency. pH and oxygen concentration may also be important factors 

that influence the distribution of microorganisms. 

Nitrogen and phosphorus are two nutrients that limit primary productivity in 

ecosystem. The effects of phosphorus on the nitrogen cycle process have also been widely 

investigated in the soils. It is proposed that phosphorus deficiency was the main reason 

that restrict the nitrification rates in phosphorus-poor savanna soils (Rosswall 1981). The 

study of (Hue and Adams 1984) showed that the effect of phosphorus on AOB was greater 

than NOB. Similar to this study, the positive effect of phosphorus on aerobic ammonia 

oxidation process has been found in various environment. For example, the study of 

(Minami and Fukushi 1983) showed that phosphate can slightly enhance the growth of 

AOB. Phosphorus was found to be an important factor affecting soil ammonia-oxidizing 
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activity and AOB community structure in a purple soil (Zhou et al. 2014), the aquaculture 

ponds (Zhou et al. 2017) and nitrifying groundwater filters (De Vet et al. 2012). However, 

others found a negative effect of phosphorus on aerobic ammonia oxidation in a steppe 

ecosystem (Zhang et al. 2013) and the intertidal sediments of the Yangtze Estuary (Zheng 

et al. 2014). 

In contrast, others showed that phosphorus has a more important influence on the 

process of nitrite oxidation rather than aerobic ammonia oxidation. The study (Purchase 

1974) found that the accumulation of nitrite was quite high when the P concentration is 

low in a grassland, implied that P deficiency affects nitrite oxidizers to a greater extent 

than ammonia oxidizers. In a wastewater treatment system, (Nowak et al. 1996) found a 

reduction of the nitrite oxidation at phosphorus concentration below 6.5 µM PO4
--P, it is 

proposed that the phosphate half-saturation coefficient for Nitrobacter is about one order 

of magnitude higher than that for Nitrosomonas. 

The effect phosphorus on denitrification have also been investigated in various 

environment. It is proposed that denitrifiers are more sensitive to P limitations than 

nitrifiers in wetland soils (White and Reddy 2003). Other studies indeed found potential 

denitrification rates were positively related to soluble reactive phosphorus in headwater 

streams (Inwood et al. 2005), and pristine and impacted prairie streams (Graham et al. 

2010). However, others found the opposite results that low concentrations of total 

phosphorus enhance denitrification rates at the yearly scale across aquatic ecosystems 

(Pina-Ochoa and Alvarez-Cobelas 2006). Denitrification was also found negatively 

correlated with P in C-poor shallow lakes (Veraart 2012). It is proposed that P addition 

slowed down nitrate uptake by denitrifiers because of the imbalance of N and P supply to 

denitrifiers (Kim et al. 2015).  
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Phosphate was shown to be a strong inhibitor of the anammox activity in various 

systems, however, the degree of the effect varied. It is proposed that phosphate lower than 

1 mM has no significant effect on anammox activity, while phosphate up to 5 mM can 

completely inhibited the anammox activity in a fluidized bed reactor (Van de Graaf et al. 

1996). In an anammox pilot plant, phosphorus higher than 2 mM inhibited anammox 

activity (Jetten et al. 1998). In a lab-scale rotating biological contactor, phosphorus 

inhibited 37% and 80% of the anammox activity at a concentration of 1.8 mM and 3.6 

mM, respectively (Pynaert et al. 2003). A higher inhibition concentration (25mM) was 

found in anammox biomass enriched with Candidatus Kuenenia stuttgartiensis (Dapena-

Mora et al. 2007). 

As phosphorus concentration can influence the processes of nitrification, 

denitrification and anammox, it could potentially influence the degree of nitrification 

efficiency. However, effects of phosphorus on the interaction between nitrification, 

denitrification and anammox remains unclear in oxic riverbeds. Here, if the availability 

of phosphorus regulates the degree of nitrification efficiency in these rivers was also 

investigated.  

 

1.8. Structure of the thesis 

This thesis consists of three main data chapters, outlined below: 

Chapter 2: Simultaneous aerobic ammonia oxidation and anaerobic ammonia 

oxidation (anammox) in oxic riverbeds 

Coupled nitrification/denitrification is a well-recognized pathway of N loss in 

ecosystems. However, research so far on anaerobic ammonia oxidation (anammox) has 

mainly focused on both the presence and contribution of anammox to N2 production, yet 
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how the interaction between aerobic ammonia oxidation and anammox in permeable, oxic 

riverbeds is largely unknown. Here, using 15N tracers, potential interactions between 

nitrification and anammox and/or denitrification in permeable, oxic riverbeds were 

investigated. Firstly, by adding 15NH4
+ in oxic, sediment slurries, the production of 15N2 

was quantified, and the contribution of anammox to the 15N2 was calculated. Then, to 

further understand how anammox works in these oxic riverbeds, the electron acceptor for 

anammox (NO2
-), as well as two intermediates for the anammox reaction (NH2OH and 

NO) were used to check if the anammox reaction can happen in oxic slurries without the 

presence of aerobic ammonia oxidation. A micro-respiration system was then used to 

quantify the consumption of oxygen during aerobic ammonia oxidation. Furthermore, a 

standard, anoxic 15N isotope pairing technique was also used in homogenized, anoxic 

sediment slurries to confirm the anammox potential in these riverbeds. Anammox 

activities were also investigated at different depths of two selected riverbeds. 

 

Chapter 3: Nitrification efficiency and the effect of soluble reactive phosphorus 

(SRP) 

In short term, re-mineralized nitrogen as ammonia can either be conserved in an 

ecosystem through its complete oxidation to nitrate e.g. ‘efficient nitrification’ or lost via 

oxidation to N2 gas e.g., ‘inefficient nitrification’. The degree of net nitrification 

efficiency, i.e., the proportion of ammonia that is totally oxidized to nitrate, can regulate 

primary production and the degree of eutrophication in rivers (Seitzinger 1988, Vitousek 

et al. 1997, Boyer et al. 2006). In this chapter, the degree of ‘nitrification efficiency’ was 

calculated based on the oxic 15NH4
+ oxidation experiment in chapter 2. Furthermore, the 

abundance of genes that could affect the degree of nitrification efficiency were quantified 

by qPCR amplification of total bacterial 16S rRNA genes, anammox-specific 16S rRNA, 



36 

 

hzo (hydrazine oxidoreductase) and hzsB (hydrazine synthase beta subunit) genes, AOB-

specific 16S rRNA and amoA (ammonia monooxygenase subunit A) genes, AOA amoA 

genes, Nitrobacter-specific nxrB (nitrite oxidoreductase subunit B) genes, Nitrospira-

specific 16S rRNA and nxrB  genes and the comammox Nitrospira amoA gene. The 

relationships between the degree of nitrification efficiency and environmental factors as 

well as functional genes were also investigated. As an important environmental factor 

that can potentially influence the degree of nitrification efficiency, the effects of soluble 

reactive phosphorus (SRP) on the degree of nitrification efficiency was further 

investigated.  

 

Chapter 4: Community structures of AOM, anammox bacteria and NOB across 

the oxic riverbeds 

In chapter 3 the abundance of the main microorganisms that related to the degree 

of nitrification efficiency were analysed. To further identify the microorganisms that 

might help explain the variation in nitrification efficiency across the 12 riverbeds, the 

community structures of the microorganisms should be investigated. Here, Illumina 

MiSeq sequencings for total bacterial 16S rRNA genes, anammox 16S rRNA gene, hzo 

gene, hzsB gene, AOA amoA gene, AOB amoA gene, Nitrospira nxrB gene and 

comammox Nitrospira amoA gene were conducted to characterize the community 

structures of the AOA, AOB, anammox bacteria, NOB and comammox Nitrospira in 

order to identify the organisms that related to the degree of nitrification efficiency in these 

oxic riverbeds. 
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Chapter 2 : Simultaneous aerobic ammonia oxidation and 

anaerobic ammonia oxidation (anammox) in oxic riverbeds 

In this chapter, 15N tracers were used to characterize the interaction between 

aerobic ammonia oxidation and anaerobic ammonia oxidation (anammox) across twelve 

oxic riverbeds, the potential mechanism of how anammox works in oxic, permeable 

riverbeds was also investigated. Here 15N-N2 was produced in 15NH4
+ amended oxic 

slurries and the production ceased completely with the inhibitor of aerobic ammonia 

oxidation - allylthiourea (ATU). The accumulation of 15N-N2 indicated a close affiliation 

between aerobic ammonia oxidation and anammox and/or denitrification. The anammox 

reaction could not be stimulated by adding NO2
- or intermediates in the anammox reaction 

(NH2OH and NO) with 15NH4
+ in oxic slurries without the presence of aerobic ammonia 

oxidation, further confirming a direct coupling between aerobic ammonia oxidation and 

anammox. In these oxic riverbeds, AOM consumed oxygen at a rate of 22.28 nmol g-1 h-

1 on average, competing for 8% of the total oxygen consumption through heterotrophic 

respiration, furthermore, there is more ammonia released through organic respiration than 

can be oxidised through aerobic ammonia oxidation, making oxygen limited in the 

aggregates and thus enabling anammox. The aerobic ammonia oxidation can provide 

nitrite to sustain the anammox bacteria. Anammox made a higher contribution to N2 

production (ra) in gravel-dominated riverbeds compared with the sand-dominated 

riverbeds. Anammox activity in the surface riverbed layer (0-2 cm) was higher than at 

depth and a significant correlation between anammox activity and porewater oxygen 

concentration was observed in the riverbeds (rs = 0.90, p < 0.01), suggesting that 

porewater oxygen concentration may be a significant factor controlling anammox activity 

in these riverbeds, this could be related to aerobic ammonia oxidation as aerobic ammonia 
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oxidation was limited by oxygen . Under anoxic conditions, denitrification can provide 

an alternative source of substrates for anammox.  
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2.1. Introduction 

Rivers are important sinks for bioavailable nitrogen (Mulholland et al. 2008). In 

short term, organic nitrogen is mineralized to ammonia, and then aerobically oxidized 

and conserved as nitrate through nitrification or ‘lost’ and returned to the atmosphere as 

N2 gas through denitrification and anaerobic ammonia oxidation (anammox) (Trimmer 

and Nicholls 2009).The degree of net nitrification efficiency, i.e., the proportion of 

ammonia that is totally oxidized to nitrate, can regulate primary production and the degree 

of eutrophication in rivers (Seitzinger 1988, Vitousek et al. 1997, Boyer et al. 2006). 

The coupling of nitrification to denitrification has been studied widely with 15N 

tracers in permeable, oxic coastal sediments (Rao et al. 2008, Gao et al. 2009, Marchant 

et al. 2014, Marchant et al. 2016) and has also been confirmed in suspended sediments in 

rivers (Xia et al. 2017). Ammonium, nitrate, organic matter and oxygen are thought to 

control the degree of coupling between nitrification and denitrification (Gao et al. 2009) 

where anammox is absent. As anammox also contributes to N2 production in various 

ecosystems such as marine environments (Rich et al. 2008, Stevens and Ulloa 2008), 

estuaries (Trimmer et al. 2003, Nicholls and Trimmer 2009), subtropical mangrove-

aquaculture ecosystems (Amano et al. 2011), paddy field soils (Zhu et al. 2011), lakes, 

wetlands and rivers (Penton et al. 2006, Schubert et al. 2006, Zhang et al. 2007, Hu et al. 

2012, Zhao et al. 2013) and can co-occur with nitrification and denitrification, it can 

further affect the degree of nitrification efficiency, yet the role of anammox as well as the 

interactions between nitrification, denitrification and anammox in permeable, oxic 

riverbeds remains largely unknown. 

It is commonly accepted that anammox bacteria are sensitive to oxygen, as little 

as 1.1 µM oxygen was sufficient to completely inhibit anammox activity in bioreactors 

(Strous et al. 1999). Marine anammox bacteria were thought to have a higher tolerance 
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towards oxygen (Dalsgaard et al. 2005) and the upper limit of oxygen concentration for 

anammox bacteria in oxygen minimum zones (OMZs) was estimated to be 20 µmol L-1 

(Kalvelage et al. 2011). Anammox activities were confirmed in some permeable marine 

sands (Neubacher et al. 2011, Evrard et al. 2013), while in others, there was no anammox 

activity (Gao et al. 2009, Gihring et al. 2010). In a permeable sandstone riverbed (River 

Leith), anammox activity was negligible (Lansdown et al. 2012, Lansdown et al. 2014). 

While recently, (Lansdown et al. 2016) demonstrated that both anammox and 

denitrification contributed to N2 production in oxic, permeable riverbeds being coupled 

tightly to the oxidation of NH4
+. Also, in a coastal oxycline anammox, denitrification and 

nitrification interacted to remove fixed N as N2 gas (Galán et al. 2017). However, research 

so far has focused on both the presence and contribution of anammox to N2 production, 

yet how anammox process linked to aerobic ammonia oxidation process in permeable, 

oxic riverbeds is unknown. 

It was proposed that AOM and anammox might be natural partners in ecosystems 

with limited oxygen supply (Schmidt et al. 2002). The coexistence of AOM and anammox 

have been found in some OMZs and it is estimated that aerobic ammonia oxidation 

provided about 33% of the nitrite supply for the anammox (Lam et al. 2007, Lam et al. 

2009). Coexistence of ammonia oxidation and anammox have also been found in the 

OMZs of the Bay of Bengal (Bristow et al. 2016), the intertidal sediments in the Arcachon 

Bay (Fernandes et al. 2016), freshwater marsh (Lee et al. 2014), wetland sediments (Wang 

et al. 2013), mangrove sediment (Wang and Gu 2014) and wetland ecosystems (Zhu et al. 

2010). 

In addition, both aerobic ammonia oxidation and nitrate reduction could provide 

a source of nitrite for anammox, yet few measurements have been carried out in rivers. 

(Zhou et al. 2014) showed that nitrate reduction by denitrification can provide nitrite for 
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anammox in muddy freshwater sediments and others have proposed that both aerobic 

ammonia oxidation and nitrate reduction can provide nitrite for anammox at oxic-anoxic 

interfaces (Kuenen 2008, Zhu et al. 2013). Wastewater treatment has taken advantage of 

the coupling between aerobic ammonia oxidation and anammox under a higher ambient 

oxygen concentration (Third et al. 2001, Hao et al. 2002). Here, the partial oxidation by 

AOM consumes enough oxygen to keep the core of the aggregates anoxic, provide ideal 

environment for anammox (Nielsen et al. 2005). However, the ecological relevance of 

the co-occurrence of aerobic ammonia oxidation and anammox in oxic sediments remains 

unclear.  

To get a further understanding of the link between aerobic ammonia oxidation and 

anammox in oxic, permeable riverbeds, 15N tracers were used to detect the interactions 

between aerobic ammonia oxidation and anammox in twelve oxic, permeable riverbeds, 

the potential mechanism of how anammox works in these riverbeds was also investigated. 

 

2.2. Materials and Methods 

2.2.1. Study sites and sampling  

Samples were collected from twelve rivers from southern England between 

October 2015 and May 2016 (Table 2.1 and Figure 2.1). Among them, the Rivers 

Lambourn, Darent, Wylye, Rib, Pant, Stour (1) and Stour (2) have chalk-based, 

permeable gravel-dominated riverbeds, while the Rivers Marden, Hammer, Medway, 

Broadstone and Nadder have less permeable sand-dominated riverbeds. At each river, 

surface sediments (<5 cm) were collected from five different locations using Perspex 

cores (diameter = 9 cm). Sediment samples were then transferred to plastic zip-lock bags 

(VWR International) and stored in a cool bag (Thermo) for transporting back to the 

laboratory. Sediments samples from each river were then homogenized in the laboratory 
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and sub-sampled (n = 3 for each river) and stored at -20 °C for later DNA extraction and 

molecular analysis. 

Porewater samples were also collected for each river using bespoke stainless steel 

mini-probes (Lansdown et al. 2014) inserted to different depths (2-16 cm) in the riverbeds 

(n = 5). The porewater was transferred slowly via a three-way stopcock into another open 

syringe barrel and a fast response microelectrode (50 µm, Unisense) and a pH meter (pH 

100, VWR International) inserted to measure dissolved oxygen concentration, pH and 

temperature (Lansdown et al. 2014). Porewaters for dissolved inorganic nutrients 

(ammonia, nitrite, nitrate and soluble reactive phosphate (SRP)) analysis were filtered 

through pre-rinsed, 0.45μm polypropylene filters (VWR International) and preserved in 

5ml polypropylene vials (VWR International). Surface water was collected and preserved 

as for the porewater. Water samples were stored in a cool bag (Thermo) for transfer back 

to the laboratory. 

 

 

Figure 2.1. Sampling sites (copyright Google Map). 

 



43 

 

Table 2.1. Location of sampling sites and slurries experiments design. 

River Riverbed type Latitude Longitude Experiments 

Lambourn Gravel-dominated 51.44089 -1.38661 Oxic and anoxic incubations for surface sediments 

Darent Gravel-dominated 51.35043 0.188336 Oxic and anoxic incubations for surface sediments 

Wylye Gravel-dominated 51.14248 -2.20331 Oxic and anoxic incubations for sediments (both surface and different depths) 

Rib Gravel-dominated 51.83917 -0.02936 Oxic and anoxic incubations for surface sediments 

Pant Gravel-dominated 52.0044 0.316916 Oxic and anoxic incubations for surface sediments 

Stour (2) Gravel-dominated 51.22574 0.957806 Oxic and anoxic incubations for surface sediments 

Stour (1) Gravel-dominated 51.15604 0.828219 Oxic and anoxic incubations for surface sediments 

Marden Sand-dominated 51.31829 -1.86 Oxic and anoxic incubations for surface sediments 

Hammer Sand-dominated 51.14607 0.610196 Oxic and anoxic incubations for surface sediments 

Medway Sand-dominated 51.26798 0.518439 Oxic and anoxic incubations for surface sediments 

Broadstone Sand-dominated 51.08326 0.05549 Oxic and anoxic incubations for surface sediments 

Nadder Sand-dominated 51.04385 -2.11182 Oxic and anoxic incubations for sediments (both surface and different depths) 
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2.2.2. Aerobic ammonia oxidation in oxic slurries 

In the standard anoxic application of 15N isotope pairing techniques, ambient 

porewater nitrite and nitrate are removed by a preincubation of the sediment slurries 

before adding any 15N-tracers (Thamdrup and Dalsgaard 2002, Trimmer et al. 2003, 

Risgaard-Petersen et al. 2004). Here, as the primary interest is the oxic interactions 

between the processes, so the nitrate-free, synthetic river water (0.12g/l NaHCO3, 0.04g/l 

KHCO3, 0.07g/l MgSO4
.7H2O, 0.09g/l CaCl2 2H2O, pH = 7) was used instead to make 

the sediment slurries (Lansdown et al. 2016). 

15NH4
+ tracing methods were used to quantify the aerobic ammonia oxidation in 

oxic slurries. Oxic slurries were prepared by adding approximately 3 g sediment and 2.7 

ml air-saturated synthetic river water into 12 ml gas-tight vials (Exetainer, Labco). The 

vials were then sealed and injected with 100 µl of either 14 mM 15NH4
+ (98 atom% 15N, 

Sigma-Aldrich) or 14 mM 15NH4
+ plus 2.8 mM allylthiourea (ATU) to generate a final 

porewater concentration of ~500 µM 15NH4
+ and ~500 µM 15NH4

+ plus ~100 µM ATU 

and then incubated on a shaker (120 rpm, Stuart SSL1) for up to 12 h. 15NH4
+  amended 

samples were killed at 0h, 0.5 h, 1 h, 3 h, 4.5 h, 6 h, 9 h and 12 h, while 15NH4
+ plus ATU 

treated samples were killed at 0 h, 3 h, 6 h and 12 h with 100 μl of formaldehyde (38%, 

w/v). Samples were stored upside down prior to 15N-N2 analysis.  

To avoid any potential interference from formaldehyde on the analysis of 

inorganic nutrients in the slurries, a parallel set of 15NH4
+ amended slurries was prepared 

solely for nutrient analyses. At each time point, samples were injected with 20µL of 1.6M 

NaOH to preserve the nitrite before being frozen at -20℃ (Wolff et al. 1998). Samples 

were defrosted and centrifuged at 1200 rpm for 10 minutes and the collected supernatant 

frozen at -20℃ prior to analysis of 15NO2
-, 15NO3

-, NO2
-, NO3

-, and NH4
+ (see below). To 

measure oxygen over time in the oxic sediment slurries, a set of parallel and scaled-up 
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slurries (120 mL and same ratio of sediment to water) were prepared. Then, at each time 

point, one bottle was open and dissolved oxygen measured using a microelectrode (50µm, 

Unisense). 

 

2.2.3. Screening for anammox activity in the absence of aerobic ammonia oxidation 

in oxic slurries 

To further understand how anammox works under oxic conditions in the absence 

of a coupling to aerobic ammonia oxidation, oxic slurries from four riverbeds (the rivers 

Lambourn, Wylye, Marden and Hammer) were injected with 100 µl of either 14 mM 

15NH4
+ (98 atom% 15N, Sigma-Aldrich) plus 840 µM NO2

- with or without 2.8 mM 

allylthiourea (ATU) to generate a final porewater concentration of ~500 µM 15NH4
+ and 

~30 µM NO2
- with or without ~100 µM ATU and then incubated on a shaker for up to 

12h. 15NH4
+ plus NO2

- amended samples were killed at 0h, 0.5 h, 1 h, 3 h, 4.5 h, 6 h, 9 h 

and 12 h, while ATU treated samples were killed at 0 h, 3 h, 6 h and 12 h with 100 μl of 

formaldehyde (38%, w/v). Samples were stored upside down prior to 15N-N2 analysis. A 

parallel set of 15NH4
+ plus NO2

- amended slurries was prepared solely for nutrient 

analyses. 

15NO2
- plus 14NH4

+ was also used to test if the anammox reaction can be stimulated 

in oxic slurries in the absence of a coupling to aerobic ammonia oxidation. The oxic 

slurries from the above four riverbeds were injected with 100 µl of either 14 mM 14NH4
+ 

plus 840 µM 15NO2
- (98 atom% 15N, Sigma-Aldrich) with or without 2.8 mM 

allylthiourea (ATU) to generate a final porewater concentration of ~500 µM 14NH4
+ and 

~30 µM 15NO2
- with or without ~100 µM ATU and then incubated on a shaker for up to 

12h. Samples were killed at 0h, 0.5 h, 1 h, 3 h, 4.5 h, 6 h, 9 h and 12 h with 100 μl of 

formaldehyde (38%, w/v). Samples were stored upside down prior to 15N-N2 analysis. A 
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parallel set of 14NH4
+ plus 15NO2

- with and without ATU amended slurries was prepared 

solely for nutrient analyses. 

Two intermediates for the anammox reaction (NH2OH and NO) (Van De Graaf et 

al. 1997, Strous et al. 2006, Kartal et al. 2011) were also used to test if the anammox 

reaction can be stimulated in oxic slurries in the absence of a coupling to aerobic ammonia 

oxidation. For NH2OH stimulation experiment, oxic slurries from the river Lambourn 

were injected with different concentrations of NH2OH with either 15NH4
+ or 15NH4

+ plus 

allylthiourea (ATU) stocks to generate a final porewater concentration of 1, 10 or 100 

µM of NH2OH with either ~500 µM 15NH4
+ or ~500 µM 15NH4

+ plus ~100 µM ATU and 

then incubated on a shaker for 12h. Detailed treatments and abbreviations are listed in 

Table 2.2. All samples were killed at 0 h and 12 h with 100 μl of formaldehyde (38%, 

w/v). Samples were stored upside down prior to 15N-N2 analysis.  

 

Table 2.2. List of treatments for NH2OH stimulation experiment. 

Abbreviation Treatment 

N+A 15NH4
+ + ATU 

N 15NH4
+ 

N+ N1+A 15NH4
+ + NH2OH (1 µM) + ATU 

N+N1 15NH4
+ + NH2OH (1 µM) 

N+ N10+A 15NH4
+ + NH2OH (10 µM) + ATU 

N+N10 15NH4
+ + NH2OH (10 µM) 

N+ N100+A 15NH4
+ + NH2OH (100 µM) + ATU 

N+N100 15NH4
+ + NH2OH (100 µM) 
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PAPA NONOate (Cambridge bioscience) was used to generate NO (Kozlowski 

et al. 2016) to see if it can stimulate the anammox reaction in oxic conditions in the 

absence of a coupling to aerobic ammonia oxidation. Half of the oxic slurries were 

injected with 100 µl of either 60 µM, 600 µM or 6 mM PAPA NONOate to give a final 

nominal porewater NO concentration of either ~1, 10 and 100 µM and the slurries were 

then incubated at 37°C for 30 minutes to release NO. Then the oxic slurries were injected 

with either 15NH4
+ or 15NH4

+ plus allylthiourea (ATU) stocks to generate a final porewater 

concentration of 1, 10 or 100 µM NO with either ~500 µM 15NH4
+ or ~500 µM 15NH4

+ 

plus ~100 µM ATU and then incubated on a shaker for 12h. Detailed treatments are listed 

in Table 2.3. All samples were killed at 0 h and 12 h with 100 μl of formaldehyde (38%, 

w/v). Samples were stored upside down prior to 15N-N2 analysis.  

 

Table 2.3. List of treatments for NO stimulation experiment. 

Abbreviation Treatment 

N+A 15NH4
+ + ATU 

N 15NH4
+ 

N+ NO100+A 15NH4
+ + NO (100 µM) + ATU 

N+NO100 15NH4
+ + NO (100 µM) 

N+ NO1+A 15NH4
+ + NO (1 µM) + ATU 

N+NO1 15NH4
+ + NO (1 µM) 

N+ NO10+A 15NH4
+ + NO (10 µM) + ATU 

N+NO10 15NH4
+ + NO (10 µM) 
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2.2.4. Consumption of oxygen during aerobic ammonia oxidation 

A micro-respiration system (Unisense) was used to quantify how much oxygen 

was consumed during aerobic ammonia oxidation (Cavan et al. 2017), further tracing the 

potential mechanism of the affiliation between aerobic ammonia oxidation and anammox. 

Surface sediments (~0.4 g and ~0.2 g) from the river Lambourn were added to four, 4 ml 

and four, 2 ml glass micro-respiration chambers, respectively. A glass-coated magnetic 

stirrer was then put into each chamber and half of the chambers were then filled with 

~500 µM 15NH4
+ amended synthetic river water, while the rest was filled with ~500 µM 

15NH4
+ plus ~100 µM ATU amended synthetic river water. The chambers were sealed 

and then placed in an eight-chamber rack, the rack was then secured in a water bath at 

22 °C, with stirring at 120 rpm. The chambers were equilibrated for 30 min in the dark 

and then the oxygen concentrations were measured by a rapid-response, micro-oxygen 

electrode (OX 20, Unisense) inserted into the chamber through capillaries in the lids. At 

each time point, data were logged for 30 s in each chamber. A total of 20 replicated 

experiments was made to quantify the overall rate of change in oxygen concentration over 

time both with and without ATU. 

 

2.2.5. Screening for anammox activity in anoxic slurries 

A standard 15N isotope pairing technique was also used in homogenized, anoxic 

sediment slurries to confirm their anammox potentials (Thamdrup and Dalsgaard 2002). 

Approximately 1 g of sediment was placed into gas-tight vials (Exetainer, Labco), which 

were then transferred into an anoxic glove box (CV24, Belle Technologies), where 0.9 

ml of N2-degassed synthetic river water were added and the vials sealed and preincubated 

overnight on a shaker (120 rpm, Stuart SSL1) to remove all residual O2, NO3
-, and NO2

- 

(Trimmer et al. 2003). After preincubation, the vials were enriched with 100 µl of 3 mM 
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15NO3
- (98 atom% 15N, Sigma-Aldrich), 5 mM 15NH4

+ (98 atom% 15N, Sigma-Aldrich) 

and 5 mM 15NH4
+ plus 3 mM 14NO3

- separately to give a final concentration of ~300 μM 

15NO3
- , ~500 µM 15NH4

+ and ~500 μM 15NH4
+ plus ~300 μM 14NO3

- (n = 5). 15NO3
- 

treated samples were killed with 100 μl ZnCl2 (50%, w/v) at 0 h, 1 h, 2 h, 3 h and 6 h, 

whereas, vials with either 15NH4
+ treated or 15NH4

+ plus 14NO3
- were killed at just 0 h and 

6 h. Samples were stored upside down prior to 15N-N2 analysis.  

 

2.2.6. Depth profiles of aerobic ammonia oxidation and anammox activity  

To further understand the depth profiles of aerobic ammonia oxidation and 

anammox potential. Sediment samples from different depths of the River Wylye (gravel-

dominated riverbed) and the River Nadder (sand-dominated riverbed) were collected. At 

each river, 5 sediment cores were taken by a metal corer (internal dimensions: 18.5 cm). The 

sediment cores were then extruded and sectioned at 0-2 cm, 2-4 cm, 4-8 cm and 8-16 cm, 

then transferred to plastic zip-lock bags (VWR International) and stored in a cool bag 

(Thermo) for transporting back to the laboratory. 

15NH4
+ tracing methods were used to quantify the production of 15N-N2 production 

with aerobic ammonia oxidation in oxic slurries as above (2.2.2), while a standard 15N 

isotope pairing technique was also used in anoxic sediment slurries to confirm their 

anammox potentials at different depths as above (2.2.5). 

 

2.2.7. Analytical methods 

The headspaces of both the anoxic and oxic slurry samples were analysed for 15N-

N2 using a continuous-flow isotope ratio mass spectrometer (Sercon 20-22, UK). To 

determine the concentrations of 15NO2
- in the 15NH4

+ treatment slurries, the preserved 

supernatants were diluted and 3 ml of sample transferred into a new gas-tight vial (3 ml, 
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Exetainer, Exetainer, Labco), the vial capped and a 0.5 ml helium headspace (BOC) 

added. Samples were injected with 100 μl of sulfamic acid (4 mM in 4 M HCl) and placed 

on a shaker (120 rpm, Stuart SSL1) overnight to reduce 15NO2
- to 15N-N2. The headspace 

analysesd for 15N-N2 as above (Chen et al. 1990, Lansdown et al. 2016). For 15NOx
-  

(15NO2
- plus 15NO3

-) analysis, 0.3 g sponge cadmium (McIlvin and Altabet 2005) and 200 

µl of 1 M imidazole, along with 3.5 ml of sample were added to each gas-tight vial (12 

ml, Exetainer, Labco) and the vials were put on a shaker (120 rpm, Stuart SSL1) for 2.5 

h to reduce 15NO3
- to 15NO2

- and the samples then treated as above to convert 15NO2
- to 

N2 (McIlvin and Altabet 2005, Lansdown et al. 2016). 

Dissolved inorganic nutrients (ammonium, nitrite, nitrate and soluble reactive 

phosphorus (SRP)) in both the riverbed porewater samples and oxic slurry incubations 

were analysesd by a segmented flow auto analysesr (San++, Skalar, Breda, The 

Netherlands) using standard colorimetric techniques (Murphy and Riley 1962). 

Particle size determination was performed with a series of sieves (Endecotts Ltd, 

England) with different sizes, from 16 mm, 13.2, 8, 4, 1.4, 0.5, 0.25, 0.125, to 0.0625 mm 

and each size fraction weighted separately (Pretty et al. 2006). Grain size distribution was 

then calculated and classified on the Wentworth scale (Wentworth 1922): gravel (material 

coarser than 2 mm), sand (material between 0.0625 and 2mm), mud (silt plus clay material 

finer than 0.0625 mm) (Folk 1954). 

Sediments for organic C and N content were acidified by HCl (2 M) to remove 

inorganic carbon and after dried in an oven to a constant weight, ~50 mg of sediments 

were transferred to tin-cups, weighted and combusted at 1,000°C in an elemental 

analysesr coupled to a mass-spectrometer (Sercon Integra 2, UK). 
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2.2.8. Calculations of anammox activity in anoxic and oxic slurries 

For the anoxic slurry experiments, potential anammox activity was calculated 

according to (Thamdrup and Dalsgaard 2002). 

 

𝐷𝑡𝑜𝑡𝑎𝑙 = 𝑃30 × 𝐹𝑁
−2                                                                                                             (2.2.1) 

 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑁
−1 × [𝑃29 + 2 × (1 − 𝐹𝑁

−1) × 𝑃30                                                             (2.2.2) 

 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑚𝑚𝑜𝑥 𝑡𝑜 N2 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑟𝑎 ) =
𝐴𝑡𝑜𝑡𝑎𝑙 

𝐴𝑡𝑜𝑡𝑎𝑙 + 𝐷𝑡𝑜𝑡𝑎𝑙 
 (2.2.3)  

 

where Dtotal represents the production of N2 through denitrification; Atotal 

represents the production of N2 through anammox, P29 and P30 represent the measured 

production rate of 29N2 and 30N2; FN is the fraction of 15N in NO3
- (Thamdrup and 

Dalsgaard 2002), here the 15N atom% of the 15NO3
- (98%) was used. 

In the oxic 15NH4
+ oxidation experiments, as anammox could also produce 30N2, 

a mixing model was used to calculate the contribution of anammox to 15N-N2 production 

(Lansdown et al. 2016). This model assumes that the 15N-N2 produced solely from 

denitrification is equal to the 15N-labelling of the NO2
- pool.  

 

𝑁 15 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑  𝑁2 (𝐹𝑝𝑁2
) =     

1

1 + (
𝑃29

2 × 𝑃30
)

                 (2.2.4) 

 

𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (𝐹𝑁2 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
) = 𝐹𝑁𝑜2 

−                                                 (2.2.5) 
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15N-N2 produced solely through anammox assumes random pairing of one NH4
+-

N and one NO2
--N where the production of 28N2, 

29N2 or 30N2 from anammox can be 

predicted as follows: 

 

 𝑁2
28 (𝐴𝑛𝑎𝑚𝑚𝑜𝑥28) =  (1 − 𝐹𝑁𝐻4

+) × (1 − 𝐹𝑁𝑜2
−)                                                  (2.2.6) 

 

 𝑁2
29 (𝐴𝑛𝑎𝑚𝑚𝑜𝑥29) = (𝐹𝑁𝐻4

+ × (1 − 𝐹𝑁𝑜2
−))

+ (𝐹𝑁𝑜2
− × (1 − 𝐹𝑁𝐻4

+))                                                                        (2.2.7) 

 

𝑁2
30 (𝐴𝑛𝑎𝑚𝑚𝑜𝑥30) =  𝐹𝑁𝐻4

+ × 𝐹𝑁𝑜2
−                                                                          (2.2.8) 

 

𝐴𝑛𝑎𝑚𝑚𝑜𝑥(𝐹𝑁2 𝑎𝑛𝑎𝑚𝑚𝑜𝑥
) =     

1

1 + (
𝐴𝑛𝑎𝑚𝑚𝑜𝑥29

2 × 𝐴𝑛𝑎𝑚𝑚𝑜𝑚𝑥30
)

                                (2.2.9) 

 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑎𝑚𝑚𝑜𝑥 (%)

= 1 −
𝐹pN2−𝐹𝑁2𝑎𝑛𝑎𝑚𝑚𝑜𝑥

𝐹𝑁2𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
− 𝐹𝑁2𝑎𝑛𝑎𝑚𝑚𝑜𝑥

                               (2.2.10)  

 

Where 𝐹𝑁𝑜2
− is the proportion of 15N in the NO2

- pool (median from each time 

interval), 𝐹𝑁𝐻4
+ is the proportion of 15N in the NH4

+ pool (initial proportion). To calculate 

the contribution of anammox to 15N-N2 production using the equations above, the 

𝐹pN2
must fall between 𝐹𝑁2𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

 and 𝐹𝑁2𝑎𝑛𝑎𝑚𝑚𝑜𝑥. 
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2.2.9. Statistical analyses 

Statistical analyses were performed in R (version 3.4.1) under RStudio (version 

1.0.143). Differences between gravel and sand-dominated riverbeds in production rates 

of 15N-N2 and 15N-NO3
- and anammox activity were tested with linear mixed effect 

models using the lme4 package (Bates et al. 2015), where riverbed type as a fixed effect 

and river as a random effect. Significance of the fixed effect (p < 0.05) was determined 

by likelihood ratio testing between the full model and a reduced model with just a random 

effect. 

Spearman correlation analyses were used to assess the potential correlations 

between environmental factors and anammox activity, which were also performed in R 

under the ‘Hmisc’ package. 

Linear mixed effects models were also used to characterize the overall rates of 

oxygen consumption in the micro-respiration experiment, fitting ‘time’ and ‘treatment’ 

as fixed effects, with random effects on each chamber (1-8) nested within each replicate 

experiment (1-20). Significance of the fixed effect (p < 0.05) was determined by 

likelihood ratio testing between the full model and a reduced model. 

 

2.3. Results 

2.3.1. Riverbed characteristics 

Grainsize of the surface sediments from the riverbeds are listed in Table 2.2. For 

the rivers Stour (2) and Stour (1), although surface sediments I collected for the slurry 

experiments were mainly consisted of sand (0.0625 and 2mm), the rivers themselves have 

chalk-based gravel-dominated riverbeds, so I defined them as gravel-dominated riverbeds. 

For the river Broadstone, the surface sediment has a greater proportion of gravels, but the 

riverbed itself has a sand-based riverbed (Winterbourn et al. 1992), so I classified it as 
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sand-dominated riverbed. Sediment organic C concentration in gravel-dominated 

riverbeds varied from 66±2 to 293±23 and in sand-dominated riverbeds ranged from 

96±10 to 801±59 µmol g-1, respectively. Sediment from the river Darent has the 

maximum Organic C and N concentration, while the river Hammer has the minimum 

Organic C and N concentrations (Table 2.4). 

Porewater characteristics from the gravel and sand-dominated riverbeds are given 

in Figure 2.2. Both kinds of the riverbeds covered a wide range of oxygen, nitrate and 

ammonium concentrations. Porewater pH ranged from 6.14±0.04 to 8.08±0.03 and was 

significantly higher in gravel-dominated riverbeds on a chalk geology (Likelihood ratio 

test, p = 0.03) and at pH 6.14, the river Broadstone was clearly acidic (Figure 2.2). 

Oxygen concentrations varied from 94.95±25.22 µM in the river Hammer to 

238.15±26.28 µM in the river Lambourn (Figure 2.2) and was slightly higher in gravels 

than in the sands (Likelihood ratio test, p=0.07). Nitrate varied from 70.74±6.18 µM to 

484.25±20.69 µM in the gravel-dominated riverbeds and was significantly higher than in 

the sand, where nitrate ranged from 5.73±0.28 µM to 112.25±22.41 µM (Likelihood ratio 

test, p=0.03) (Figure 2.2). Average nitrite concentrations were 1.06±0.38 - 6.83±0.89 µM 

across all the riverbeds, with no significant difference between gravel and sand-

dominated riverbeds. Ammonium concentration varied a lot across the riverbeds from 

0.89±0.10 µM in the river Lambourn to 1217.2±176.97 µM in the river Medway (Figure 

2.2). Soluble reactive phosphorus (SRP) ranged from 1.42±0.11 to 14.3±0.57 µM in the 

gravel riverbeds, and 1.43±0.11 - 6.64±1.24 µM in the sand-dominated riverbeds but with 

no overall difference between the gravel and sand (Figure 2.2). Compared with the sand-

dominated riverbeds, the gravel-dominated riverbeds were more oxidized, with higher 

concentrations of nitrate and oxygen.  
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Table 2.4. Summary of the riverbed sediments characteristics. 

 Grainsize (%)a Organic C N C: N 

River gravel sand mud (µmol g-1) b (µmol g-1) b (molar ratio) b 

Lambourn 66.1 32.9 1 222±23 21±0.4 11±1 

Darent 53.1 44 2.8 801±59 61±6.3 13±0.4 

Wylye 74.5 23.6 1.9 555±26 49±10.7 12±1.9 

Rib 67.7 31.6 0.7 282±23 35±3.1 8±0.1 

Pant 84.4 15 0.6 155±6 22±0.8 7±0 

Stour (2)c 16.4 82.5 1.1 96±10 7±0.7 13±0.6 

Stour (1)c 26 73 1 151±16 13±1.3 11±0.1 

Marden 39.2 59.7 1 293±23 32±3 9±0.2 

Hammer 0 98.9 1.1 66±2 6±0.4 12±1.1 

Medway 0 97.4 2.6 244±79 14±2.4 17±2.6 

Broadstone d 82.2 15.9 1.9 255±46 17±1.8 15±1.1 

Nadder 9.9 87.4 2.7 287±114 15±6.5 22±4.3 

a Data are mean values(n=3). 

b Organic C, N and C: N data are mean values±1 standard error (n = 3). 

c Overall, the rivers Stour (2) and Stour (1) were chalk based gravel-dominated riverbeds 

but the sediments I collected were sand dominated. 

d River Broadstone is an acidic river and has a sand-based riverbed.  
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Figure 2.2. Vertical profiles of porewater dissolved oxygen concentration (A), pH (B), 

soluble reactive phosphorus (SRP) concentration (C), nitrite concentration (D), nitrate 

concentration (E) and ammonium concentration (F) in different riverbeds.  

0 cm represents surface water. Data are mean values ± standard error (n = 5). Yellow and 

blue represent gravel and sand-dominated riverbeds respectively. 
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2.3.2. Aerobic ammonia oxidation and N2 production in oxic riverbeds  

15N-N2 was produced in 15NH4
+ amended oxic slurries and production ceased 

completely with the inhibitor of aerobic ammonia oxidation bacteria - allylthiourea (ATU) 

(Figure 2.3). The accumulation of 15N-N2 indicated a close affiliation between aerobic 

ammonia oxidation and anammox and/or denitrification, while the production of 15N-

NO3
- suggested a closer coupling between aerobic ammonia oxidation and nitrite 

oxidation to nitrate, where the degree of each coupling varied across the riverbeds.  

The production rate of 15N-N2 ranged from 0.04 to 9.41 nmol g-1 h-1 but the median 

rates across the gravel and sand-dominated riverbeds were comparable, 6.71 and 3.83 

nmol g-1 h-1, respectively (Figure 2.4) and there was no overall significant difference in 

15N-N2 between the gravel and sand-dominated riverbeds (Table 2.5). The production rate 

of 15N-NO3
- ranged from 1.36 to 17.39 nmol g-1 h-1, however, the median rate across the 

sand-dominated riverbeds was 11.15 nmol g-1 h-1, which is significantly higher than in 

the gravel-dominated riverbeds on the chalk (2.08 nmol g-1 h-1). (Figure 2.4 and Table 

2.5). 
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Figure 2.3. Production of 15N-N2 and 15N-NO3
- following the addition of 15NH4

+ with and 

without ATU (allylthiourea) in oxic slurries from a gravel-dominated riverbed Darent (A 

and B) and a sand-dominated riverbed Marden (C and D). 

Yellow and blue represent gravel and sand-dominated riverbeds respectively. Black 

squares are dissolved O2. Circles represent 15NH4
+ amended samples, triangles represent 

15NH4
+ plus ATU amended samples. Data are mean values ± standard error (n = 5).  
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Figure 2.4. Production rates of (A) 15N-N2 and (B) 15N-NO3
- across twelve riverbeds with 

the oxidation of 15NH4
+ in oxic slurries.  

Yellow and blue represent gravel and sand-dominated riverbeds respectively. Black lines 

indicate the overall median values for the gravel and sand-dominated riverbeds. Data are 

mean values ± standard error (n = 5). 

 

Table 2.5. Likelihood ratio test of the effect of riverbed type on rates of anammox, 

contribution of anammox to N2 production (ra) from anoxic incubations, and production 

rates of 15N-N2 and 15N-NO3
-from oxic incubations. 

Experiment Dependent variable Independent 

variable 

df χ2 p-

value 

Oxic experiment Production rate of 15N-N2 type 1 0.92 0.34 

Production rate of 15N-NO3
- type 1 5.30 0.02 

Anoxic 

experiment 

Denitrification rate type 1 1.79 0.18 

Anammox rate type 1 2.88 0.09 

Anammox contribution (ra) type 1 4.15 0.04 
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2.3.3. Contribution of anammox to N2 production in oxic slurries 

The contribution of anammox in oxic production of 15N-N2 was calculated based 

on the mixing model (Lansdown et al. 2016). Based on this model, the contribution of 

anammox to the 15N-N2 can be calculated in 9 of 55 incubations. For these samples, 

anammox contributed 68.21 ± 8.34% (mean ± standard error) of the 15N-N2 production 

(Table 2.6). However, for the majority of the samples (46 of 55 incubations), the produced 

15N-N2 were higher than predicted production of 15N-N2 from both denitrification and 

anammox, suggesting the uneven distribution of the 15N-labelling of the substrate pools. 

It is noted that in some experiments, the Fn-N2 was even higher than Fn-NH4
+, this might 

be caused by the bias from the calculations. The listed Fn-N2 in the table was generated 

from the median of Fn-N2 at each time point, as the production rates of 29N-N2 and 30N-

N2 varied a lot at each time point, the Fn-N2 might be overestimated. When plotting all 

of these data together using mixed effect model, a similar average Fn-NH4
+ and Fn-N2 

(0.55 and 0.56) can be found (Table 2.9). 
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Table 2.6. The 15N-labelling of NH4
+, NO2

- and N2 pools measured during oxic 

incubations with 15NH4
+ and the predicted 15N-N2 resulting from denitrification or 

anammox. 

River Measured  Modelled 

 
FN-

NH4
+ a 

FN-

NO2
- b 

FN-

N2
 b 

 Denitrification-

N2 

Anammox-

N2 

ra 

(%) 

ΔN2

* 

Time series experiments with 15NO2
- that met model criteria** 

Lambourn 0.85 0.19 0.29  0.19 0.31 79.28 
 

Lambourn 0.85 0.35 0.42  0.35 0.49 47.51 
 

Lambourn 0.89 0.32 0.47  0.32 0.47 96.87 
 

Lambourn 0.84 0.38 0.49  0.38 0.53 74.12 
 

Darent 0.48 0.29 0.33  0.29 0.36 50.65 
 

Darent 0.43 0.14 0.21  0.14 0.22 90.58 
 

Darent 0.54 0.15 0.20  0.15 0.23 60.10 
 

Darent 0.51 0.19 0.27  0.19 0.27 92.62 
 

Darent 0.55 0.36 0.37  0.36 0.43 22.12 
 

Time series experiments with 15NO2
- that did not meet model criteria 

Lambourn 0.80 0.11 0.46  0.11 0.19  0.27 

Wylye 0.67 0.01 0.36  0.01 0.01 
 

0.35 

Wylye 0.64 0.01 0.25  0.01 0.01 
 

0.24 

Wylye 0.73 0.01 0.30  0.01 0.03 
 

0.27 

Wylye 0.69 0.01 0.39  0.01 0.01 
 

0.38 

Wylye 0.65 0.01 0.24  0.01 0.01 
 

0.24 

Rib 0.60 0.05 0.67  0.05 0.10 
 

0.57 

Rib 0.64 0.05 0.70  0.05 0.09 
 

0.61 
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River FN-

NH4
+ a 

FN-

NO2
- b 

FN-

N2
 b 

 Denitrification-

N2 

Anammox-

N2 

ra 

(%) 

ΔN2

* 

Rib 0.65 0.05 0.65  0.05 0.09 
 

0.56 

Rib 0.62 0.06 0.69  0.06 0.11 
 

0.59 

Rib 0.66 0.05 0.66  0.05 0.10 
 

0.56 

Pant 0.84 0.2 0.68  0.2 0.32 
 

0.36 

Pant 0.84 0.17 0.60  0.17 0.28 
 

0.32 

Pant 0.76 0.15 0.54  0.15 0.25 
 

0.28 

Pant 0.77 0.13 0.65  0.13 0.22 
 

0.43 

Pant 0.76 0.13 0.53  0.13 0.22 
 

0.30 

Stour2 0.56 0.07 0.65  0.07 0.12 
 

0.53 

Stour2 0.57 0.05 0.72  0.05 0.09 
 

0.62 

Stour2 0.63 0.05 0.71  0.05 0.09 
 

0.62 

Stour2 0.57 0.04 0.69  0.04 0.08 
 

0.6 

Stour2 0.60 0.03 0.72  0.03 0.06 
 

0.66 

Stour1 0.52 0.05 0.71  0.05 0.08 
 

0.62 

Stour1 0.56 0.04 0.75  0.04 0.08 
 

0.67 

Stour1 0.51 0.04 0.65  0.04 0.07 
 

0.58 

Stour1 0.65 0.04 0.71  0.04 0.07 
 

0.64 

Stour1 0.55 0.04 0.72  0.04 0.08 
 

0.64 

Marden 0.64 0.13 0.63  0.13 0.22 
 

0.42 

Marden 0.55 0.15 0.67  0.15 0.23 
 

0.44 

Marden 0.59 0.09 0.67  0.09 0.16 
 

0.50 

Marden 0.57 0.14 0.65  0.14 0.22 
 

0.43 

Marden 0.63 0.10 0.69  0.10 0.17 
 

0.52 
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River FN-

NH4
+ a 

FN-

NO2
- b 

FN-

N2
 b 

 Denitrification-

N2 

Anammox-

N2 

ra 

(%) 

ΔN2

* 

Hammer 0.71 0.04 0.67  0.04 0.07 
 

0.59 

Hammer 0.69 0.02 0.66  0.02 0.04 
 

0.63 

Hammer 0.74 0.03 0.39  0.03 0.07 
 

0.32 

Hammer 0.62 0.03 0.56  0.03 0.06 
 

0.5 

Hammer 0.61 0.03 0.67  0.03 0.06 
 

0.61 

Medway 0.50 0.11 0.55  0.11 0.19 
 

0.36 

Medway 0.49 0.22 0.54  0.22 0.31 
 

0.24 

Medway 0.46 0.15 0.54  0.15 0.23 
 

0.32 

Medway 0.38 0.18 0.51  0.18 0.24 
 

0.27 

Medway 0.44 0.25 0.56  0.25 0.32 
 

0.24 

Nadder 0.92 0.25 0.70  0.25 0.40 
 

0.30 

Nadder 0.90 0.16 0.72  0.16 0.28 
 

0.44 

Nadder 0.90 0.17 0.69  0.17 0.28 
 

0.41 

Nadder 0.89 0.16 0.72  0.16 0.27 
 

0.45 

Nadder 0.91 0.22 0.71  0.22 0.36 
 

0.35 

 

a Data represent the proportion of 15N at the beginning of the experiment. 

b Data represent the median proportion of 15N from different time intervals. 

* ΔN2 is the difference between the measured 15N-N2 and the predicted 15N-N2 from the 

maximum model prediction.  

** For a successful model, the produced 15N-N2 must fall between the predicted anammox 

and denitrification. Each time series experiment consisted of 5 replicates. 
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2.3.4. How does anammox work in oxic conditions?  

To further understand how anammox works in oxic slurries, 15NH4
+ plus 14NO2

- 

with and without allythiourea (ATU) (Treatment 3 and 4) were added into oxic slurries 

to test anammox activity in the absence of a coupling to aerobic ammonia oxidation. 

There was no significant production of both 29N-N2 and 30N-N2 in the 15NH4
+ plus 14NO2

- 

with allythiourea (ATU) (Treatment 3) amended slurries (Figure 2.5), indicating that 

although both 15NH4
+ and 14NO2

- were present in the porewater, the anammox process 

cannot happen directly without aerobic ammonia oxidation. This might be explained by 

the fact that when aerobic ammonia oxidation was blocked by ATU, the slurries were too 

oxic for anammox to proceed even when its substrates are present. Another explanation 

might be that the added 14NO2
- was oxidized to 14NO3

- by nitrite oxidizing bacteria (NOB) 

before it could be accessed by anammox. However, this is not very likely because the 

initial concentration of 14NO2
- in this experiment was about 30 nmol g-1 and the nitrite 

oxidation rate was 7.1±0.6 nmol g-1 h-1 in these riverbed slurries, which means that 

21.3±1.8 nmol g-1 of nitrite would be turned over in the first 3 h of incubation, so nitrite 

would not be limited for anammox. 

15N-N2 was produced in 15NH4
+ plus 14NO2

- (Treatment 4) amended oxic slurries 

and there were no significant differences in the productions of 29N-N2 and 30N-N2 between 

15NH4
+ treatment (Treatment 2) and 15NH4

+ plus 14NO2
- treatment (Treatment 4) (Figure 

2.5 and Table 2.7). In comparison with 15NH4
+ (Treatment 2) amended slurries, Fn-NO2

- 

in 15NH4
+ plus 14NO2

- (Treatment 4) amended slurries decreased from 0.29 to 0.179 by the 

dilution of the added 14NO2
- (Table 2.9). However, Fn-N2 remained constant in these two 

treatments (Table 2.9). This indicates that when adding 15NH4
+ into the oxic slurries, Fn-

N2 is not influenced by the external porewater Fn-NO2
-. The coupling between aerobic 

ammonia oxidation and N2 production might be an ‘internal’ process that happened in the 
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aggregates, did not influenced by the ‘external’ NO2
- or NOx

- pool. Together, this suggests 

that the added 14NO2
- to the porewater cannot be used by anammox bacteria directly in 

oxic conditions, further hinting at a direct affiliation between aerobic ammonia oxidation 

and anammox. 

14NH4
+ plus 15NO2

- with and without allythiourea (ATU) (Treatment 5 and 6) were 

also added into oxic slurries to test anammox activity in the absence of a coupling to 

aerobic ammonia oxidation. Production of both 29N-N2 and 30N-N2 was observed in the 

14NH4
+ plus 15NO2

- with ATU (Treatment 5) amended slurries (Figure 2.5), indicating that 

15NO2
- was oxidized to 15N-N2 when aerobic ammonia oxidation was blocked. The 

production of 15N-N2 in this treatment was contributed solely by denitrification, as Fn-N2 

equals to Fn-NO2
- (Table 2.9). This result is consistent with the findings in the 15NH4

+ 

plus ATU (Treatment 1) and 15NH4
+ plus 14NO2

- plus ATU (Treatment 3) amended 

slurries, where no anammox activity was observed. This further confirms that anammox 

cannot proceed when aerobic ammonia oxidation was blocked by ATU.  

In the 14NH4
+ plus 15NO2

- (Treatment 6) amended slurries, there was no significant 

production of 30N-N2, indicating that the denitrification activity is negligible in this 

treatment. This might be caused by the competition between anammox and denitrifiers 

for 15NO2
-. The production of 29N-N2 in the 14NH4

+ plus 15NO2
- (Treatment 6) amended 

slurries suggests the occurrence of anammox with the presence of aerobic ammonium 

oxidation. In the presence of aerobic ammonium oxidation, anammox can take some 

external 15NO2
- and outcompete denitrification.  
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Figure 2.5. Fixed production of 29N-N2 and 30N-N2 over time for different 15NH4
+ 

treatments (A and B) and 15NO2
- treatments (C and D) based on the mixed effect model 

(data from 4 rivers).  
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Table 2.7. Output of a linear mixed effects model testing the difference in 29N-N2 or 30N-N2 production rates between 15NH4
+ (2), 15NH4

+ plus 

ATU (1), 15NH4
+ plus 14NO2

- (4) and 15NH4
+ plus 14NO2

-plus ATU (3) amended sediments. 

 Fixed effect Value s.e. t-value P 

Production of 29N-N2 Intercept, nmol g-1, 15NH4
+ (2) 0.2396 0.3005 0.979 0.4366 

 Slope, nmol g-1 h-1, 15NH4
+ (2) 0.9679 0.2859 3.386 0.0364* 

 ΔIntercept, 15NH4
+ plus 14NO2

- (4) 0.0773 0.3718 0.208 0.8355 

 ΔIntercept, 15NH4
+ plus 14NO2

- plus ATU (3) -0.0698 0.4689 -0.149 0.8818 

 ΔIntercept, 15NH4
+ plus ATU (1) 0.0032 0.4689 0.007 0.9946 

 ΔSlope, 15NH4
+ plus 14NO2

- (4) 0.0034 0.1117 0.030 0.7958 

 ΔSlope, 15NH4
+ plus 14NO2

- plus ATU (3) -0.8769 0.1276 -6.872 <0.001* 

 ΔSlope, 15NH4
+ plus ATU (1) -0.8804 0.1276 -6.900 <0.001* 

Production of 30N-N2 Intercept, nmol g-1, 15NH4
+ (2) 0.0002 0.1771 0.013 0.9900 

 Slope, nmol g-1 h-1, 15NH4
+ (2) 0.6102 0.2011 3.035 0.0572* 

 ΔIntercept, 15NH4
+ plus 14NO2

- (4) 0.0783 0.2505 0.313 0.7548 

 ΔIntercept, 15NH4
+ plus 14NO2

- plus ATU (3) 0.1124 0.3159 0.356 0.7222 
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 Fixed effect Value s.e. t-value P 

Production of 30N-N2 ΔIntercept, 15NH4
+ plus ATU (1) 0.0402 0.3159 0.127 0.8988 

 ΔSlope, 15NH4
+ plus 14NO2

- (4) -0.0304 0.0752 -0.404 0.6868 

 ΔSlope, 15NH4
+ plus 14NO2

- plus ATU (3) -0.6235 0.0860 -7.252 <0.001* 

 ΔSlope, 15NH4
+ plus ATU (1) -0.6076 0.0860 -7.068 <0.001* 
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Table 2.8. Output of a linear mixed effects model testing the difference in 29N-N2 or 30N-N2 production rates between 14NH4
+ plus 15NO2

- (6) and 

14NH4
+ plus 15NO2

-plus ATU (5) amended sediments. 

 Fixed effect Value s.e. t-value P 

Production of 29N-N2 Intercept, nmol g-1, 14NH4
+ plus 15NO2

- (6) 0.6366 0.4011 1.587 0.1985 

Slope, nmol g-1 h-1, 14NH4
+ plus 15NO2

- (6) 0.2953 0.0851 3.472 0.0245* 

ΔIntercept, 14NH4
+ plus 15NO2

- plus ATU (5) 0.0227 0.2092 0.109 0.9135 

ΔSlope, 14NH4
+ plus 15NO2

- plus ATU (5) -0.1349 0.0628 -2.146 0.0329* 

Production of 30N-N2 

 

Intercept, nmol g-1, 14NH4
+ plus 15NO2

- (6) 0.4802 0.4486 1.070 0.3581 

Slope, nmol g-1 h-1, 14NH4
+ plus 15NO2

- (6) -0.0042 0.0546 -0.078 0.9411 

ΔIntercept, 14NH4
+ plus 15NO2

- plus ATU (5) 0.2857 0.1649 1.732 0.0845 

ΔSlope, 14NH4
+ plus 15NO2

- plus ATU (5) 0.1807 0.0495 3.647 0.0003* 
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Table 2.9. Summary of the 29N-N2 and 30N-N2 production rates (based on mixed effect model) and Fn-N2, Fn-NO2
- and Fn-NH4

+ in different 

treatments. 

Treatment 29N-N2 production 

(nmol g-1 h-1) 

30N-N2 production  

(nmol g-1 h-1) 

Fn-N2
 (a) 

 

Fn-NO2
- (b) 

(mean 3 or 6 h) 

Fn-NH4
+ (b) 

(mean 3 or 6h) 

15NH4
+ plus ATU (1) 0.0875 0.0026    

15NH4
+ (2) 0.9679 0.6102 0.5450 0.2919/0.3233 0.6053/0.6321 

15NH4
+ plus 14NO2

- plus ATU (3) 0.091 -0.0133    

15NH4
+ plus 14NO2

- (4) 0.9713 0.5798 0.5441 0.1796/0.2151 0.5787/0.6099 

14NH4
+ plus 15NO2

- plus ATU (5) 0.1604 0.1765 0.6876 0.6700/0.5407  

14NH4
+ plus 15NO2

- (6) 0.2953 0  0.5855/0.4691  

15NH4
+ plus ATU (12 rivers) (1)(c) 0.0782 0.0065    

15NH4
+ (12 rivers) (2) (c) 0.7598 0.4864 0.5615 0.0918/0.1128 0.5529/0.5262 

a Fn-N2 is calculated based on the production rates of 29N-N2 and 30N-N2 generated from mixed effect models. 

b Fn-NO2
- is the mean of Fn-NO2

- in 3/6 hours and Fn-NH4
+ is the mean of Fn-NH4

+ in 3/6 hours 

c Results of the 12 rivers data (treatments 15NH4
+ and 15NH4

+ plus ATU) analysed based on mixed effect model are also listed here. 
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As the added 14NO2
- cannot be used by anammox directly in oxic conditions, two 

intermediates for anammox process, NH2OH and NO (Van De Graaf et al. 1997, Strous 

et al. 2006, Kartal et al. 2011), were also used test if the anammox reaction can be 

stimulated by these intermediates in oxic slurries from the river Lambourn. Similar results 

were obtained as in the 14NO2
- addition experiment. With the addition of NH2OH, there 

was no 15N-N2 production in ATU amended samples (Figure 2.6). Also, there was no 

significant difference in the production of 15N-N2 between 15NH4
+ treatment and 15NH4

+ 

plus NH2OH treatment (Likelihood ratio test, p = 0.76, Figure 2.6), further rejected the 

assumption that anammox may use NH2OH in oxic condition, further corroborating a 

more direct affiliation between aerobic ammonia oxidation and anammox. 

 

 

Figure 2.6. Production rates of 15N-N2 following the addition of NH2OH to 15NH4
+ with 

and without ATU in oxic slurries from a gravel-dominated riverbed Lambourn (n = 5). 

 



72 

 

Similar results were obtained for the NO addition experiments. With the addition 

of NO, there was no 15N-N2 production in ATU amended samples (Figure 2.7), further 

rejected the assumption that anammox may use NO in oxic condition, further 

corroborating a more direct affiliation between aerobic ammonia oxidation and anammox. 

there was no significant difference for the production rate of 15N-N2 between 15NH4
+ 

treatment and 15NH4
+ plus NO treatments (Likelihood ratio test, p = 0.14, Figure 2.7). 

 

Figure 2.7. Production rates of 15N-N2 following the addition of NO to 15NH4
+ with and 

without ATU in oxic slurries from a gravel-dominated riverbed Lambourn (n = 5). 

 

2.3.5. Competition for oxygen during aerobic ammonia oxidation 

Based on the above 15N tracing experiments, a direct affiliation between aerobic 

ammonia oxidation and anammox was found, it was assumed that in oxic riverbeds, 

aerobic ammonia-oxidizing microorganisms (AOM) and anammox bacteria aggregate 

together. AOM consume oxygen and create a redox micro-environment for anammox. 
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Oxygen micro-electrodes were used to measure oxygen consumption in the presence of 

either 15NH4
+ or 15NH4

+ plus ATU amended slurries. The difference oxygen consumption 

rates between 15NH4
+ and 15NH4

+ plus ATU amended should be caused by AOM. Twenty 

replicate measurements of oxygen consumption were conducted in eight chambers, 

significant rates of oxygen consumption were observed in all the chambers (Figure 2.8).  

The overall rate of change in oxygen concentration over time for 15NH4
+ and 

15NH4
+ plus ATU amended samples is shown in Figure 2.9. Here the change in oxygen 

was modelled as a fixed effect of both time and treatment with random intercepts and 

slopes fitted as nested random effects on each chamber within each replicate. The average 

oxygen consumption rate in 15NH4
+ amended samples was 277.07 nmol g-1 h-1, while the 

difference in oxygen consumption rates between 15NH4
+ and 15NH4

+ plus ATU amended 

sample was 22.28 nmol g-1 h-1 (Table 2.10). Although the difference between these two 

treatments was not significant (Table 2.10), this difference suggests that oxygen was 

being consumed by AOM with a rate of 22.28 nmol g-1 h-1. Power analysis indicated that 

only if 710 replicates were conducted for each treatment, a 90% chance of detecting a 

difference can be achieved at a significance level of 0.05, which would have been too 

time consuming to conduct. Further, there was a good agreement between AOM oxygen 

consumption rate and average ammonia oxidation rate in the river Lambourn, which is 

8.85 nmol g-1 h-1 and 17.7 nmol g-1 h-1 oxygen would be consumed during aerobic 

ammonia oxidation. AOM would have to compete for 8% of the total oxygen being 

consumed with heterotrophic respiration, thus making AOM oxygen limited. In the river 

Lambourn, the C:N ratio of the organic matter was 11±1, which means that organic 

respiration could release 25.19 nmol N g-1 h-1, as only 8.85 nmol g-1 h-1 of the released N 

would be oxidised through aerobic ammonia oxidation, the remaining 16.34 nmol g-1 h-1 

N thus making the system not N limited but oxygen limited. 
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Figure 2.8. Plot of all 20 replicate measurements of oxygen consumption in eight 

chambers. 

(For each replicate experiment (1-20), four rate measurements were made (different 

coloured symbols) with 15NH4
+ amended chambers (A) and 15NH4

+ plus ATU amended 

chambers (B)).  

 

Table 2.10. Output of a linear mixed effects model testing the difference in oxygen 

consumption rates between 15NH4
+and 15NH4

+ plus ATU amended sediments. 

Fixed effect Value s.e. t-value P 

Intercept, nmol g-1, 15NH4
+ 4920.69 48.44 101.59 <0.01 

Slope, nmol g-1 h-1, 15NH4
+ -277.07 10.18 -27.22 <0.01 

ΔIntercept,15NH4
+ plus ATU 42.94 68.28 0.63 0.53 

ΔSlope, 15NH4
+ plus ATU 22.28 14.35 1.55 0.12 
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Figure 2.9. Fitted oxygen concentration changes over time for different treatments 

based on the mixed effect model. 

(Red dots represent 15NH4
+ amended samples while green dots represent 15NH4

+ plus 

ATU amended samples). 

 

2.3.6. Confirmation of anammox potential in anoxic slurries 

Anammox activities were checked in anoxic slurries from these twelve riverbeds. 

Except for the acidic sandy river, Broadstone, potential anammox activity was confirmed 

in all other riverbeds by the production of 29N2 in 15NH4
+ and 14NO3

- amended anoxic 

slurries (Figure 2.10). There was no significant production of 29N2 in 15NH4
+ only 

amended samples (Figure 2.10), which suggested that there was no anaerobic ammonia 

oxidation coupled to the reduction of metal oxides (Luther et al. 1997). The production 

of 29N2 and 30N2 in the 15NO3
- amended slurries (Figure 2.10) confirmed the potential 

occurrence of both denitrification and anammox under anoxia. 

 



76 

 

 

Figure 2.10. Examples of 29N2 and 30N2 production in anoxic slurries amended with 

15NH4
+ (A), 15NH4

++ 14NO3
− (B) and 15NO3

− (C). 

(Data are mean values ± 1 standard error (n = 5)). 

 

Both the rate of anammox and its contribution to N2 production (ra%) were 

calculated from the production of 29N2 and 30N2 in 15NO3
- amended slurries. As shown in 

Figure 2.11, anammox activity varied from 0.2 to 10.5 nmol N g-1 h-1 across the riverbeds, 

and anammox contributed to 4.1~16.7% of N2 production under anoxia. Anammox made 

a higher contribution to N2 production in gravel-dominated riverbeds compared with the 

sand-dominated riverbeds (Figure 2.11 and Table 2.5). Though there was no significant 

difference between gravel and sand-dominated riverbeds in denitrification activity, the 

anammox activity in gravel was slightly higher than in the sand-dominated riverbeds 

(Table 2.5).  
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Figure 2.11. Potential anammox activity across riverbeds, both anammox activity and 

anammox contribution to total N2 production (ra), as measured in anoxic slurries. 

Yellow and blue represent gravel and sand-dominated riverbeds respectively. Black lines 

indicate the overall median values for the gravel and sand-dominated riverbeds. Data are 

mean values ± standard error (n = 5). 

 

Anammox activity positively correlated with denitrification activity (Spearman’s 

rank correlation, rs (60) =0.88, p < 0.001) in anoxic slurries (Figure 2.12). Although the 

contribution of anammox and denitrification to the N2 production in oxic slurries cannot 

be calculated due to the heterogeneity in the 15N-labelling of the substrate pools in the 

majority of the samples (46 of 55 incubations). The production rate of 15N-N2 in oxic 

15NH4
+ oxidation slurries positively correlated with both anammox activity and 

denitrification activity as measured in anoxic slurries (Spearman’s rank correlation, rs 

=0.48, p < 0.001 and rs =0.47, p < 0.001), as well as the contribution of anammox to the 

total N2 production (ra) as measured in anoxic slurries (rs =0.39 , p < 0.001, Figure 2.12). 
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Figure 2.12. Correlations between (A) anammox activity and denitrification activity as 

measured in anoxic slurries and (B) contribution of anammox to N2 production (ra) as 

measured in anoxic slurries and production rate of 15N-N2 measured in oxic slurries.  

Yellow and blue represent gravel and sand-dominated riverbeds respectively. 

 

2.3.7. Anammox activity at different depth 

To understand the pattern of anammox activity along with the riverbed depth, 

sediments from different depths of the river Wylye (gravel-dominated) and the river 

Nadder (sand-dominated) were incubated with 15N tracers under both oxic and anoxic 

conditions to detect the potential anammox activity and its contribution to total N2 

production. In the river Wylye, the production rates of 15N-N2 in oxic slurries ranged from 

0.59 to 1.64 nmol N g-1 h-1 (Figure 2.13) with slightly higher rates at the surface (0-2cm), 

compared with deeper layer (8-16cm) (likelihood ratio test, p = 0.08). The production 

rates of 15N-N2 ranged from 1.65 to 1.93 nmol N g-1 h-1 in the river Nadder (Figure 2.13), 

with no significant difference between depths (likelihood ratio test, p = 0.96). 
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Anammox activities as measured in anoxic slurries varied from 0.64 to 3.15 nmol 

N g-1 h-1 in the river Wylye (Figure 2.13) and decayed with depth (likelihood ratio test, p 

< 0.01), while contribution of anammox to N2 production (ra) varied from 8.67 to 10.81% 

(Figure 2.13), with no significant difference between depths (likelihood ratio test, p = 

0.81). Anammox activity in anoxic slurries, varied from 1.37 to 2.23 nmol N g-1 h-1 in the 

river Nadder (Figure 2.13) and anammox activity was significantly higher in upper 0-2cm 

layer, compared to the deeper 8-16cm layer (likelihood ratio test, p = 0.04). The 

contribution of anammox to N2 production (ra) varied from 3.50 to 6.53% (Figure 2.13), 

with no significant difference between depths (likelihood ratio test, p = 0.49). Overall, 

the anammox activity was significantly higher in the top layer (0-2cm) than at depth of 

the sediments (likelihood ratio test, p < 0.01). A positive correlation between anammox 

activity and porewater oxygen concentration was observed in the riverbeds (rs = 0.90, p 

< 0.01), suggesting that porewater oxygen concentration maybe an important factor that 

influence the anammox activity.  
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Figure 2.13. Anammox activity and anammox contribution to total N2 production at 

different depth. 

(Data are mean values ± 1 standard error (n = 5). Yellow and blue represent a gravel and 

a sand-dominated riverbed (Wylye and Nadder) respectively.) 

 

 

Figure 2.14. Correlations between porewater oxygen concentration and potential 

anammox activity as measured in anoxic slurries. 
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2.4. Discussion 

The production of 15N-N2 in 15NH4
+ amended oxic slurries confirmed the 

affiliation of nitrification, anammox and/or denitrification in permeable, oxic riverbeds. 

The production of 15N-N2 ceased completely with the addition of ATU, suggesting the 

dependence of anammox and/or denitrification on aerobic ammonia oxidation. Both 

anammox and denitrification contributed to the production of 15N-N2 in these oxic slurries, 

however, the contribution of anammox to the 15N-N2 production cannot be calculated for 

the majority of the samples as the produced 15N-N2 was higher than the predicted values 

from the mixing model. This suggests an uneven distribution of the 15N in the substrate 

pools (De Brabandere et al. 2014, Lansdown et al. 2016). In these samples, both the 

accumulated concentration of 15NO2
- and the proportion of 15NO2

- to total NO2
- were quite 

low (Fn-NO2
- = 0.09), suggesting rapid consumption of 15NO2

- by 

anammox/denitrification and/or nitrite oxidizing bacteria and that the 15NO2
- was 

consumed before mixing uniformly with the surrounding porewater NO2
- pool. Also, 

direct oxidation of 15NH4
+ to 15NO3

- by comammox Nitrospira may contribute to the 

heterogeneity in the 15N-labelling of the NO2
- pool (Jensen et al. 2009, De Brabandere et 

al. 2014). 

15NH4
+ plus 14NO2

- plus ATU (Treatment 3) was added into oxic slurries to test 

the anammox reaction without the presence of aerobic ammonia oxidation (Ginestet et al. 

1998, Subbarao et al. 2006). Results showed that anammox process cannot happen in oxic 

slurries when aerobic ammonia oxidation was inhibited. This was further confirmed by 

the results from 14NH4
+ plus 15NO2

- plus ATU (Treatment 5) amended slurries, where the 

produced 15N-N2 was contributed solely by denitrification. With the presence of ATU, 

the anammox process cannot happen directly even if both substrates for anammox exist 

in the porewater. This might be explained by the fact that the slurries were too oxic for 
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anammox to proceed. Another explanation might be that the added NO2
- was oxidized to 

NO3
- by nitrite oxidizing bacteria (NOB) before it could be accessed by anammox. 

However, this is not very likely because the initial concentration of NO2
- in this 

experiment was about 30 nmol g-1 and the nitrite oxidation rate was 7.1±0.6 nmol g-1 h-1 

in these riverbed slurries, which means that 21.3±1.8 nmol g-1 of nitrite would be turned 

over in the first 3 h of incubation, so nitrite would not be limited for anammox. 

Without the presence of ATU, the production of 15N-N2 in 15NH4
+ plus 14NO2

- 

(Treatment 4) amended oxic slurries again suggests a coupling between aerobic ammonia 

oxidation and N2 production, this indicates that the N2 production cannot proceed before 

the first step of aerobic ammonium oxidation. However, even with different NO2
- pools, 

there was no significant difference between the productions of 15N-N2 in 15NH4
+ plus 

14NO2
- (Treatment 4) and 15NH4

+ (Treatment 2), this suggests that the ‘external’ NO2
- is 

not limiting for the production of 15N-N2. 

These results further hinting that the substrate pools ‘outside’ and ‘inside’ the 

aggregates may be different (De Brabandere et al. 2014, Lansdown et al. 2016), this also 

help explain the heterogeneity of the substrate pools. The production of 29N-N2 in 14NH4
+ 

plus 15NO2
- (Treatment 6) further confirmed the occurrence of anammox with the 

presence of aerobic ammonium oxidation. In the presence of aerobic ammonium 

oxidation, anammox reaction can be stimulated and outcompete denitrification.  

The affiliation between aerobic ammonia oxidation and anammox was further 

confirmed as neither the addition of NH2OH nor NO (two intermediates in the anammox 

reaction) (Van De Graaf et al. 1997, Strous et al. 2006, Kartal et al. 2011) plus 15NH4
+ 

with ATU could stimulate the anammox reaction in the oxic slurries.  

In the oxic slurries, nitrifier-denitrification may also contribute to the production 

of N2, they are only considered to make N2O, which could in turn be reduced to N2 even 



83 

 

by another process or by a novel nitrifier-denitrifier metabolism (Wrage et al. 2001, 

Schmidt et al. 2004, Shaw et al. 2006). In this study, the AOA amoA gene was more 

abundant than its AOB variant in all riverbeds. The proportions of AOA amoA and AOB 

amoA to bacterial 16S rRNA gene were 0.28%-1.32% and 0.09%-1.1%, respectively (see 

Chapter 3). The AOB sequences in this study was closely related to genus Nitrosospira 

(see Chapter 4). Some Nitrosospira were demonstrated to carry out nitrifier-

denitrification, however, the N2O production only represented 0.03-0.7% of the total NO2
- 

produced through nitrification (Shaw et al. 2006). Furthermore, their abilities of making 

N2O was much lower than Nitrosomonas (Shaw et al. 2006). So nitrifier-denitrification 

may exist in these sediments, but it could not be the main process that drives the 

production of N2. In this study, the 15N labelling of the N2 pool (Fn-N2) was not influenced 

by the external NO2
- pool (Treatment 2 and 4). However, in the nitrifier-denitrification 

process, up to 13.5%. of the 15N labelling of the N2O pool (Shaw et al. 2006) and the N2 

pool (Schmidt et al. 2004) was influenced by the exogenous NO2
- pool. This difference 

further confirms that the production of N2 in this study could not be solely contributed by 

nitrifier-denitrification. 

The oxygen consumption experiment showed that oxygen was being consumed 

by AOM and heterotrophic respiration. AOM would have to compete for 8% of the total 

oxygen consumption with heterotrophic respiration, thus making AOM oxygen limited. 

It has been reported that AOM are poor competitors for oxygen when compared with 

heterotrophic bacteria, because AOM have a lower affinity for oxygen (Gieseke et al. 

2001). Furthermore, more ammonia released through organic respiration than can be 

oxidised through aerobic ammonia oxidation, suggesting that the aggregates would not 

be ammonia limited but oxygen limited. Although the porewater oxygen concentrations 
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were high in the riverbeds, oxygen will be limited in the aggregates thus supporting 

anammox.  

Although the contribution of anammox and denitrification to the N2 production in 

oxic slurries cannot be calculated due to the heterogeneity in the 15N-labelling of the 

substrate pools. The positive correlation between the production rate of 15N-N2 measured 

in oxic slurries and contribution of anammox to N2 production (ra) as measured in anoxic 

slurries (Figure 2.12), further hinting the consistency of the contribution of anammox to 

N2 production in both oxic and anoxic slurries. 

In the surface layers, higher concentrations of porewater oxygen were observed 

and a significant correlation between anammox activity and porewater oxygen 

concentration was observed in the examined riverbeds (rs = 0.90, p < 0.01), suggesting 

that porewater oxygen concentration maybe a significant factor controlling anammox 

activity in the examined riverbeds, this could be related to aerobic ammonia oxidation. 

As AOM compete for 8% of the oxygen with heterotrophic respiration, with higher 

oxygen concentrations, aerobic ammonia oxidation could thus provide more substrates 

for anammox. The availability of nitrite was reported to be the limiting factor for 

anammox process in aquatic systems (Meyer et al. 2005, Trimmer et al. 2005). In these 

oxic riverbeds, as aerobic ammonia oxidation provides nitrite for anammox and aerobic 

ammonia oxidation is oxygen limited, making porewater oxygen concentration become 

the controlling factor for anammox activity.  

Stable isotope experiments in anoxic slurries further confirmed the anammox 

potential in every other river except for the river Broadstone and anammox activity varied 

from 0.2 to 10.5 nmol N g-1 h-1 across the riverbeds and anammox contributed to 4.1~16.7% 

of N2 production, these values are within the reported rates in other rivers (Schubert et al. 

2006, Zhao et al. 2013, Lansdown et al. 2016). The distribution of anammox bacteria and 
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their contribution to the loss of fixed nitrogen is influenced by local environmental 

conditions, such as organic content (Thamdrup and Dalsgaard 2002, Trimmer et al. 2003, 

Trimmer et al. 2013) and NOx
− concentration (Risgaard-Petersen et al. 2004, Rich et al. 

2008, Hou et al. 2013). Anammox made a higher contribution to N2 production in gravel-

dominated riverbeds compared with the sand-dominated riverbeds, which may be caused 

by the higher porewater oxygen and nitrate concentration in gravel-dominated riverbeds. 

As anammox was directly coupled with aerobic ammonia oxidation and aerobic ammonia 

oxidation was limited by the oxygen, higher oxygen concentration in gravel-dominated 

riverbeds could contribute a higher degree of aerobic ammonia oxidation, thus provide 

more nitrite for anammox. 

Spearman's rank correlation analysis showed a significant correlation between the 

anammox rates and denitrification rates in anoxic slurries (Figure 2.12), indicating a 

further potential coupling between anammox and denitrification through nitrite in these 

riverbeds, denitrification may provide nitrite for the anammox bacteria in anoxic 

conditions. Previous studies have also indicated the coupling between anammox and 

denitrification in various sediments (Wang et al. 2012, Hou et al. 2013, Shan et al. 2016), 

it is proposed that most denitrifying bacteria are heterotrophic and capable of utilizing 

organic matter to generate nitrite and ammonium for the anammox bacteria (Hou et al. 

2013, Shan et al. 2016).  

Therefore, the mechanisms affecting anammox in oxic riverbeds may be 

summarised as follows. In these oxic riverbeds, AOM and anammox may aggregate 

together, as in suspended sediments particles (Zhang et al. 2017), big granules in 

wastewater treatment plants (Ma et al. 2015) and marine snow aggregates (Kalvelage et 

al. 2011), aerobic ammonia oxidation competes for 8% of the total oxygen consumption 

with heterotrophic respiration, furthermore, there is more ammonia released through 
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organic respiration than can be oxidised through aerobic ammonia oxidation, making 

oxygen limited in the aggregates and thus enabling anammox. Furthermore, the aerobic 

ammonia oxidation can provide nitrite to sustain the anammox bacteria. Under anoxic 

conditions, denitrification can provide an alternative source of substrates for anammox. 
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Chapter 3 : Nitrification efficiency and the effect of soluble 

reactive phosphorus (SRP) 

In Chapter 2, the affiliation between aerobic ammonia oxidation and anammox 

was confirmed and the relationships between the microorganisms involved in these 

processes are of interest. In this chapter, ‘nitrification efficiency’ (the proportion of the 

ammonia that oxidized to nitrate) and its relationship with aerobic ammonia oxidation, 

anaerobic ammonia oxidation (anammox) and nitrite oxidation across a range of oxic 

riverbeds was characterized. The degree of nitrification efficiency varied from 22.2% to 

99.7%. the degree of nitrification efficiency was highest where the contribution from 

anammox to N2 production (ra) was lowest, and maximal where anammox was absent, 

suggesting competition between nitrite oxidation and anammox for nitrite. The degree of 

nitrification efficiency was also highest where the abundance of nxrB gene (Nitrospira + 

Nitrobacter) was greatest, along with the highest abundance of comammox Nitrospira 

amoA gene. The results reveal a gradient in riverbed nitrification efficiency that was 

related primarily to Nitrospira dominating the nitrite oxidising bacteria (NOB) and being 

separated from anammox. A positive correlation between the degree of nitrification 

efficiency and riverbed porewater soluble reactive phosphorus (SRP) concentration was 

found, suggesting that the availability of the phosphorus may be related to the degree of 

the nitrification efficiency. Adding SRP directly to the riverbed sediment slurries 

selectively increased the degree of nitrification efficiency in some riverbeds by 

stimulating nitrite oxidation. Furthermore, anammox was more important where the 

abundance of hzsB and amoA genes were greater, indicating an interaction between 

aerobic and anaerobic ammonia oxidation--supported by oxygen.  
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3.1. Introduction 

In short term, re-mineralized nitrogen as ammonia can either be conserved in an 

ecosystem through its complete oxidation to nitrate e.g. ‘efficient nitrification’ or lost via 

oxidation to N2 gas e.g., ‘inefficient nitrification’. The degree of net nitrification 

efficiency can regulate primary production and the degree of eutrophication in rivers. 

Apart from aerobic ammonia oxidation, anammox and denitrification, aerobic nitrite 

oxidation, the process that is responsible for the oxidation of nitrite to nitrate, also plays 

an important role in controlling the degree of nitrification efficiency. 

As anammox utilizes the substrates for both aerobic ammonia oxidation (NH4
+) 

and nitrite oxidation (NO2
-), competition between AOM, anammox, and NOB might be 

strong where these processes interact. Wastewater treatment has taken advantage of the 

prevalence of coupled nitrification and anammox (Sliekers et al. 2002), where 

competition between anammox and NOB for nitrite is thought to control the ammonia 

removal efficiency. However, the ecological relevance of the coexistence of AOM, 

anammox, and NOB in oxic sediments remains unclear. 

Aerobic ammonia oxidation can be driven by the amoA gene in both ammonia 

oxidizing bacteria and archaea (AOB and AOA). The amoA gene encodes the active site 

of the α-subunit of the enzyme ammonia monooxygenase (AmoA) and it is a phylogenetic 

marker for the AOB (Purkhold et al. 2003). Aerobic ammonia archaea (AOA) have also 

been confirmed to contain the archaeal amoA gene and dominate aerobic ammonia 

oxidation in some freshwater and marine habitats (Francis et al. 2005). The oxidation of 

nitrite to nitrate is carried out by chemolithoautotrophic nitrite-oxidizing bacteria (NOB), 

Nitrospira is the most diverse and widespread group of NOB and Nitrobacter also plays 

an important role in some WWTP and aquaria system (Vanparys et al. 2007, Fukushima 

et al. 2013). The nxrB gene, which encodes the ꞵ-subunit of nitrite oxidoreductase (NXR), 
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was introduced as the functional and phylogenetic marker for Nitrospira and Nitrobacter 

(Pester et al. 2014). The anammox specific 16S rRNA gene and hydrazine oxidoreductase 

(hzo) gene have been widely used to identify and quantify anammox in coastal, estuarial 

and riverine sediments (Li et al. 2011, Trimmer et al. 2013, Lansdown et al. 2016). The 

hydrazine synthase gene hzs, that can encode the hydrazine synthase protein, was 

identified as the unique biomarker for anammox bacteria (Harhangi et al. 2012). 

For over a century it was understood that further oxidation of this nitrite to nitrate 

was always catalysed by a separate group of microorganisms (the NOB) until the recent 

discovery of bacteria that possess both ammonia and nitrite oxidizing genes and are 

therefore capable of the complete oxidation of ammonia to nitrate (comammox) (Daims 

et al. 2015, Kits et al. 2017). So far comammox bacteria have been found in diverse man-

made systems such as groundwater-fed rapid sand filters (Fowler et al. 2018), wastewater 

treatment plants (WWTPs) (Chao et al. 2016, Gonzalez-Martinez et al. 2016, Fan et al. 

2017), drinking water systems (Pinto et al. 2016, Wang et al. 2017) and other natural 

habitats such as rice paddy and forest soils, brackish lake sediment and freshwater 

biofilms (Hu and He 2017, Pjevac et al. 2017). However, how comammox is related to 

other processes in the environment remains largely unknown. If comammox coexists with 

anammox, comammox bacteria could potentially ‘hide’ nitrite from anammox bacteria 

and, in turn, increase the degree of nitrification efficiency. However, to date, no 

measurements of the interactions between comammox and anammox have been 

undertaken. 

Although some research has shown relationships between AOA and AOB (Zhao 

et al. 2013, Liu et al. 2017), AOA, AOB and NOB (Fukushima et al. 2013), AOA, AOB 

and anammox (Lee et al. 2014, Wang et al. 2014), AOA, AOB and denitrifiers (Kim et 

al. 2016) and AOA, AOB, comammox and NOB (Bartelme et al. 2017, Fowler et al. 2018) 
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in various sediments, the focus was on individual processes and organismal abundance, 

rather than their interaction and co-occurrence of simultaneous processes. To our 

knowledge, the interactions between AOM, anammox and NOB in permeable, oxic 

riverbeds, as well as their contributions to the degree of nitrification efficiency have not 

been characterized. Here, the degree of nitrification efficiency of a range of permeable, 

oxic riverbeds along with the abundance of the AOM, anammox, NOB and comammox 

was characterized in order to identify the key factors that control the degree of 

nitrification efficiency in permeable, oxic riverbeds. 

Phosphorus is often considered to be the limiting nutrient for primary production 

in rivers and plays a key role in the accelerated growth of aquatic plants in freshwaters, 

as well as in eutrophication. The initial results in this chapter show a correlation between 

concentration of porewater soluble reactive phosphorus (SRP) and the degree of 

nitrification efficiency, hinting at the possibility that the availability of phosphorus may 

influence the processes involved in regulating the degree of nitrification efficiency. It was 

proposed that phosphorus can stimulate the nitrification process mainly by accelerating 

aerobic ammonia oxidation (Rosswall 1981, Minami and Fukushi 1983, Hue and Adams 

1984, De Vet et al. 2012, Zhou et al. 2014). In contrast, others showed that phosphorus 

has a more important influence on the process of nitrite oxidation rather than ammonia 

oxidation (Purchase 1974, Nowak et al. 1996). Potential denitrification rates were also 

found to be positively related to SRP in streams (Inwood et al. 2005, Graham et al. 2010, 

Lansdown et al. 2016), while other studies showed the opposite (Pina-Ochoa and Alvarez-

Cobelas 2006, Veraart 2012). For the anammox process, it is reported that phosphate 

lower than 1 mM has no significant effect on anammox activity, while high than 2 mM 

can completely inhibit anammox activity (Van de Graaf et al. 1996, Jetten et al. 1998, 

Pynaert et al. 2003). However, effects of phosphorus on the interactions between 
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nitrification, denitrification and anammox remains unclear in natural settings. Here, an 

additional experiment was conducted to seek the influence of SRP on the degree of 

nitrification efficiency.  

 

3.2. Materials and Methods 

3.2.1. Nitrification efficiency 

Nitrification efficiencies and the total rates of ammonia oxidation were calculated 

from the rate of production of both 15N-N2 and 15N-NO3
- in the oxic, 15NH4

+ oxidation 

experiments as described in chapter 2. The rate of total ammonium oxidation was the sum 

of 15N-N2 and 15N-NO3
-, and nitrification efficiency was defined as the proportion of 15N-

NO3
- production to total ammonium oxidation. 

 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑚𝑜𝑚𝑖𝑢𝑚 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = ( 𝑁_
15 𝑁2  + 𝑁_

15 𝑁𝑂3
− ) 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 rate  (3.1) 

 

𝑁𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) =
𝑁−

15 𝑁𝑂3
−𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 rate

( 𝑁−
15 𝑁2  + 𝑁−

15 𝑁𝑂3
− )𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

 (3.2) 

 

3.2.2. DNA extraction and qPCR 

To get more detailed information about the microorganisms that contribute the 

degree of nitrification efficiency, the preserved surface sediments from the twelve 

riverbeds (as described in Chapter 2) were further analysed for the gene abundances. 

DNA was extracted from sediment from each river using a PowerSoil DNA Isolation Kit 

(MO BIO Laboratories) according to the manufacturer’s instructions and its concentration 

and quality determined with a NanoDrop spectrophotometer (UV-Vis, Thermos 

Scientific). The abundance of genes that could affect the degree of nitrification efficiency 
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were quantified by qPCR. Amplification of total bacterial 16S rRNA genes, anammox-

specific 16S rRNA, hzo (hydrazine oxidoreductase) and hzsB (hydrazine synthase beta 

subunit) genes, AOB-specific 16S rRNA and amoA (ammonia monooxygenase subunit 

A) genes, AOA amoA genes, Nitrobacter-specific nxrB genes, Nitrospira-specific 16S 

rRNA and nxrB (nitrite oxidoreductase subunit B) genes and the comammox Nitrospira 

amoA gene was performed separately using SensiFAST SYBR No-ROX Kit (Bioline) on 

a CFX384 Real-Time PCR Detection System (BioRad). The list of primer pairs used and 

their annealing temperatures are described in Table 3.1. Each sample was performed in 

triplicate, and the amplicons of target gene (with known gene copies) was used to 

construct standard curves (see below). Gene abundances were then quantified by the 

absolute quantification method against internal DNA standards curves of the target gene 

amplicons with 10-fold serial dilutions. PCR reactions were run in a 15µl volume 

containing 200nM of primers and 1µl of DNA template. Cycle conditions were 95°C for 

3min, followed by 40 cycles of denaturation at 95°C for 5s and then annealing/extension 

at 60°C for 30s. A melting curve analysis was performed after completion of PCR to 

confirm the amplification of a single product. Standard curve coefficients of variation and 

efficiencies were as follows: total bacterial 16S rRNA (R2 = 0.989, efficiency = 82.8%), 

anammox-specific 16S rRNA (R2 = 0.993, efficiency = 73.8%), hzo (R2 = 0.987, 

efficiency = 84.9%) and hzsB (R2 = 0.991, efficiency = 80.4%), AOB-specific 16S rRNA 

(R2 = 0.996, efficiency = 85.8%) and AOB amoA (R2 = 0.989, efficiency = 65.6%), AOA 

amoA (R2 = 0.996, efficiency = 75%), Nitrobacter-specific nxrB (R2 = 0.997, efficiency 

= 86.5%), Nitrospira-specific 16S rRNA (R2 = 0.997, efficiency = 88.3%), Nitrospira-

specific nxrB (R2 = 0.997, efficiency = 80.0%) and comammox Nitrospira amoA (R2 = 

0.998, efficiency = 89.1%). To further investigate the correlations between the gene 

abundances and the activities of aerobic ammonia oxidation and anammox, as well as the 
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degrees of nitrification efficiency, the results of the qPCR were expressed as the number 

of gene copies g−1 of sediment (dry weight) as well as their relative abundances to total 

bacterial 16S rRNA gene. 

Standard curve for qPCR of each gene was generated based on the absolute gene 

copies of a target gene amplicon with 10-fold serial dilutions. Amplicons of the target 

genes were prepared by PCR amplifications with the specific primers (Table 3.1). PCR 

amplification of each gene was performed separately in a total volume of 20 μl in a 96 

Well Thermal Cycler (Applied Biosystems). Each PCR mixture contained 1 μl of 

template DNA, 10 μl of PCR Reaction Mix (ReadyMix RED Taq, Sigma-Aldrich) and 

200 nM of each primer. Thermal cycling was carried out by using an initial denaturation 

step of 95°C for 3 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing 

temperature for 30 s, and extension at 72°C for 30 s. Cycling was completed by a final 

extension step of 72°C for 7 min. A negative control (without template DNA) was added 

for each PCR amplification. The PCR products were examined on 1% (w/v) ethidium 

bromide-stained agarose gels and purified using the PCR Clean-up Kit (GenElute, Sigma), 

the concentration of amplicon was determined using a Quant-iT PicoGreen dsDNA assay 

Kit (Life Technologies) on a NanoDrop 3300 fluorospectrometer (Thermo Scientific). 

Based on the concentration and size of the amplicon of the target gene, the concentration 

of the target amplicon can be converted to copies/μl using the following equation and 

then used as standards for qPCR (McKew and Smith 2015). 

 

∗6.023 × 1023 (𝑐𝑜𝑝𝑖𝑒𝑠 𝑚𝑜𝑙)⁄ ) × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡(𝑔 µ𝑙)⁄

660 (𝑔 𝑚𝑜𝑙)⁄
            (3.3) 

*Avogadro’s number
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Table 3.1. Primers used for qPCR and sequencing. 

Specificity Primer Sequence Tm(°C) Reference 

Bacteria 16S rRNA Bakt_341F: CCTACGGGNGGCWGCAG 

Bakt_805R: GACTACHVGGGTATCTAATCC 

57 (Herlemann et al. 2011) 

Anammox 16S rRNA A438f: GTCRGGAGTTADGAAATG 

A684r: ACCAGAAGTTCCACTCTC 

55 (Humbert et al. 2012) 

hzo hzocl1F1: TGYAAGACYTGYCAYTGG 

hzocl1R2: ACTCCAGATRTGCTGACC 

51 (Schmid et al. 2008) 

hzsB HzsB_396F: ARGGHTGGGGHAGYTGGAAG 

HzsB_742R: GTYCCHACRTCATGVGTCTG 

59 (Wang et al. 2012) 

AOB 16S rRNA CTO189f A/B: GGAGRAAAGCAGGGGATCG 

CTO189f C: GGAGGAAAGTAGGGGATCG 

CTO654R: CTAGCYTTGTAGTTTCAAACGC 

57 (Kowalchuk et al. 1997) 

AOB amoA AmoA-1F: GGGGTTTCTACTGGTGGT 

AmoA-2R: CCCCTCKGSAAAGCCTTCTTC 

60 

 

(Wang and Gu 2013) 
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Specificity Primer Sequence Tm(°C) Reference 

AOA amoA CrenamoA-23F: ATGGTCTGGCTWAGACG 

CrenamoA-616R: GCCATCCATCTGTATGTCCA 

60 (Tourna et al. 2008) 

Nitrobacter nxrB NxrB 1F: ACGTGGAGACCAAGCCGGG 

NxrB 1R: CCGTGCTGTTGAYCTCGTTGA 

55 (Geets et al. 2007) 

Nitrospira 16S rRNA EUB338f: ACTCCTACGGGAGGCAGC 

NTspa0685r: CGGGAATTCCGCGCTC 

58 (Regan et al. 2002) 

Nitrospira nxrB nxrB169f: TACATGTGGTGGAACA 

nxrB638r: CGGTTCTGGTCRATCA 

56 

 

(Pester et al. 2014) 

Comammox Nitrospira 

amoA 

Ntsp-amoA 162F: GGATTTCTGGNTSGATTGGA 

Ntsp-amoA 359R: WAGTTNGACCACCASTACCA 

48 (Fowler et al. 2018) 
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3.2.3. Effects of soluble reactive phosphorus (SRP) on the degree of nitrification 

efficiency 

Oxic slurries were prepared by adding approximately 3 g sediment and 2.7 ml air-

saturated synthetic river water into 12 ml gas-tight vials (Exetainer, Labco). The vials 

were then sealed and half of them were injected with KH2PO4 to give a final, notional, 

SRP concentration of 500 µM and incubated on a shaker for 15h. After preincubation, the 

vials were then injected with 200 µl of either 7.25 mM 15NH4
+ (98 atom% 15N, Sigma-

Aldrich) or 7.25 mM 15NH4
+ plus 7.25 mM KH2PO4 to generate a final porewater 

concentration of ~500 µM 15NH4
+ and ~500 µM 15NH4

+ plus ~500 µM SRP and then 

incubated on a shaker (120 rpm, Stuart SSL1) for 6 h. Details of experimental design are 

listed in Table 3.2. Samples were centrifuged at 2000 rpm for 15min after analysed for 

15N-N2, then the supernatants were transferred to plastic vials (polypropylene, VWR 

International) and preserved at -20℃ before further analysis of 15 NO2
-, 15 NO3

-, NO2
-, 

NO3
-, and SRP.  

 

Table 3.2. Experimental design for the effect of SRP on the degree of nitrification 

efficiency. 

Abbreviation Treatment Preincubation(15h) 

with SRP 

Tracers/SRP 

added 

A 15NH4
+  no 15NH4

+ 

A+SRP 15NH4
+ +SRP no 15NH4

+ +SRP 

P+A Preincubation+15NH4+ yes 15NH4
+ 

P+A+SRP Preincubation+15NH4
+ 

+SRP  

yes 15NH4
+ +SRP 
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Research by Purchase (Purchase 1974) indicated that a higher SRP concentration 

may stimulate the second step of nitrification, nitrite oxidation, in agricultural soils. To 

test the effects of SRP on nitrite oxidation, a similar experiment was conducted as above, 

experimental design is described below (Table 3.3). In this experiment, a final porewater 

concentration of ~300 µM 15NO2
- and ~300 µM 15NO2

- plus ~500 µM SRP was set. 

Samples were centrifuged at 2000 rpm for 15min, then the supernatants were transferred 

to plastic vials (polypropylene, VWR International) and preserved at -20℃ before further 

analysis of 15 NO2
- and 15 NO3

-, NO2
-, NO3

-, and SRP.  

 

Table 3.3. Experimental design for the effect of SRP on nitrite oxidation process. 

Abbreviation Treatment Preincubation(15h) with 

SRP 

Tracers/SRP 

added 

N 15NO2
-  no 15NO2

- 

N+SRP 15NO2
- +SRP  no 15NO2

- +SRP 

P+N Preincubation+15NO2
-  yes 15NO2

- 

P+N+SRP Preincubation+15NO2
- 

+SRP  

yes 15NO2
- +SRP 

 

 

When measuring the SRP concentrations in the above experiments, I noticed that 

the SRP concentrations decreased quickly and the rate of decline varied a lot between the 

different riverbed slurries, which means that the availability of the SRP for different 

riverbed slurries varied during and between the experiments. To further understand the 

fate of the additional SRP in the slurries, the SRP decreasing process was traced with 

sediment samples from two rivers. Slurries were prepared as above, the vials were then 
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injected with 200 µl of either 7.25 mM 15NH4
+ (98 atom% 15N, Sigma-Aldrich) or 7.25 

mM 15NH4
+ plus 7.25 mM KH2PO4 to generate a final porewater concentration of ~500 

µM 15NH4
+ and ~500 µM 15NH4

+ plus ~500 µM SRP and then incubated on a shaker (120 

rpm, Stuart SSL1) for up to 24 h. Samples were then analysed for SRP at 0 h, 0.25 h, 0.5 

h, 1 h, 2 h, 3 h, 4.5 h, 6 h, 8 h and 24 h. Briefly, samples were centrifuged at 2000 rpm 

for 15min, then the supernatants were transferred to plastic vials (polypropylene, VWR 

International) and preserved at -20℃ before further analysis of SRP concentration. The 

remaining sediment samples were then dried in an oven before quantification of both 

inorganic and organic phosphorus concentrations. 

 

3.2.4. Analytical methods 

Analysis of 15N-N2, 
15NO2

-, 15NO3
-, NO2

-, NO3
-, and SRP were conducted as 

described in Chapter 2. Inorganic phosphorus concentrations were determined using HCl 

extraction method (Aspila et al. 1976). Briefly, 0.15 g dried sediment samples and 15 ml 

of 1M HCl were added into a 15ml glass vial, vials were then incubated on a shaker 

(80rpm, Stuart SSL1) for 16h, samples were filtered, diluted and analysed by a segmented 

flow auto analyser (San++, Skalar, Breda, The Netherlands) using standard colorimetric 

techniques (Murphy and Riley 1962). Total phosphorus concentration was quantified 

using a revised total phosphorus detection protocol (kindly provided by Sarah Seco Leite 

in QMUL) (Nelson 1987). Briefly, 0.02 g dried sediment samples were added into 15 ml 

glass vial, then 1.5 g potassium persulphate and 10 ml of 0.5 M sulphuric acid were added 

to each sample, vials were then autoclaved at 121°C for 40 min. The samples were then 

diluted for 100 times and then analysed on a segmented flow auto analyser for SRP as 

above. Organic phosphorus was determined from the difference between total phosphorus 

and inorganic phosphorus. 
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3.2.5. Statistical analyses 

Statistical analyses were performed in R (version 3.4.1). Differences between 

gravel and sand-dominated riverbeds in the degree of nitrification efficiency, total 

ammonia oxidation rate, and gene abundance were tested with linear mixed effect models 

using the lme4 package (Bates et al. 2015). Riverbed type was fitted as a fixed effect and 

each river as a random effect. Significance of the fixed effect (p < 0.05) was determined 

by likelihood ratio testing between the full model and a reduced model. 

Any relationships between microbial functional gene abundances and porewater 

chemistries and the degree of nitrification efficiency were analysed using redundancy 

analysis (RDA) in the Vegan package in R (Oksanen et al. 2017). Spearman correlation 

analysis was used to assess the potential correlations between environmental factors and 

the degree of nitrification efficiency and gene abundance, which were also performed in 

R under the in the ‘Hmisc’ package. 

Differences between various SRP treatments in the degree of nitrification 

efficiency, production of 15N-N2, production of 15N-NO3
- were tested with linear mixed 

effect models using the lme4 package (Bates et al. 2015). Treatment was fitted as a fixed 

effect and each replicate or river as a random effect. Significance of the fixed effect (p < 

0.05) was determined by likelihood ratio testing between the full model and a reduced 

model. 

 

3.3. Results 

3.3.1. Nitrification efficiency 

The rate of total ammonia oxidation ranged from 2.44 to 24.16 nmol g-1 h-1 but the 

median rates across the gravel and sand riverbeds were comparable, 10.06 and 13.23 nmol 

g-1 h-1, respectively (Figure 3.1), with no overall significant difference (Likelihood ratio 
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test, p = 0.17, Table 3.4). In contrast, the degree of nitrification efficiency varied from 

22.2% to 99.7% across the riverbeds and was significantly lower in the gravel-dominated 

riverbeds (median 38.77%), compared to the sand-dominated riverbeds (median 71.38%, 

Likelihood ratio test, p < 0.01, Table 3.4).  

 

 

Figure 3.1. Total 15N-NH4
+ oxidation rate (production rate of 15N-N2 plus 15N-NO3

-) and 

the degree of nitrification efficiency across the twelve riverbeds, as measured in oxic 

slurries. 

(Yellow and blue represent gravel and sand-dominated riverbeds respectively. Black lines 

indicate the overall median values for the gravel and sand-dominated riverbeds (n = 7 and 

5, respectively). Data are mean values ± standard error (n = 5).) 
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Table 3.4. Likelihood ratio test of the effect of riverbed type on rates of total ammonia 

oxidation and the degree of nitrification efficiency from oxic incubations. 

Experiment Dependent variable Independent 

variable 

df χ2 p-

value 

Oxic incubations Rate of total 15NH4
+ oxidation type 1 1.91 0.17 

Nitrification efficiency type 1 7.05 <0.01 

 

3.3.2. Microbial abundance of AOM, anammox bacteria and NOB 

Total bacterial 16S rRNA gene abundance ranged from 8.9×107 (River Hammer) 

to 5.6×108 (River Wylye) copies g-1 dry sediment, and there was no significant difference 

between gravel and sand-dominated riverbeds (Likelihood ratio test, p = 0.13). 

Genes responsible for aerobic ammonia oxidation (AOB 16S rRNA, AOB amoA and 

AOA amoA) were quantified. AOA amoA gene abundance varied from 3.3×105 to 

4.4×106 copies g-1 dry sediment, while AOB amoA gene abundance varied from 1.57×105 

to 2.3×106 copies g-1 dry sediment (Figure 3.3). There was no significant difference in the 

total amoA gene abundance (AOA+AOB) between gravel and sands (Likelihood ratio 

test, p = 0.15), the proportions of total amoA gene to total bacteria between gravel and 

sand-dominated riverbeds also showed no significant difference (Likelihood ratio test, p 

= 0.18). The minimum total amoA gene abundance, along with the lowest rate of total 

ammonia oxidation, were observed in the river Hammer (Figure 3.2). The relative 

abundance (proportion) of total amoA to total bacterial 16S rRNA correlated well with 

the total amoA gene copies (Figure 3.4, rs = 0.63, p < 0.01). Both the abundance of AOB 

amoA genes and AOB 16S rRNA genes were positively correlated with the AOA amoA 

gene (Figure 3.3 and Table 3.5). Also, AOB amoA genes and AOB 16S rRNA genes were 

positively correlated (Table 3.5). The maximum abundance of AOA amoA was found in 



102 

 

the river Marden, where the highest total ammonium oxidation rate was also observed. 

Both AOB 16S rRNA and amoA gene abundance peaked at the river Pant. The 

proportions of AOA amoA and AOB amoA to bacterial 16S rRNA were 0.28%-1.32% 

and 0.09%-1.1%, respectively. AOB 16S rRNA gene abundance varied from 1.2×105 to 

9.9×105 copies g-1 dry sediment and the proportion of AOB 16S rRNA gene to bacteria 

16S rRNA were 0.07%-0.49%.  

Anammox related genes (anammox 16S rRNA, hzo and hzsB gene) were 

quantified for the riverbeds. The abundance of hzsB was greater than hzo in all riverbeds 

(Figure 3.3), with abundance from 1.6×105 to 2.9×106 copies g-1 dry sediment across the 

riverbeds (Figure 3.2) and there was no significant difference between gravel and sand 

(Likelihood ratio test, p = 0.12). The abundance of hzo genes and anammox 16S rRNA 

genes correlated well with the hzsB genes (Table 3.5), with the abundance of 9.8×104 -

5.8×105 copies g-1 dry sediment and 4.2×104 -1.2×106 copies g-1 dry sediment, 

respectively (Figure 3.3). The contribution from anammox to N2 gas production measured 

in anoxic slurries was also positively correlated with hzsB gene abundance (rs = 0.30, p = 

0.04). In the acidic river Broadstone, where no significant anammox activity was recorded, 

the lowest abundance of anammox 16S rRNA and hzo genes were also recorded. The 

highest gene abundance of hzo was recorded in River Wylye; while the highest gene 

abundances of hzsB and anammox 16S rRNA gene were measured in River Rib. The 

relative abundance (proportion) of hzsB to total bacterial 16S rRNA correlated well with 

the hzsB gene copies (Figure 3.4, rs = 0.78, p < 0.01). The proportions of hzo gene and 

hzsB gene to bacterial 16S rRNA gene ranged from 0.03-0.13% and 0.07-0.95%. 

Anammox 16S rRNA gene copies were 4.2×104 -1.2×106 copies g-1 dry sediment across 

the riverbeds, the proportions of anammox 16S rRNA gene to bacterial 16S rRNA gene 

abundance were 0.02-0.38%.  
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Figure 3.2. Abundance of targeted genes across the twelve riverbeds. A: Total bacteria 

16S rRNA gene. B: Total amoA genes (AOA and AOB). C: The hzsB gene. D: Total 

nxrB genes (Nitrospira and Nitrobacter). E: Comammox Nitrospira amoA gene.  

Yellow and blue represent gravel and sand-dominated riverbeds respectively. Bars 

indicate mean values ± standard error (n = 3 for each individual river). 
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Abundances of nitrite oxidation related genes (Nitrospira 16S rRNA, Nitrospira 

nxrB and Nitrobacter nxrB) were detected in all sediment samples. The highest total nxrB 

gene abundance as well as its relative abundance to total bacteria was observed in the 

acidic river Broadstone, along with the highest degree of nitrification efficiency (Figure 

3.1 and 3.2). The relative abundance (proportion) of nxrB to total bacterial 16S rRNA 

gene correlated well with the nxrB gene copies (Figure 3.4, rs = 0.67, p < 0.01). Nitrospira 

nxrB gene abundance ranged from 1.6×106 to 1.4×107 copies g-1 dry sediment across all 

riverbeds and the proportion of the Nitrospira nxrB gene to bacterial 16S rRNA genes 

were 0.9%-8.8% across the riverbeds. Compared with Nitrospira nxrB gene, Nitrobacter 

nxrB had a relatively low abundance, Nitrobacter nxrB gene abundance varied from 

2.0×105 to 7.7×105 copies g-1 dry sediment, with the proportions to bacterial 16S rRNA 

ranged from 0.1% to 0.3%. The ratio of the relative abundance of Nitrospira to 

Nitrobacter ranged from 2.9 to 50.6 (Figure 3.3). The abundance of Nitrospira 16S rRNA 

genes was 1.6×106 -6.2×106 copies g-1 dry sediment and correlated well with the 

Nitrospira nxrB gene (Figure 3.3 and Table 3.5), represented 0.8 %-2.3 % of the total 

bacterial 16S rRNA gene abundance. 

Furthermore, comammox Nitrospira amoA gene abundance (which is a 

phylogenetically distinct form of the amoA gene not picked up by AOB amoA primers) 

ranged from 1.1×105 to 2.0×106 copies g-1 dry sediment (Figure 3.2) and correlated well 

with the Nitrospira nxrB gene abundance (Figure 3.3 and Table 3.5), the proportion of 

the comammox Nitrospira amoA gene to bacterial 16S rRNA genes was 0.06%-1.32% 

across the riverbeds. The relative abundance (proportion) of comammox Nitrospira 

amoA to total bacterial 16S rRNA correlated well with the comammox Nitrospira amoA 

gene copies (Figure 3.4, rs = 0.84, p < 0.01).  
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Figure 3.3. Gene abundance and their correlations. (A) hzsB and hzo; (B) hzsB and 

anammox 16S rRNA; (C) AOA amoA and AOB amoA; (D) AOB amoA and AOB 16S 

rRNA; (E) Nitrospira nxrB and Nitrobacter nxrB; (F) Nitrospira nxrB and Nitrospira 

16S rRNA; (G) Nitrospira nxrB and Comammox Nitrospira amoA. 

Yellow and blue represent gravel and sand-dominated riverbeds respectively. 
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Figure 3.4. Correlations between relative abundance of targeted genes to total bacterial 

16S rRNA gene and the abundance of the target genes. A: Total amoA genes (AOA and 

AOB). B: The hzsB gene. C: Total nxrB genes (Nitrospira and Nitrobacter). D: 

Comammox Nitrospira amoA gene.  

Yellow and blue represent gravel and sand-dominated riverbeds respectively (n = 3 for 

each individual river). 
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Table 3.5. Spearman’s correlation analyses of the abundances of different genes. 

 Anammox 

16S rRNA 

hzo hzsB AOA 

amoA 

AOB 

16S 

rRNA 

AOB 

amoA 

Nitrobacter 

nxrB 

Nitrospira 

16S rRNA 

Nitrospira 

nxrB 

Comammox 

amoA 

Anammox 16S rRNA 1          

hzo 0.70* 1         

hzsB 0.86* 0.64* 1        

AOA amoA 0.40* 0.57* 0.31 1       

AOB 16S rRNA 0.26 0.61* 0.34* 0.53* 1      

AOB amoA 0.38* 0.46* 0.37* 0.42* 0.64* 1     

Nitrobacter nxrB 0.15 0.47* 0.29 0.57* 0.50* 0.07 1    

Nitrospira 16S rRNA 0.44* 0.60* 0.59* 0.61* 0.64* 0.30 0.72* 1   

Nitrospira nxrB 0.18 0.09 0.33* 0.27 0.47* 0.39* 0.20 0.57* 1  

Comammox amoA 0.11 -0.12 0.17 0.15 0.25 0.18 -0.08 0.33* 0.86* 1 

*p < 0.05
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3.3.3. Cell-specific ammonia oxidation rates  

Cell-specific ammonia oxidation rates were calculated from the total ammonia 

oxidation rates and the amoA gene copy numbers. The rate of ammonia oxidized per 

AOA or AOB cell was calculated separately by dividing the total ammonia oxidation 

rates. Here, assuming each genome of AOA contains 1.0 gene copy and each genome of 

AOB contains 2.5 amoA gene copies (Wang et al. 2012). Cell-specific ammonia 

oxidation activities for AOA ranged from 0.7-25.2 fmol cell-1 h-1 (Table 3.6), all of them 

were higher compared with the cell-specific rates from the pure culture (0.08-0.59 fmol 

cell-1 h-1) (Könneke et al. 2005, Treusch et al. 2005). Cell-specific ammonia oxidation 

activity for AOB ranged from 2.9-230 fmol copies-1 h-1 (Table 3.6), extraordinarily high 

specific rates were found in the rivers Lambourn and Broadstone, others were within the 

range of the cell-specific rates from the pure culture (0.9-83 fmol cell-1 h-1) (Belser 1979, 

Ward et al. 1989). These results suggest that AOA could not account for aerobic ammonia 

oxidation solely, AOB were also involved in the oxic ammonia oxidation. Although the 

gene abundances of AOA amoA were higher than AOB amoA in all the riverbeds, the 

contribution of AOA to the aerobic ammonia oxidation might not be as important as AOB. 
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Table 3.6. Estimates of cell specific ammonia oxidation rates of AOA and AOB. 

River Cell specific ammonia oxidation rate (fmol cell-1 h-1) 

 AOAa AOBa 

Lambourn 5.08 230.25 

Darent 3.29 34.14 

Wylye 3.07 33.54 

Rib 5.43 86.08 

Pant 6.77 12.35 

Stour (2) 0.75 2.92 

Stour (1) 5.93 20.53 

Marden 5.54 55.98 

Hammer  7.36 27.12 

Medway 25.26 58.53 

Broadstone 7.78 197.74 

Nadder 7.14 53.11 

a Here, assuming each genome of AOA contains 1.0 gene copy and each genome of AOB 

contains 2.5 amoA gene copies (Wang et al. 2012). 

 

3.3.4. Factors influencing the degree of nitrification efficiency 

Redundancy analysis was performed to evaluate how functional gene abundances 

were related to the porewater chemistries and the degree of nitrification efficiency. The 

RDA results (Figure 3.5) showed that the abundance of both hzsB and nxrB genes were 

positively correlated with amoA gene (rs = 0.36, p = 0.03 and rs = 0.41, p = 0.01, 

respectively). On the other hand, nxrB and comammox Nitrospira amoA genes separated 

well from hzsB. A positive correlation between the degree of nitrification efficiency and 



110 

 

the abundance of nxrB gene (Table 3.7) was also observed. The abundance of the amoA 

gene was positively correlated with pH and nitrite (Table 3.7) and the same pattern was 

also found for the hzsB gene (Table 3.7).  

 

 

Figure 3.5. Redundancy analysis plot of the relationship between either functional gene 

abundances of amoA, hzsB, nxrB and comammox Nitrospira amoA (com.amoA), and 

nitrification efficiency and porewater chemistries across in gravel (yellow) and sand-

dominated (blue) riverbeds.  

(The first and second canonical axes represented 53% and 31% of the variation, 

respectively. High degree of nitrification efficiency correlates with a high functional gene 

abundance for NOB and comammox).
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Table 3.7. Spearman’s correlation analyses of gene abundances and environmental factors. 

 
pH Oxygen Nitrite Nitrate Ammonium SRP Efficiency ra Total 

ammonia 

oxidation 

amoA 0.48* 0.13 0.34* 0.17 -0.23 0.03 -0.21 0.51* 0.32 

hzsB 0.40* -0.11 0.38* 0.38* 0.19 0.05 -0.25 0.34* 0.17 

nxrB -0.22 -0.06 0.19 -0.26 0.16 0.08 0.33* 0.11 0.12 

Comammo

x amoA 

-0.26 -0.04 0.20 -0.19 0.05 0.22 0.47* -0.01 0.03 

P.amoA a 0.22 0.29 0.27 -0.04 -0.28 0.23 0.06 0.39* 0.04 

P.hzsB a 0.15 -0.08 0.28 0.19 0.22 0.06 -0.12 0.28 -0.04 

P.nxrB a -0.67* 0.10 -0.11 -0.44* -0.26 0.07 0.64* -0.38* 0.10 

P.Comamm

ox amoA a 

-0.65* 0.16 -0.08 -0.37* -0.27 0.07 0.66* -0.45* 0.07 

pH 1         
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 pH Oxygen Nitrite Nitrate Ammonium SRP Efficiency ra Total 

ammonia 

oxidation 

          

Oxygen 0.23 1        

Nitrite 0.65* -0.02 1       

Nitrate 0.60* 0.56* 0.21 1      

Ammonium -0.13 -0.53* -0.25 -0.35* 1     

SRP 0.33 -0.06 0.71* -0.10 0.02 1    

Efficiency -0.52* -0.23 0.11 -0.58* 0.05 0.49* 1   

ra 0.66* 0.08 0.46* 0.05 0.17 0.22 -0.40* 1  

Total 

ammonia 

oxidation 

0.27 -0.13 0.32 -0.02 -0.06 0.04 0.24 0.16 1 

a Relative abundance of target gene to total bacterial 16S rRNA gene; * p < 0.05 
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3.3.5. Effects of SRP on the degree of nitrification efficiency 

Spearman’s correlation test showed a positive correlation between the degree of 

nitrification efficiency and riverbed porewater SRP concentration (r(s)=0.51, p < 0.01, 

Table 3.7), which suggests that phosphorus might influence the degree of the nitrification 

efficiency by the availability of phosphorus influencing the distribution of bacteria 

governing the degree of nitrification efficiency. To further test this hypothesis, different 

15NH4
+ and SRP treatments were conducted in oxic slurries from eight riverbeds along 

this gradient in efficiency. 

Among them, only the results from the river Wylye and Nadder met the hypothesis. 

With a preincubation of 15h with SRP (treatments P+A and P+A+SRP), the nitrification 

efficiencies increased significantly in the slurries from the rivers Wylye and Nadder 

(Figure 3.6 and Table 3.8). Figure.3.7 shows a significant decrease in the production rate 

of 15N-N2 (p = 0.03) and a significant increase in 15N-NO3
- production (p = 0.04) in the 

preincubation treatments (treatments P+A and P+A+SRP) in the river Wylye. A similar 

trend was also observed in the river Nadder, where the production of 15N-NO3
- increased 

(p < 0.01) while the production of 15N-N2 decreased (p < 0.01) after a preincubation with 

SRP. However, total ammonia oxidation rates did not change significantly among 

different treatments (p = 0.08 and p = 0.24 in the river Wylye and Nadder, respectively), 

suggesting for these two rivers, SRP may have accelerated the rate of nitrite oxidation to 

nitrate. However, a preincubation with SRP has no significant influence on the degree of 

nitrification efficiency in the riverbed slurries from the rivers Darent and Marden. For the 

remaining riverbeds, nitrification efficiencies decreased after a preincubation with SRP 

(Figure 3.6 and Table 3.8).  
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Figure 3.6. Nitrification efficiencies under different 15NH4
+ and SRP treatments in oxic 

slurries for eight riverbeds.  

 

 

Figure 3.7. Production rates of 15N-N2 and 15N-NO3
- under different 15NH4

+ and SRP 

treatments for the river Wylye (chalk-based gravel dominated riverbed).  
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Table 3.8. Results from likelihood ratio test on linear mixed effect models testing the 

effect of treatment on the degree of nitrification efficiency. 

River Dependent variable Independent variable Df χ2 p-value 

Lambourn efficiency treatment 3 10.11 0.02 

Darent efficiency treatment 3 4.19 0.24 

Wylye efficiency treatment 3 10.35 0.02 

Stour (2) efficiency treatment 3 13.5 <0.01 

Stour (1) efficiency treatment 3 9.15 0.03 

Marden efficiency treatment 3 0.32 0.96 

Medway efficiency treatment 3 14.33 <0.01 

Nadder efficiency treatment 3 31.82 <0.01 

 

Sediment slurries from four rivers (the rivers Wylye, Nadder, Marden and 

Medway) were further examined for the influence of SRP on nitrite oxidation. Among 

them, the rivers Wylye and Nadder have shown increases in the degree of nitrification 

efficiency with a preincubation of SRP. While the other two rivers were chosen because 

a preincubation with SRP has either decreased (the river Medway) or not affected (the 

river Marden) the degree of nitrification efficiency. The production rate of 15NO3
- in 

preincubation treatments (treatments P+N and P+N+SRP) increased significantly when 

compared with 15NO2
- solely treatment (treatment N) (p = 0.02 and p = 0.01, respectively, 

Figure 3.8). While adding SRP without preincubation (treatment N+SRP) has no 

significant influence on the production rate of 15NO3
- (p = 0.13, Figure 3.8). These results 

indicated that a preincubation with SRP can selectively accelerate the nitrite oxidation, 

thus increasing the production of nitrate and the degree of the nitrification efficiency in 

some sediment slurries. 
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Figure 3.8. Production rate of 15N-NO3
- under different 15NO2

- and SRP treatments in 

oxic slurries from four rivers.  

 

The different effects of SRP on the degree of nitrification efficiency might be 

caused by the different availability of the SRP in the sediment. During the experiment, 

the SRP concentration decreased rapidly in the slurries (Figure 3.9) most likely through 

adsorption (Hanrahan et al. 2003), precipitation (Williams et al. 1971) or bounded 

assimilation into biofilms, but the magnitude of decrease varied between the different 

riverbed sediments. SRP decay coefficient was calculated based on the log transformed 

SRP concentration (in treatment 15NH4
++SRP) changes over time (the first 3 h) (Figure 

3.10). During the experiments, the availability of SRP differed between the riverbed 

sediments and the level of treatment was not consistent across the slurries, i.e., SRP was 

not at steady-state, thus making it difficult to quantify the effect of SRP on the degree of 

nitrification efficiency in batch incubations. 
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Figure 3.9. SRP concentration changes with time in 15NH4
+ +SRP (A+SRP) and 

Preincubation+15NH4
+ +SRP (P+A+SRP) treatments in riverbed slurries of Marden and 

Wylye.  

(Data are mean values ± 1 standard error (n = 5)). 

 

Total inorganic phosphorus pool and organic phosphorus concentration for the 

sediments were then analysed to further tracing the fate of the decreased SRP in the 

sediment. However, the results showed that the background inorganic phosphorus pool 

and organic phosphorus concentration were far higher than the amount of SRP that added 

into each sample (500 µM/~483nmol g-1)) (Figure 3.11), making it impossible to trace 

the fate of the SRP in the riverbed sediments. 
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Figure 3.10. The decay coefficient of SRP in oxic slurries across eight riverbeds.  

(SRP decay coefficient was calculated based on the log transferred SRP concentration 

changes over time (the first 3 h). Yellow represents gravel-dominate riverbed and blue 

represents sand-dominated riverbed). 

 

Figure 3.11. Total inorganic phosphorus pool (A) and organic phosphorus content (B) in 

riverbed sediments from river Marden and Wylye. 

(Data are mean values ± 1 standard error (n=10)).   
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3.4. Discussion 

The 15N tracer experiments and molecular analyses confirmed the co-existence of 

aerobic ammonia oxidation, anammox and nitrite oxidation in these permeable, oxic 

riverbeds. Both anammox and nitrite oxidation are dependent on the nitrite that is 

generated by aerobic ammonia oxidation. Although the total rate of ammonia oxidation 

remained relatively constant across the gravel and sand riverbeds (10.06 and 13.23 nmol 

g-1 h-1, respectively), the degree of nitrification efficiency varied significantly (Figure 3.1). 

The degree of nitrification efficiency was higher in sands, along with a lower contribution 

from anammox to N2 production (ra), and was maximal where anammox was absent, 

suggesting potential competition between aerobic nitrite oxidation and anammox for 

nitrite (Kuenen 2008).  

The degree of nitrification efficiency was positively correlated with the abundance 

of nxrB gene, suggesting that differences in the degree of nitrification efficiency across 

the riverbeds may be related to NOB. High temperature (Hellinga et al. 1998), high 

ammonia (Vadivelu et al. 2007), high nitrite/nitrous acid (Vadivelu et al. 2006, Wang et 

al. 2014), high salt (Ye et al. 2009), and low dissolved oxygen concentrations (Blackburne 

et al. 2008, Ma et al. 2009, Ma et al. 2015) have been identified to selectively inhibit or 

limit NOB growth in waste water treatment reactors, leading to nitritation/anammox or 

nitritation/denitrification, i.e., partial nitrification prior to the reduction of NO2
- to N2 gas. 

Here, however, our results showed a decrease in the degree of nitrification efficiency as 

porewaters became more oxidized, suggesting that competition for nitrite between NOB 

and anammox might be the main factor influencing the degree of nitrification efficiency 

across our riverbeds.  

The abundance of Nitrospira was 1-2 orders of magnitude greater than 

Nitrobacter, which may imply a competitive advantage of Nitrospira over Nitrobacter in 
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these rivers. The degree of nitrification efficiency was also positively correlated with the 

ratio of the relative abundance of Nitrospira to Nitrobacter (rs=0.62, p<0.01), further 

suggesting that the degree of nitrification efficiency across the riverbeds was mainly 

driven by the abundance and the distribution of Nitrospira. Similar to our results, the 

predominant role of Nitrospira over Nitrobacter in nitrite oxidation has been found in 

paddy soils (Wang et al. 2015). It has also been reported that Nitrospira is more likely to 

dominate nitrite oxidation under both low ammonia and nitrite concentrations 

(Blackburne et al. 2007). In our riverbeds, the low porewater nitrite concentrations (1.06-

6.83µM) may provide an ideal environment for Nitrospira.  

Furthermore, comammox Nitrospira amoA gene abundance correlated well with 

Nitrospira nxrB gene abundance and represented about 6%-21% of the Nitrospira nxrB 

gene abundance (Figure 3.3). As genomic copy numbers of nxrB varied from two to six 

copies in different Nitrospira (Pester et al. 2014), while only one copy of amoA and nxrB 

per genome is present in comammox Nitrospira (Daims et al. 2015, Palomo et al. 2018), 

comammox Nitrospira may represents a higher proportion of Nitrospira in these rivers. 

As far as we know, this is the first report of comammox Nitrospira in oxic riverbeds, 

where this finding suggests that it may play an important role in conserving fixed nitrogen. 

For example, the presence of comammox Nitrospira may help explain high nitrification 

efficiencies as ammonia would be oxidised intracellularly completely through to NO3
-, 

avoiding the release of NO2
-, and thereby its potential oxidation by anammox bacteria. 

Also, direct oxidation of 15NH4
+ to 15NO3

- by comammox Nitrospira may contribute to 

the heterogeneity in the 15N-labelling of the substrate pools in the oxic 15NH4
+ oxidation 

experiments (Jensen et al. 2009, De Brabandere et al. 2014). 

The contribution from anammox to N2 production (ra) was higher in gravel-

dominated riverbeds and, further, positively correlated with the abundance of hzsB gene 
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(rs = 0.30, p = 0.04, Table 3.7). The separation between hzsB and nxrB (Figure 3.5) 

suggests competition between anammox and NOB for nitrite. The production of 15N-N2 

in the oxic 15NH4
+ oxidation experiments, suggests that aerobic ammonia oxidation and 

anammox and/or denitrification are co-contributing to the removal of fixed nitrogen in 

these oxic riverbeds. The affiliation of AOA/AOB and anammox bacteria was also 

reflected in their correlated abundances, as well as their clustering in the RDA analysis 

(Table 3.5 and Figure 3.5). Furthermore, the contribution from anammox to N2 production 

(ra) was positively correlated with the abundance of amoA (rs=0.51, p<0.01, Table 3.7), 

further hinting at the potential affiliation between anammox and AOA/AOB. In these oxic 

riverbeds, aerobic ammonia oxidation competes for 8% of the oxygen with microbial 

respiration, making the oxygen limited in the aggregates supporting anammox. 

Furthermore, the aerobic ammonia oxidation can provide nitrite to sustain the anammox 

bacteria. 

The AOA amoA gene was more abundant than its AOB variant in all riverbeds, 

indicating the predominant role of AOA in these riverbeds. In this sense, the findings 

differ from the observation of a dominant role for AOB in the oxidation of ammonia in 

muddy lake sediments (Zhu et al. 2013). The availability of ammonia has been shown to 

govern niche separation in AOA and AOB in sediments and it has been proposed that 

AOA favour low ammonia, unfertilized soils, while AOB favour high ammonia-based 

fertilized soils (Martens-Habbena et al. 2009, Verhamme et al. 2011, Hink et al. 2018). 

Also, the AOA have been found to be better adapted to relatively high pH, for example, 

in alkaline soils (Wang et al. 2015). The relatively low ammonium concentration and 

slightly higher pH, especially in gravel-dominated riverbeds on the chalk, may provide 

an ideal environmental for AOA. Although the AOA amoA gene was more abundant than 

its AOB variant in all rivers, the estimates of cell-specific activity showed that the 
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contribution of AOB to aerobic ammonia oxidation is also important. The abundance of 

the hzsB gene was also positively correlated with porewater pH and nitrite, indicating that 

anammox prefers sediment with higher nitrite concentrations, as previously suggested 

(Meyer et al. 2005, Zhu et al. 2013, Lansdown et al. 2016).  

Spearman’s correlation test showed a positive correlation between the degree of 

nitrification efficiency and riverbed porewater SRP concentration (r(s)=0.51, p < 0.01), 

suggesting that phosphorus may be related to the degree of the nitrification efficiency. A 

preincubation with SRP selectively increased the degree of nitrification efficiency in the 

rivers Wylye and Nadder. 15NO2
- oxidation experiment with a preincubation with SRP 

further indicated that a preincubation with SRP can selectively accelerate the nitrite 

oxidation, thus increasing the production of nitrate and the degree of nitrification 

efficiency in some sediment slurries. This result is consistent with the finding that a higher 

SRP concentration can stimulate nitrite oxidation in agricultural soils and an activated 

sludge plant (Purchase 1974, Nowak et al. 1996). However, as SRP was not at steady-

state when conducting these experiments, it was difficult to quantify and explain the 

different effects of SRP on the degree of nitrification efficiency in batch incubations.  

In summary, results in this chapter show a clear gradient in the degree of 

nitrification efficiency across oxic riverbeds, that was related primarily to differences in 

the abundance of NOB where Nitrospira dominates the NOB and separates from 

anammox. The confirmed presence of comammox Nitrospira in oxic riverbeds may also 

significantly enhance the degree of nitrification efficiency, as complete nitrification in a 

single organism results in nitrite being concealed from anammox bacteria. Anammox 

therefore appears to be tightly affiliated with AOA and AOB and contributes to the 

removal of fixed nitrogen in oxic, permeable riverbeds. A preincubation of SRP is likely 
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to stimulate nitrite oxidation in some riverbeds thus increasing the degree of the 

nitrification efficiency.  
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Chapter 4 : Community structures of AOM, anammox 

bacteria and NOB across the oxic riverbeds 

In chapter 3 I presented the nitrification efficiency and the abundance of the main 

microorganisms that drives the degree of nitrification efficiency, now I am going to focus 

on the identification of the microorganisms that related to the degree of nitrification 

efficiency in these riverbeds. Based on Illumina MiSeq amplicon sequencing, the 

identifications and community structures of AOA, AOB, anammox bacteria, NOB and 

comammox Nitrospira across these twelve oxic riverbeds were analysed in this chapter. 

Community structures of AOA and AOB were investigated by sequencing their amoA 

(ammonia monooxygenase subunit A) genes. The AOB amoA gene sequences obtained 

from these oxic riverbeds were all assigned to Nitrosospira, while the AOA amoA gene 

sequences were closely related to Nitrosopumilus maritimus, Nitrosophaera viennensis 

and some amoA sequences from uncultured archaea soils or WWTP. Anammox bacteria 

communities were assessed by amplicon sequencing 16S rRNA, hzo (hydrazine 

oxidoreductase) and hzsB (hydrazine synthase beta subunit) genes. Phylogenetic analyses 

of all these three genes showed that most of the anammox sequences were closely 

affiliated to Candidatus Brocadia. Community structure of NOB was determined by 

sequencing the Nitrospira nxrB (nitrite oxidoreductase subunit B) gene, which reveal that 

Nitrospira nxrB gene sequences mainly clustered with Nitrospira moscoviensis and 

Nitrospira marina species. Sequencing of the comammox Nitrospira amoA gene showed 

the comammox Nitrospira sequences clustered with Candidatus Nitrospira nitrificans, 

Candidatus Nitrospira inopinata and uncultured bacteria clones from groundwater-fed 

rapid sand filters in Denmark, Clade B comammox Nitrospira make up 79.5%-94.7% of 

the comammox abundance in these rivers and are more abundant than clade A comammox 
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Nitrospira. These results indicated that these permeable, oxic riverbeds are likely to have 

selected for distinct nitrification and anammox communities. pH and SRP concentration 

were the main factors that influence the community structure of AOB, while the 

community structure of AOA was mainly driven by ammonium concentration. Nitrite 

concentration was the main factor that influence the community structure of Nitrospira 

and comammox Nitrospira. The community structure of anammox was influenced by 

ammonium and nitrite concentrations. 
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4.1. Introduction 

In chapter 3 the abundance of the main microorganisms that related to the degree 

of nitrification efficiency were analysed. To further understand the community structure 

that might help explain the variation in nitrification efficiency across the 12 riverbeds, the 

community structures of the microorganisms should be investigated. 

Both ammonia oxidizing bacteria and archaea (AOB and AOA) can contribute to 

the aerobic oxidation of ammonia to nitrite. The AOB mainly consist of species from the 

genus Nitrosococcus, belonging to the class ‘Gammaproteobacteria’ and Nitrosomonas 

and Nitrosospira genera belonging to class ‘Betaproteobacteria’ (Purkhold et al. 2003). 

Whilst AOB from Gammaproteobacteria are only typically observed in the marine 

environment, Betaproteobacteria AOB are widely distributed in diverse habitats, such as 

freshwater marsh wetland (Lee et al. 2014), estuaries (Li et al. 2018), aquaculture ponds 

(Lu et al. 2016, Zhou et al. 2017), lakes (Wu et al. 2010) and paddy soils (Wang et al. 

2014). 

The archaea responsible for aerobic ammonia oxidation to nitrite were classified 

into the phylum Thaumarchaeota (Pester et al. 2012). More than ten strains have been 

isolated so far and AOA are divided into four clusters: the Nitrosopumilus cluster (1.1a), 

the Nitrosotalea cluster (1.1a-associated), the Nitrososphaera cluster (1.1b) and the 

Nitrosocaldus cluster (ThAOA) (Pester et al. 2012, Liu et al. 2017). The widespread 

distribution of AOA has then been confirmed in marine water columns and sediments 

(Francis et al. 2005, Lam et al. 2009), freshwater lake sediments (Herrmann et al. 2009, 

Wu et al. 2010, Hampel et al. 2018) and estuaries (Jin et al. 2011). 

The oxidation of nitrite to nitrate is primarily accomplished by bacteria that belong 

to the unrelated genera Nitrobacter, Nitrococcus, Nitrospina and Nitrospira. Nitrospira 

is the most diverse and widespread group of NOB and Nitrospira is regarded as more 
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important in WWTP and aquaria than Nitrobacter (Daims et al. 2001, Pester et al. 2014). 

Nitrospira consists of at least six phylogenetic lineages (Pester et al. 2014). Selected 

species within the Nitrospira genus include Nitrospira marina isolated from ocean water, 

Nitrospira defluvii and Nitrospira japonica isolated from activated sludge, Nitrospira 

moscoviensis isolated from heating pipes and Candidatus Nitrospira inopinata 

(comammox) in hot groundwater (56 °C) (Daims et al. 2015). The distributions of 

Nitrospira populations in WWTPs were caused by affinities of substrates and 

relationships with AOB (Maixner et al. 2006, Ushiki et al. 2017). Nitrite concentration 

has also been reported to drive the community structure of Nitrospira and it has been 

suggested that higher nitrite concentrations (5 mg NO2
- L-1 vs. 0.1 mg NO2

- L-1) select for 

Nitrospira delfluvii but supressed Nitrospira moscoviensis (Maixner et al. 2006). 

At least five genera (Candidatus Brocadia, Candidatus Kuenenia, Candidatus 

Scalindua, Candidatus Anammoxoglobus and Candidatus Jettenia which all branch 

deeply within the Plantomycetes phylum) and 22 species have been identified using 

culture-independent molecular techniques (Hu et al. 2011, Sonthiphand et al. 2014, Zhou 

et al. 2018). Anammox bacteria have a widespread distribution in various natural habitats. 

Among the anammox bacteria that have been described to date, Candidatus Scalindua 

appear to be the most widespread genus in marine ecosystems (Penton et al. 2006, Rich 

et al. 2008, Li et al. 2010), while Candidatus Brocadia and Candidatus Kuenenia appear 

to be more common in freshwater, terrestrial ecosystems and the reservoirs (Hu et al. 

2011, Shen et al. 2017). The coexistence of different groups of anammox was normally 

found in various habitats with certain groups dominated in specific habitats (Humbert et 

al. 2012, Shen et al. 2015). 

Recently, complete ammonia oxidizing bacteria (comammox) that possess both 

ammonia and nitrite oxidizing genes and are therefore capable of the complete oxidation 
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of ammonia to nitrate (comammox) has been identified (Daims et al. 2015, van Kessel et 

al. 2015, Kits et al. 2017). Comammox Nitrospira contain novel amoA genes encoding 

ammonia monooxygenase (AMO), which is distinct from the amoA in AOB and AOA. 

They also contain genes encoding nitrite oxidoreductase (NXR), the key enzymes of 

bacteria nitrite oxidation, but these genes are not distinct from classical NOB (Camejo et 

al. 2017, Pjevac et al. 2017, Palomo et al. 2018). All known comammox organisms belong 

to Nitrospira lineage Ⅱ (Daims and Wagner 2018) and they have been divided into clade 

A and clade B comammox Nitrospira (Palomo et al. 2018). Candidatus Nitrospira nitrosa, 

Candidatus Nitrospira nitrificans, Candidatus Nitrospira inopinata and Nitrospira sp. 

strain Ga0074138 are the main comammox-like Nitrospira bacteria identified to date 

(Camejo et al. 2017). 

In this chapter, community structures of AOM, anammox bacteria, NOB and 

comammox Nitrospira across these 12 oxic riverbeds were evaluated. The aims are: (i) 

to explore the taxonomic diversity of the microorganisms across these rivers, (ii) to find 

out the key factors that shaping the community structures, (iii) to find out the community 

structure that might help explain the variation in nitrification efficiency. 

 

4.2. Materials and Methods 

4.2.1. Collection of sediments and DNA extraction 

Sediment collection and Sediment DNA extraction was described in Chapter 3.  

 

4.2.2. Illumina sequencing 

Amplicon libraries for the bacterial 16S rRNA gene, anammox 16S rRNA gene, 

hzo gene, hzsB gene, AOA amoA gene, AOB amoA gene, Nitrospira nxrB gene and 

comammox Nitrospira specific amoA gene were prepared using primers containing the 
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same target region as the qPCR primers (see Chapter 3) but flanked with Illumina Nextera 

overhang sequences. A 28-cycle (bacterial 16S rRNA gene) or 30-cycles (all other genes) 

PCR was conducted using their specific annealing temperatures (see Chapter 3, Table 3.1) 

in a 96 Well Thermal Cycler (Applied Biosystems). Amplicons were then purified using 

AMPureXP SPRI beads (Beckman Coulter) and then an 8-cycle index PCR was 

conducted to attach dual indices and Illumina sequencing adapters using the Nextera XT 

Index Kit (Illumina). Amplicons were again purified using AMPureXP SPRI beads and 

then quantified using a Quant-iT PicoGreen dsDNA assay Kit (Life Technologies) on a 

NanoDrop 3300 fluorospectrometer (Thermo Scientific). Amplicons were then pooled in 

equimolar concentrations and then purified and concentrated using the GenElute PCR 

Clean-up Kit (Sigma-Aldrich). The amplicon libraries were quality checked using a DNA 

1000 kit on a 2100 Bioanalyser (Agilent) before sequencing was performed on the 

Illumina MiSeq platform using a MiSeq reagent kit V3 (2×300 bp) at The Earlham 

Institute (Norwich, UK).  

 

4.2.3. Sequences analyses 

The sequencing reads were demultiplexed by the Nextera XT indexes and 

analysed within BioLinux as described in (Dumbrell et al. 2016). The reads were quality 

trimmed using Sickle (Joshi and Fass 2011), error corrected using SPAdes (Bankevich et 

al. 2012) with the BayesHammer algorithm (Nikolenko et al. 2013) and pair-end aligned 

using PEAR (Zhang et al. 2013) within PANDAseq (Masella et al. 2012). The reads were 

dereplicated, sorted by abundance and clustered into operational taxonomic units (OTUs) 

using the VSEARCH centroid algorithm (Rognes et al. 2016) at the 0.97 level. All 

singleton OTUs were removed, along with all chimeric sequences using denovo and 

reference based (for 16S rRNA reads) chimera checking with UCHIME (Edgar et al. 
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2011). Bacterial and anammox 16S rRNA centroid sequences from each OTU were 

assigned taxonomic identities with the RDP classifier (Wang et al. 2007). Phylogenies 

were constructed for the most abundant OTUs (with sequences numbers representing 

greater than 0.1% of the total sequences numbers by using neighbour-joining method 

(Saitou and Nei 1987) with representative genes in MEGA7 (Kumar et al. 2016). For the 

16S rRNA gene sequences, multiple sequences alignment was performed using MUSCLE 

(Multiple Sequence Comparison by Log-Expectation) (Edgar 2004). For the functional 

genes, sequence alignment was performed on condon-aligned deduced amino acid 

sequences using MUSCLE and 1000 replicates were used to generate the bootstrap values. 

 

4.2.4. Community structure analyses 

Sequences and community analyses were conducted with the ‘vegan’ package 

(Oksanen et al. 2017) in R. To compare the relative diversity of communities in each river 

and to estimate the completeness of sampling. Numbers of sequences and OTUs for each 

river were calculated based on the sum of the 3 replicates from each river and the sample‐

size‐based Rarefaction/Extrapolation (R/E) curves were generated using ‘iNEXT’ and 

‘ggiNEXT’ functions in the ‘iNEXT’ (Hsieh et al. 2016) and ‘ggplot2’ (Wickham 2016) 

packages in R. The species richness estimator (Chao1) and diversity index (Shannon) 

were generated for each river using ‘diversity’ and ‘estimateR’ function in the ‘vegan’ 

package, respectively. The coverages of sequencing libraries were calculated as described 

by (Dang et al. 2008), using C = [1 − (n1/N)] × 100, where n1 is the number of unique 

OTUs, and N is the total number of sequences in a library.  

Non-metric Multidimensional scaling analysis (NMDS) was used to ordinate the 

samples based on their distance matrices and the relative distance between the points 

represents the relative dissimilarity of the samples. NMDS was conducted using the 
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function ‘metaMDS’, where the distance matrices of the samples were evaluated by Bray-

Curtis dissimilarity calculation. Environmental vectors were then fitted onto the NMDS 

ordination using ‘envfit’ function to evaluate influence of the environmental factors on 

community compositions. A permutational multivariate analysis of variance 

(PERMANOVA) was performed using the ‘adonis’ function at 999 permutations to test 

if the community compositions between gravel and sand-dominated riverbeds are 

significantly different. The raw reads were deposited into the NCBI Sequence Read 

Archive (SRA) database (Accession Number: PRJNA497462). 

 

4.2.5. Statistical analyses 

Any relationships between the relative proportions of aerobic AOB, anammox and 

NOB (OTUs that assigned to these groups) sequences to total bacterial 16S rRNA 

sequence abundance and porewater chemistries and nitrification efficiency were analysed 

using redundancy analysis (RDA) in the ‘vegan’ package in R (Oksanen et al. 2017).  

Spearman correlation analysis was used to assess the potential correlations 

between environmental factors and community richness, diversity and relative abundance 

of clades, which were also performed in R under the in the ‘Hmisc’ package. 

 

4.3. Results 

4.3.1. Bacterial 16S rRNA community structures  

A total of 828,543 bacterial 16S rRNA sequences were obtained from the 

riverbeds which were assigned to a total of 3,393 OTUs at a similarity threshold of 0.97.  

The Good's coverage estimator indicated that more than 79.2% of OTUs were picked up 

for this study from the samples (Table 4.1). Rarefaction curves of all these riverbeds tend 

to approach the saturation plateaus (Figure 4.1), indicating that the bacteria in these 
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riverbeds could be well-represented by this library. Chao1 richness estimator and 

Shannon diversity indices ranged from 2,146 to 2,862 and from 6.1 to 6.7, respectively 

in these riverbed samples (Table 4.1). The highest bacterial richness (Chao1) occurred in 

the river Medway, while the highest bacterial diversity (Shannon) occurred in the river 

Stour (2). Both the Shannon index and Chao 1 estimator were positively correlated with 

porewater soluble reactive phosphorus (SRP) concentration (r(s) = 0.58, p = 0.04 and r(s) 

= 0.64, p = 0.02, respectively), indicating that sediment samples from the rivers that with 

higher SRP concentration may support more diverse bacteria.  

 

 

Figure 4.1. Rarefaction/Extrapolation curves of bacterial 16S rRNA sequences from 

different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 
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Table 4.1. Diversity of Bacterial 16S rRNA sequences in each riverbed. 

River No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 86699 2124 6.28 2347.87 85.92 

Darent 48822 1963 6.42 2228.47 82.88 

Wylye 41911 1947 6.10 2305.82 79.20 

Rib 75873 2480 6.59 2767.79 86.13 

Pant 68502 2421 6.42 2689.27 84.55 

Stour (2) 65331 2486 6.70 2723.05 86.73 

Stour (1) 63721 2391 6.56 2685.25 84.53 

Marden 53279 2291 6.62 2601.57 83.59 

Hammer  51870 2171 6.55 2438.79 83.74 

Medway 107945 2595 6.52 2862.07 87.90 

Broadstone 113108 1912 6.12 2143.06 85.93 

Nadder 51482 2403 6.58 2667.32 84.23 

 

A total of 40 bacterial phyla were identified in these samples with RDP classifier. 

The relative abundances of 14 phyla that represented higher than 1% frequency in at least 

one riverbed are shown in Figure 4.2. Proteobacteria was the most abundant phyla in all 

of the samples, accounting for 35.3-55.0% of the total number of sequences. 

Planctomycetes and Nitrospirae accounted for 1.4-6.3% and 0.6-2.7% of the total number 

sequences, respectively. 
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Figure 4.2. Distribution of bacteria in all riverbeds at phylum level. 

(Taxa represented occurred at 1% frequency in at least one sample. Proteobacteria was 

the most dominant phylum across all riverbeds). 

 

To further understand the bacterial community structure that might help explain 

the variation in the degree of nitrification efficiency across the 12 riverbeds, relative 

proportions of AOB, anammox bacteria and NOB (OTUs that assigned to these groups) 

within the total bacterial 16S rRNA sequences were calculated. The RDA plot (Figure 

4.3) clearly clustered the microbial communities into gravel or sand riverbeds. The 

distribution of NOB positively correlated with AOB (rs = 0.73, p < 0.01), while being 

separated from anammox (Figure 4.3). The degree of nitrification efficiency was 

positively correlated with the proportion of NOB in the total bacterial community (rs = 

0.54, p < 0.01).  
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Figure 4.3. Redundancy analysis plot of the relationship between relative sequence 

proportions of AOB, anammox and NOB and nitrification efficiency and porewater 

chemistries across in gravel (yellow) and sand (blue) riverbeds. 

(The first and second canonical axes represented 98.3% and 1.6% of the variation, 

respectively. High degree of nitrification efficiency correlates with a high proportion of 

NOB in total bacteria community). 

 

 

4.3.2. Community structures of anammox bacteria across riverbeds 

 

To investigate the biodiversity of anammox bacteria in these riverbeds, the 16S 

rRNA gene was sequenced using anammox-specific 16S rRNA primer. A total of 

1,625,551 sequences were obtained, which were assigned to a total of 38 OTUs at a 

similarity threshold of 0.97. For the acidic river Broadstone, where no anammox activity 

was observed, only 14 of these OTUs were detected (Table 4.2). Rarefaction curve of the 

river Broadstone also shows an extremely low sequence depth (Figure 4.4), so the river 
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Broadstone was omitted from the further community analysis. Rarefaction curves of the 

other rivers tend to approach the saturation plateau (Figure 4.4), indicating that these 

riverbeds were sampled sufficiently. The Good's coverage estimator indicated that more 

than 85.7% of OTUs were picked up from the other riverbeds, further indicating that this 

library has captured the majority of the anammox 16S rRNA sequence types in the 

riverbeds with the primers used. The Chao1 richness estimator predicted the presence of 

17-31 OTUs in each location, with Shannon diversity indices ranging from 0.29 to 1.76. 

The highest richness occurred in the river Rib, along with the highest diversity. There was 

a positive correlation between Chao 1 richness and contribution of anammox to N2 

production (ra) (r(s) = 0.58, p = 0.04), indicating that the rivers that with a higher ra 

support more diverse anammox bacteria. 

Table 4.2. Diversity of Anammox 16S rRNA sequences in each riverbed. 

River No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 146222 21 1.14 22.00 90.48 

Darent 75900 21 1.01 21.75 85.71 

Wylye 144163 20 0.57 20.50 90.00 

Rib 168546 30 1.76 30.50 93.33 

Pant 148125 25 1.32 25.00 96.00 

Stour (2) 161821 29 1.62 30.00 93.10 

Stour (1) 212234 22 1.48 22.50 90.91 

Marden 162159 19 0.29 19.50 89.47 

Hammer  114194 17 1.23 17.00 94.12 

Medway 158513 24 1.33 24.00 95.83 

Broadstone 4145 14 0.33 15.00 78.57 

Nadder 129529 21 0.46 22.50 85.71 
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Figure 4.4. Rarefaction/Extrapolation curves of anammox 16S rRNA sequences from 

different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The ordination and dissimilarity of anammox OTUs between the samples were 

assessed with non-metric multidimensional scaling (NMDS) analysis. NMDS ordination 

(without the river Broadstone) showed that the community composition in the river 

Hammer is different from the other rivers (Figure 4.5). The envfit analysis showed that 

pH and ammonium are the most important factors that influence the anammox community 

compositions (r2 = 0.39, p <0.01, and r2 = 0.37, p <0.01, respectively). PERMANOVA 

analysis showed that anammox community compositions between the gravel and sand-

dominated riverbeds are significantly different (p < 0.01). 
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Figure 4.5. Non-metric multidimensional scaling analysis of the distributions of 

anammox 16S rRNA sequences based on Bray-Curtis dissimilarities. 

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown. The river Broadstone was 

omitted as the sequences number was extremely low). 

 

Phylogenetic analysis of anammox 16S rRNA sequences and related sequences 

deposited in GenBank showed that OTUs were divided into four clades (Figure 4.6). Most 

of the OTUs in Clade 1, Clade 2 and Clade 3 were closely affiliated to Candidatus. 

Brocadia. The dominant OTU1, represented 55.6% of the total sequences and was 

identical (100% sequence identity) to an uncultured clone found in sediments of the River 
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Seine in France. Others are identical, or very similar, to Chinese estuary sediments, 

wetlands, a lake in Finland and a Japanese paddy field. Interestingly, OTU17, in Clade 4, 

is phylogenetically distinct from other OTUs, which seems restricted to river Pant and is 

closely related to Candidatus.Scalindua. The majority OTUs are found in most riverbeds 

but there are some differences in their distribution. Figure 4.7 shows the relative 

abundances of different clades of anammox 16S rRNA in different riverbeds. Clade 1 was 

the most dominant clade in all of these riverbeds and varied from 61.08% in the river 

Darent to 99.55% in the river Hammer, while Clade 4 was only observed in the River 

Pant. It is noted that although the river Broadstone showed no significant anammox 

activity, 14 OTUs were detected. The most abundant OTU in the river Broadstone was 

OTU 3 and it represented 94.1% of its total sequences number. This OTU was also found 

in all the other rivers, and the relative abundances ranged from 0.26% (the river Hammer) 

to 37.99% (the river Darent). The OTU 3 belongs to Clade 2, and this clade was the 

second dominant clade in all other riverbeds, hinting its wide distribution in these 

riverbeds. However, the low gene abundance of the OUT 3 in the river Broadstone 

contributed a negligible anammox activity.  
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Figure 4.6. Phylogenetic analysis of the anammox 16S rRNA sequences using the 

neighbour-joining method.  

(Tree was constructed from the 18 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 2% sequence divergence. OTUs are 

numbered by the order of sequence abundance, i.e., OTU 1 was the most abundant OTU).  

 



141 

 

 

Figure 4.7. Relative abundances of anammox 16S rRNA within each clade (based on 

phylogenetic tree) in each riverbed.  

 

The anammox hzo gene was also sequenced. A total of 871,422 sequences were 

obtained which were assigned to a total of 65 OTUs at a similarity threshold of 0.97. For 

the acidic river Broadstone, where no anammox activity was observed, only 11 OTUs 

were picked up (Table 4.3). Similar as the results from anammox 16S rRNA sequencing, 

the rarefaction curve of the river Broadstone also shows an extremely low sequence depth 

(Figure 4.8), so the river Broadstone was omitted from the further community analysis. 

Rarefaction curves of the other rivers tend to approach the saturation plateaus (Figure 4.8), 

indicating that these riverbeds were sampled sufficiently. The Good's coverage estimator 

indicated that more than 80.7% of OTUs were picked up from all the other riverbeds. The 

Chao1 richness estimator predicted the presence of 17-45 OTUs in each location, with 

Shannon diversity indices ranging from 0.45 to 1.94. Similar to the results from anammox 
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16S rRNA sequencing, the highest bacterial richness occurred in the river Rib, while the 

highest bacterial diversity occurred in the river Medway.  

 

Table 4.3. Diversity of hzo gene sequences in each riverbed. 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 80966 26 1.69 36.00 80.77 

Darent 63799 29 1.74 30.50 89.66 

Wylye 88169 28 1.68 31.00 89.29 

Rib 125185 43 1.71 45.00 90.70 

Pant 67744 26 0.45 28.00 84.62 

Stour (2) 88685 39 1.30 39.00 100.00 

Stour (1) 85599 28 1.40 29.00 92.86 

Marden 90275 24 1.21 24.00 95.83 

Hammer  45059 16 1.06 16.75 81.25 

Medway 73420 34 1.94 40.00 88.24 

Broadstone 1331 11 0.81 12.00 81.82 

Nadder 82672 29 1.43 34.00 82.76 
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Figure 4.8. Rarefaction/Extrapolation curves of hzo gene sequences from different 

riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The plotting of NMDS (without the rivers Broadstone and Hammer) showed that 

the communities in the gravel-dominated riverbeds tend to cluster together (Figure 4.9). 

The envfit analysis showed that the ammonium and nitrite were the most important factors 

that influence the anammox communities (r2 = 0.57, p < 0.01 and r2 = 0.46, p < 0.01). 

PERMANOVA analysis showed no significant difference between the anammox 

community compositions in gravel and sand-dominated riverbeds (p = 0.11).  

Phylogenetic analysis of hzo sequences showed that the OTUs could be grouped 

into four clusters and most of the OTUs in Clade 1, Clade 2 and Clade 3 were closely 
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affiliated to Candidatus. Brocadia (Figure 4.10). The dominant OTU1, represented 41.2% 

of the total sequences and has 98% sequence identity to an uncultured clone (SPhzo15) 

found in sediments of the River Seine in France. Others are similar to hzo sequences from 

freshwater lake sediments or estuarine sediments. OTU5 and OTU27 in Clade 4 are 

phylogenetically distinct from other OTUs, closely related to Candidatus Scalindua. 

Figure 4.11 shows the relative abundances of different clusters of hzo in different 

riverbeds. Sequences from Clade 1 were the most dominant in all of these riverbeds 

except for the river Pant and ranged from 91.99% in Medway to 99.70% in Nadder. 

However, Clade 4 was the most abundant clade in the River Pant and presented 91.05% 

of the total sequences. Different from the other riverbeds, OTU34 was the most abundant 

OTU in the river Broadstone. Although with a low sequences number (952), it represented 

71.5% of the total sequences. It has a 97% similarity to an uncultured anammox bacterium 

clone (QTWAna25) in the water column of the Dongjiang River (China) (JX069733) and 

has a 90% similarity to OTU1 in this study. OTU34 was also observed in the rivers 

Hammer and Nadder, represented 0.2% and <0.01% of the total sequences number, 

respectively. It indicates that this OTU may prefer acidic sandy riverbeds.  
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Figure 4.9. Non-metric multidimensional scaling analysis of the community structures 

of anammox hzo sequences based on Bray-Curtis dissimilarities. 

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown. The rivers Broadstone and 

Hammer were omitted as their sequence numbers were too low.). 
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Figure 4.10. Phylogenetic analysis of the anammox hzo amino acid sequences using the 

neighbour-joining method. 

(Tree was constructed from the 29 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 5% sequence divergence. OTUs were 

numbered by the order of sequences abundance, i.e., OTU 1 was the most abundant OTU.)  
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Figure 4.11. Relative abundances of anammox hzo within each clade (based on 

phylogenetic tree) in each riverbed.  

 

Sequencing of anammox hzsB showed similar results to the anammox 16S rRNA 

gene and hzo gene. The total number of sequences was 656,880, which were assigned to 

a total of 84 OTUs at a similarity threshold of 0.97. For the acidic river Broadstone, where 

no anammox activity could be measured, only 6,046 of sequences were picked up (Table 

4.4). In the river Hammer, where anammox activity was low, only 8,907 of sequences 

were picked up. This was also showed on the rarefaction curves (Figure 4.12), so these 

two rivers were omitted in the following analysis. The Good's coverage estimator 

indicated that more than 80.0% of OTUs were picked up in the other riverbeds. Similar 

as the findings in the anammox 16S rRNA sequencing, the rarefaction curve of the river 

Darent did not approach saturation (Figure 4.12), indicating that there might be some 

microbes remained undetermined. All other rarefaction curves tended to approach the 
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saturation plateaus, indicating a reasonable data volume of sequenced reads. Chao1 

richness ranged from 23 to 57 and Shannon diversity indices ranged from 1.15 to 2.32. 

 

Table 4.4. Diversity of hzsB gene sequences in each riverbed. 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 60926 47 1.81 54.00 82.98 

Darent 16807 30 1.99 37.50 80.00 

Wylye 61113 31 1.70 32.20 87.10 

Rib 61287 54 2.32 57.00 94.44 

Pant 59916 45 1.84 48.00 93.33 

Stour (2) 91142 51 2.23 54.00 94.12 

Stour (1) 92530 43 1.88 44.50 93.02 

Marden 50251 25 1.50 25.50 92.00 

Hammer  8907 17 1.75 32.00 64.71 

Medway 61198 37 1.80 40.00 89.19 

Broadstone 6046 14 1.95 19.00 64.29 

Nadder 86757 23 1.15 23.00 100.00 

 

The plotting of NMDS (without the rivers Broadstone and Hammer) showed that 

the anammox hzsB communities in the gravel-dominated riverbeds tend to cluster 

together (Figure 4.13). The envfit analysis showed that the nitrite was the most important 

factor that influence the anammox hzsB communities (r2 = 0.50, p < 0.01). 

PERMANOVA analysis showed that anammox hzsB community compositions between 

the gravel and sand-dominated riverbeds are not significantly different (p = 0.13). 
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Figure 4.12. Rarefaction/Extrapolation curves of hzsB gene sequences from different 

riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The phylogeny of the hzsB was largely congruent with that of the 16S rRNA genes, 

with OTUs grouped into four clusters (Figure 4.14) and most of the OTUs in Clade 1, 

Clade 2 and Clade 3 were closely affiliated to Candidatus. Brocadia (Figure 4.10). The 

dominant OTU1, represented 43.2% of the total sequences with 98% sequence identity to 

an uncultured clone found in sediments of Three Geroge Reservior. Others were similar 

to the uncultured clones from paddy soils. OTUs in Clade 4 clustered with Candidatus 

Jentenia. Figure 4.15 shows the relative abundances of the different clusters of hzsB in 

the different riverbeds. Clade 1 was the most dominant clade in all of these riverbeds, 
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with the lowest proportion in the river Stour (1) (79.29%) and the highest proportion in 

the river Nadder (97.09%). Although with a low sequences number, the most abundant 

OTUs (OTU1 and OTU2) were also found to dominate in the river Broadstone, indicating 

the widespread of Candidatus. Brocadia in freshwater sediments. 

 

 

 

Figure 4.13. Non-metric multidimensional scaling analysis of the community structures 

of anammox hzsB sequences based on Bray-Curtis dissimilarities. 

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown. The rivers Broadstone and 

Hammer were omitted as their sequence numbers were too low.). 
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Figure 4.14. Phylogenetic analysis of the anammox hzsB amino acid sequences using the 

neighbour-joining method. 

(Tree was constructed from the 42 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 2% sequence divergence. OTUs were 

numbered by the order of sequences abundance, i.e., OTU 1 was the most abundant OTU.)  
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Figure 4.15. Relative abundances of anammox hzsB within each clade (based on 

phylogenetic tree) in each riverbed. 

 

4.3.3. Community structures of AOA and AOB across riverbeds 

Sequencing of the amoA gene for AOA and AOB was performed to characterise 

the biodiversity of AOA and AOB in relation to the different chemistries across the 

riverbeds. The total number of sequences of AOA amoA was 656,940, which were 

assigned to 91 OTUs at a similarity threshold of 0.97. In the river Hammer, where the 

lowest number of sequences was picked up, the rarefaction curve did not approach 

saturation (Figure 4.16), indicating that there might be some microbes remained 

undetermined. The Good's coverage estimator indicated that more than 80.0% of OTUs 

were picked up in the other riverbeds (Table 4.5). All these rarefaction curves tended to 

approach the saturation plateaus, indicating these riverbeds were sampled sufficiently. 

Chao1 richness estimator predicted the presence of 33-74 OTUs in each river, with 
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Shannon diversity indices ranging from 1.37 to 2.33. The highest AOA amoA richness 

occurred in the river Hammer, while the highest AOA amoA diversity occurred in the 

river Stour (1).  

 

Table 4.5. Diversity of AOA amoA gene sequences in each riverbed. 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 56112 34 1.48 35.00 94.12 

Darent 38747 30 1.37 30.75 90.00 

Wylye 64662 27 1.48 37.00 81.48 

Rib 63610 41 1.66 55.00 80.49 

Pant 64069 33 1.85 33.33 93.94 

Stour (2) 57829 43 2.20 46.00 93.02 

Stour (1) 64033 25 2.33 35.00 80.00 

Marden 63825 28 1.69 33.00 82.14 

Hammer  28935 38 1.58 74.00 76.32 

Medway 56272 32 2.25 32.33 93.75 

Broadstone 67194 39 1.64 42.00 89.74 

Nadder 52800 34 2.16 35.50 91.18 
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Figure 4.16. Rarefaction/Extrapolation curves of AOA amoA gene sequences from 

different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The plotting of NMDS showed that the community compositions of AOA in the 

gravel-dominated riverbeds clustered together and differed from the samples in the sand-

dominated riverbeds (Figure 4.17). The envfit analysis showed that the pH and nitrate are 

the most important factors that influence the AOA community compositions (r2 = 0.71, p 

< 0.01 and r2 = 0.62, p < 0.01, respectively). The PERMANOVA analysis showed that 

community compositions of AOA between the gravel and sand-dominated riverbeds are 

significantly different (p < 0.01). 
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Phylogenetic analysis showed that these OTUs could be grouped into four clusters 

(Figure 4.18). The most abundant AOA amoA reads (OTU1), represent 26% of the total 

sequences number, is identical (100% identity) to an uncultured Thaumarchaeote clone 

(LH-11) from estuary sediment in China. OTU2 represented 10.8% of the total sequences 

number, has 99% identity to an uncultured Archaeon clone (CFAOA-21) from river water 

in Mexico. OTU1 and OTU2 belongs to Clade 1 and Clade 2, respectively. Most of the 

OTUs in Clade 1 were related to Nitrosopumilus maritimus and Clade 2 clustered with 

some uncultured amoA sequences from soils or WWTP. Clade 3 and Clade 4 cluster 

together with Clade 3 closely related to Nitrosophaera viennensis while Clade 4 related 

to some uncultured amoA sequences from soils.  

Figure 4.19 shows the relative abundances of different clusters of AOA amoA in 

different riverbeds and the distribution of the clades across rivers varied a lot. Except for 

the river Broadstone, where Clade 2 represented 93.32% of the sequences, others were 

dominated by either Clade 1 or Clade 4. The proportion of Clade 1 varied from 1.06% 

(the river Broadstone) to 89.9% (the river Lambourn) and was positively correlated with 

the porewater nitrate concentration (rs = 0.78, p < 0.01), while the relative abundance of 

Clade 4 ranged from 1.40% (river Broadstone) to 93.60% (river Darent) and was 

positively correlated with porewater ammonium concentration (rs = 0.74, p < 0.01). 
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Figure 4.17. Non-metric Multidimensional scaling analysis of the community structures 

of AOA amoA sequences based on Bray-Curtis dissimilarities. 

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown).  
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Figure 4.18. Phylogenetic analysis of the AOA amoA amino acid sequences using the 

neighbour-joining method.  

(Tree was constructed from the 35 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 5% sequence divergence. OTUs were 

numbered by the order of sequences abundance, i.e., OTU 1 was the most abundant OTU).  
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Figure 4.19. Relative abundances of AOA amoA OTUs within each clade (based on 

phylogenetic tree) in each riverbed.  

 

The total number of sequences of AOB amoA was 804,008, which were assigned 

to 54 OTUs at a similarity threshold of 0.97. The Good's coverage estimator indicated 

that more than 57.1% of OTUs were picked up from riverbeds (Table 4.6). In the river 

Lambourn, where the lowest number of sequences were picked up, the rarefaction curve 

did not approach saturation (Figure 4.20), indicating that the sample from the river 

Lambourn may be not sequenced sufficiently. The other rarefaction curves tended to 

approach the saturation plateaus, indicating the AOB in these riverbeds could be well-

represented by this library. The Chao1 richness estimator predicted the presence of 14-26 

OTUs in each location, with Shannon diversity indices ranging from 0.85 to 1.96. The 

highest AOB richness occurred in the river Rib, while the highest AOB diversity occurred 

in the river Hammer. Chao 1 richness positively correlated with porewater soluble 
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reactive phosphorus (SRP) concentration (r(s) = 0.86, p < 0.01), indicating that the rivers 

with higher SRP concentration may support more diverse AOB. 

 

 

Figure 4.20. Rarefaction/Extrapolation curves of AOB amoA gene sequences from 

different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 
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Table 4.6. Diversity of AOB amoA gene sequences in each riverbed 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 7612 12 1.19 27 50 

Darent 113884 15 0.88 18 73.33 

Wylye 41970 11 1.09 11 100 

Rib 48132 19 1.27 34 68.42 

Pant 134360 26 0.85 26 96.15 

Stour (2) 98405 20 1.37 21 90 

Stour (1) 91625 25 1.52 25 96 

Marden 95044 18 1.22 19.5 83.33 

Hammer  35053 21 1.96 24 80.95 

Medway 45639 21 1.91 21.5 90.48 

Broadstone 8401 14 1.87 14 92.86 

Nadder 87744 29 1.57 29 100 

 

 

The plotting of NMDS showed that the community compositions of AOB in the 

gravel-dominated riverbeds clustered together and differed from the samples in the sand-

dominated riverbeds (Figure 4.21). The envfit analysis showed that the nitrite was the 

most important factor that influence the AOB amoA communities (r2 = 0.51, p < 0.01). 

The PERMANOVA analysis showed that community compositions of AOA between the 

gravel and sand-dominated riverbeds are significantly different (p < 0.01). 
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Figure 4.21. Non-metric Multidimensional scaling analysis of the community structures 

of AOB amoA sequences based on Bray-Curtis dissimilarities.  

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown). 

 

AOB sequences clustered predominately with uncultured ammonia-oxidizing 

clones from soils and river water, closely related to the genus Nitrosospira (Figure 4.22). 

These OTUs could be grouped into four clades. OTUs in Clade 1 and Clade 2 clustered 

with Nitrosospira sp.Wyke2 and Nitrosospira sp.EnI299, separately. Clade 3 closely 

related to Nitrosospira sp.Wyke8. Clade 4 separated with other clusters and related to an 

uncultured bacterium clone from Mississippi river water. 
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Figure 4.22. Phylogenetic analysis of the AOB amoA amino acid sequences using the 

neighbour-joining method. 

(Tree was constructed from the 31 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 5% sequence divergence. OTUs were 

numbered by the order of sequences abundance, i.e., OTU 1 was the most abundant OTU.)  
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Figure 4.23 shows the relative abundances of different clusters of AOB amoA in 

different riverbeds. Clade 1 dominated the proportion of AOB in the rivers Hammer and 

Broadstone. Other riverbeds were dominated by either Clade 3 or Clade 4. The relative 

abundance of Clade 3 was positively correlated with pH (r(s) = 0.66, p = 0.02) and NO3
- 

(r(s) = 0.65, p = 0.02) while the relative abundance of Clade 4 was positively correlated 

with porewater SRP concentration (r(s) = 0.61, p = 0.03). These results suggest that the 

AOB with sequences that group within Clade 3 may prefer the rivers with high pH while 

those grouped within Clade 4 may favour the rivers with high SRP concentration. 

 

 

Figure 4.23. Relative abundances of AOB amoA within each clade (based on 

phylogenetic tree) in each riverbed.  
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4.3.4. Community structures of NOB across riverbeds 

Finally, a total of 698,303 Nitrospira nxrB gene sequences were obtained, which 

were assigned to 534 OTUs. Although the sequences numbers varied a lot among 

riverbeds (Table 4.7), the rarefaction curves tended to approach the saturation plateaus 

(Figure 4.24), indicating these riverbeds were sampled sufficiently. The Good's coverage 

estimator indicated that more than 81.4% of OTUs were picked up from the riverbeds. 

Chao1 richness estimator and Shannon diversity indices ranged from 188 to 321 and from 

2.74 to 3.69, respectively. The highest Nitrospira richness occurred at the river Stour (2), 

while the highest Nitrospira diversity occurred in the river Pant (Table 4.7).  

 

Table 4.7. Diversity of Nitrospira nxrB gene sequences in each riverbed. 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 280461 204 3.59 219.00 92.65 

Darent 24102 156 3.01 206.75 81.41 

Wylye 24718 179 3.24 214.10 84.92 

Rib 26509 242 2.74 285.59 83.88 

Pant 32624 249 3.69 263.29 89.96 

Stour (2) 34614 290 3.57 321.17 88.28 

Stour (1) 28634 233 3.10 264.00 86.27 

Marden 24059 192 3.10 201.56 90.63 

Hammer  39642 189 3.35 202.91 90.48 

Medway 126405 256 3.25 263.50 94.14 

Broadstone 29885 167 3.10 188.23 85.63 

Nadder 26650 237 3.05 280.05 82.28 

 



165 

 

 

Figure 4.24. Rarefaction/Extrapolation curves of Nitrospira nxrB gene sequences from 

different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The plotting of NMDS showed that the community compositions of Nitrospira in 

the gravel-dominated riverbeds clustered together and differed from the samples in the 

sand-dominated riverbeds (Figure 4.25). The envfit analysis showed that the pH, nitrate 

and nitrite concentrations were the most important environmental factors that influence 

the Nitrospira communities (r2 = 0.68, p < 0.01, r2 = 0.40, p < 0.01 and r2 = 0.51, p < 

0.01). A significant correlation between Nitrospira community structure and the degree 

of nitrification efficiency was also observed (r2 = 0.74, p < 0.01). The PERMANOVA 

analysis showed that community compositions of Nitrospira between the gravel and sand-

dominated riverbeds are significantly different (p < 0.01). 
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Figure 4.25. Non-metric Multidimensional scaling analysis of the community structures 

of Nitrospira nxrB sequences based on Bray-Curtis dissimilarities.  

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown). 

 

Phylogenetic analysis of sequences revealed that the most abundant Nitrospira 

reads (OTU1), accounted for 17.1% of the total sequences reads and belongs to Clade 1, 

has an 89% identity to Nitrospira moscoviensis strain M-1. The second abundant OTU 

(OTU2) belongs to Clade 2 and has a 99% identity to an uncultured Nitrospira sp. clone 

(VetMed-B9) found in WWTP in Germany. These OTUs could be grouped into four 

clades. The OTUs in Clade 1 and Clade 2 clustered with Nitrospira moscoviensis and 
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uncultured Nitrospira in Germany WWTP, respectively. Clade 3 clustered with Clade 4, 

with OTUs in Clade 4 were affiliated to Nitrospira marina (Figure 4.26). Figure 4.27 

shows the relative abundances of different clades of Nitrospira in different riverbeds and 

the distribution of the clades across the rivers varied a lot. Clade 1 dominated the 

proportion in all riverbeds, ranging from 40.47% in the river Stour (1) to 77.42% in the 

river Broadstone.  
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Figure 4.26. Phylogenetic analysis of the Nitrospira nxrB amino acid sequences using 

neighbour-joining method. 

(Tree was constructed from the 117 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values are indicated 

at the branch nodes. The scale bar represents a 2% sequence divergence. OTUs were 

numbered by the order of sequences abundance, i.e., OTU 1 was the most abundant OTU.)  
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Figure 4.27. Relative abundances of Nitrospira nxrB within each clade (based on 

phylogenetic tree) in each riverbed.  

 

4.3.5. Community structures of comammox Nitrospira across riverbeds 

Sequencing of the comammox Nitrospira amoA gene got a total of 1,908,570 

sequences, which were assigned to 390 OTUs. The rarefaction curves tended to approach 

the saturation plateaus (Figure 4.28), indicating these riverbeds were sampled sufficiently. 

The Good's coverage estimator indicated that more than 83.33% of OTUs were picked up 

in the riverbeds (Table 4.8). The Chao1 richness estimator was 200-358 and the Shannon 

diversity ranged from 2.85 to 3.79. The Chao1 richness estimator was positively 

correlated with the SRP concentration (r(s) = 0.74, p < 0.01), suggesting that the rivers 

with higher SRP concentration tend to have more diverse comammox Nitrospira. 
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Table 4.8. Diversity of comammox Nitrospira amoA gene sequences in each riverbed 

river No. of sequences No. of OTUs Shannon Chao 1  Coverage (%) 

Lambourn 135203 251 2.85 276.5 86.45 

Darent 151898 223 2.92 240.55 87.89 

Wylye 91098 231 3.06 242.05 90.91 

Rib 162063 290 3.13 313.1 92.41 

Pant 134164 246 3.04 309.08 83.33 

Stour (2) 127728 287 3.07 298 92.33 

Stour (1) 118288 279 3.09 321.27 88.89 

Marden 82425 260 3.42 295.77 88.08 

Hammer  250475 263 3.43 298 86.69 

Medway 85255 279 3.55 294.81 91.76 

Broadstone 153683 184 2.91 200.67 86.41 

Nadder 201893 326 3.79 357.91 91.72 

 

 



171 

 

 

Figure 4.28. Rarefaction/Extrapolation curves of comammox Nitrospira amoA gene 

sequences from different riverbeds. 

(The solid lines represent the rarefaction (interpolation) curves and the dashed lines 

represent the extrapolation curves, the points/triangles between solid and dashed lines 

represent the observed sample sizes) 

 

The plotting of NMDS showed that the community compositions of comammox 

Nitrospira in the gravel-dominated riverbeds clustered together and differed from the 

samples in the sand-dominated riverbeds (Figure 4.29). The envfit analysis showed that 

the pH, nitrate and nitrite concentrations were the most important environmental factors 

that influence the Nitrospira communities (r2 = 0.72, p < 0.01, r2 = 0.35, p < 0.01 and r2 

= 0.42, p < 0.01). A significant correlation between Nitrospira community structure and 

the degree of nitrification efficiency was also observed (r2 = 0.72, p < 0.01). The 
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PERMANOVA analysis showed that community compositions of comammox Nitrospira 

between the gravel and sand-dominated riverbeds are significantly different (p < 0.01). 

Phylogenetic analysis showed that these OTUs could be grouped into five clades 

(Figure 4.30), and these five clades belong to either clade A comammox Nitrospira (Clade 

5) or clade B comammox Nitrospira (Clades 1,2,3,4), according to the classifications 

from the former studies (Pjevac et al. 2017, Fowler et al. 2018, Palomo et al. 2018). The 

most abundant comammox Nitrospira amoA reads (OTU1), accounts for 13.2% of the 

total sequences reads and belongs to Clade 2, has 88% identity to the uncultured 

bacterium clone 25 from groundwater-fed rapid sand filters in Denmark. The second 

abundant OTU (OTU2) belongs to Clade 1 and has a 99% identity to the uncultured 

bacterium clone 14 found in groundwater-fed rapid sand filters in Denmark. Clade 3 and 

Clade 4 might be novel groups in clade B comammox Nitrospira as no reference of 

comammox can be found. OTUs in Clade 5 clustered with Candidatus Nitrospira 

nitrificans and Candidatus Nitrospira inopinata, belonging to clade A comammox 

Nitospira (Figure 4.30). Figure 4.31 shows the relative abundances of different clusters 

of comammox Nitrospira in the different riverbeds, the distribution of the clades in rivers 

varied a lot. Clade B comammox Nitrospira make up 79.5%-94.7% of the comammox 

abundance in these rivers and are more abundant than clade A comammox Nitrospira. 

The relative abundance of Clade B was negatively correlated with the porewater nitrite 

concentration ((r(s) = -0.69, p = 0.01), while the relative abundance of Clade A 

comammox Nitrospira was positively correlated with both porewater nitrite and nitrate 

concentrations ((r(s) = 0.61, p = 0.03 and r(s) = 0.65, p = 0.02), indicating that nitrite 

concentration may be the an important factor that influence the distribution of Clade B 

and Clade A comammox Nitrospira. 
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Figure 4.29. Non-metric Multidimensional scaling analysis of the community structures 

of comammox Nitrospira amoA sequences based on Bray-Curtis dissimilarities.  

(Dissimilarity in community composition is represented as distance in the diagram. 

Gravel and sand-dominated riverbed samples were mapped as triangles and circles, 

respectively. Rivers were mapped was different colours. Environmental factors were 

fitted to the ordination with arrow length proportional to the correlation between variables 

and ordination axes. Only vectors with p < 0.05 are shown). 
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Figure 4.30. Phylogenetic analysis of the comammox Nitrospira amoA amino acid 

sequences using neighbour-joining method. 

(Tree was constructed from the 104 most abundant OTUs (OTUs that sequences numbers 

represent higher than 0.1% of the total sequences number). Bootstrap values greater than 

50 are indicated at the branch nodes. The scale bar represents a 5% sequence divergence. 

OTUs were numbered by the order of sequences abundance, i.e., OTU 1 was the most 

abundant OTU).  
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Figure 4.31. Relative abundances of comammox Nitrospira amoA within each clade 

(based on phylogenetic tree) in each riverbed.  

 

4.4. Discussion 

The degree of nitrification efficiency was positively correlated with the proportion 

of NOB in the total 16S rRNA amplicon library (Figure 4.3), suggesting that differences 

in nitrification efficiency across the riverbeds related to the relative abundance of NOB 

in the total bacterial community. This is consistent with the finding in Chapter 3 that the 

abundance of the total nxrB gene, as well as the ratio of Nitrospira to Nitrobacter nxrB 

gene abundance correlates well with the degree of nitrification efficiency across these 

rivers, further confirming the primary role of Nitrospira in driving the degree of 

nitrification efficiency. 

Phylogenetic analyses revealed that most of the Nitrospira sequences clustered 

with Nitrospira moscoviensis and Nitrospira marina (Figure 4.26). This is consistent with 
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other studies on freshwater aquaria (Hovanec et al. 1998), WWTPs (Whang et al. 2009) 

and a shrimp recirculating aquaculture system (Brown et al. 2013). Clade 1, which groups 

with Nitrospira moscoviensis, dominated in all riverbeds and in the river Broadstone, 

where the highest nitrification efficiency was observed, the relative abundance of Clade 

1 was the highest (77.42%) (Figure 4.28), indicating that Nitrospira moscoviensis may be 

the main species that related to the degree of nitrification efficiency. Nitrite concentration 

has been reported to influence the community structure of Nitrospira, the study of 

(Maixner et al. 2006) suggested that higher nitrite concentration (5 mg NO2
- L-1 vs. 0.1 

mg NO2
- L-1) selected for Nitrospira delfluvii but supressed Nitrospira moscoviensis, the 

low porewater nitrite concentrations (1.06-6.83 µM) across these gravel and sand-

dominated riverbeds may provide advantages for the growth of Nitrospira moscoviensis 

over other Nitrospira populations. The tolerance for free ammonia has also been reported 

as an important factor that determines competition among Nitrospira populations (Ushiki 

et al. 2017). The NMDS plot revealed that pH is also an important factor that influence 

the community structure of Nitrospira. It has been reported that the optimal pH value for 

the growth of Nitrospira moscoviensis was 7.6-8.0 (Ehrich et al. 1995), while in a 

Nitrospira bioreactor, the optimal pH for Nitrospira was 8.0-8.3 (Blackburne et al. 2007). 

Both clade B and clade A comammox Nitrospira were harboured in these 

riverbeds, with clade B are more abundant than clade A comammox Nitrospira. This is 

consistent with the finding in groundwater-fed rapid sand filter communities, where clade 

B dominated the comammox Nitrospira community (Fowler et al. 2018). However, the 

study of (Yu et al. 2018) showed that all comammox found in tidal sediments belongs to 

clade A comammox Nitrospira. It is reported that comammox Nitrospira have high 

affinity for ammonium (Kits et al. 2017, Yu et al. 2018) and the difference in ammonium 

affinity might be an important niche-separation factor between the comammox genomes 



177 

 

(Palomo et al. 2018). However, this study shows the nitrite and nitrate concentrations 

might also influence the distribution of clade A and clade B comammox Nitrospira, 

although comammox Nitrospira do not use external nitrite as energy and nitrogen source 

(Palomo et al. 2018). 

Sequences from AOA amoA gene clustered with Nitrosopumilus maritimus, 

Nitrosophaera viennensis and some uncultured amoA sequences from soils. Clade 2 

represented 93.32% of the sequences in the river Broadstone, suggesting that this clade 

may have advantages over others in acidic riverbeds. Other riverbeds were dominated by 

either Clade 1 or Clade 4, related to Nitrosopumilus maritimus and uncultured archaeon 

clones, respectively. The dominance of Nitrosopumilus has been found in estuaries (Jin 

et al. 2011, Li et al. 2018), a shrimp recirculating aquaculture system (Brown et al. 2013) 

and marine environments, while Nitrososphaera has been demonstrated to more abundant 

in soils (Tourna et al. 2011, Pester et al. 2012). However, this study suggests that 

Nitrosopumilus also plays an important role in oxic riverbeds. It has been proposed that 

availability of ammonium is a key factor that driving the populations of AOA, 

Nitrosopumilus maritimus can survive at low ammonium concentration (10 nM) 

(Martens-Habbena et al. 2009) while Nitrososphaera viennensis can tolerate ammonium 

concentrations at up to 15 mM (Tourna et al. 2011). The positive correlation between the 

relative abundance of Clade 4 and porewater ammonium concentration further hints at 

ammonium concentration being an important factor that drives the community structure 

of AOA, AOA sequences grouped with Clade 4 may favour the riverbeds with higher 

ammonium concentrations. However, the relative abundance of Clade 1 (clustered with 

Nitrosopumilus maritimus) was positively correlated with the porewater nitrate 

concentration (rs = 0.78, p < 0.01), indicating that AOA sequences grouped with Clade 1 

may favour the riverbeds with higher nitrate concentrations. The high nitrate 
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concentration across the riverbeds, especially in gravel-dominated riverbeds (70.74µM to 

484.25µM), may provide a suitable environment for Clade 1.  

All of the sequences from AOB amoA clustered with Nitrosospira, this was 

consistent with the finding of freshwater marsh wetland (Lee et al. 2014), aquaculture 

ponds (Zhou et al. 2017) and freshwater sediments (Herrmann et al. 2009). pH and SRP 

concentration might be the main factors that driving the community structure of AOB, as 

revealed by the correlations between AOB richness and SRP, as well as the relative 

abundance of Clade 3 and pH (r(s) = 0.67, p = 0.02) and the relative abundance of Clade 

4 and SRP concentration (r(s) = 0.62, p = 0.03).  

Phylogenetic analyses showed that most of the anammox sequences (from 16S 

rRNA, hzo and hzsB) were closely affiliated to Candidatus Brocadia. Similarly, 

Candidatus Brocadia has also been found to dominate in the shallow wetland soils (Shen 

et al. 2015), the sediments of the Xinyi River (Zhang et al. 2007), Lake Kitaura 

(Yoshinaga et al. 2011) and groundwater environments (Penton et al. 2006). This is 

different from other findings in freshwater wetland soils, where high diversities of 

anammox bacteria have been shown (Hu et al. 2011, Zhu et al. 2011). Candidatus 

Brocadia was regarded as freshwater anammox genus (Shen et al. 2016), the dominance 

of Candidatus Brocadia in this study may suggest that it plays a more important role in 

N2 removal than other anammox genera in oxic riverbeds. Interestingly, Candidatus 

Scalindua was found in river Pant, Candidatus Scalindua is normally found in marine 

environments (Jetten et al. 2003) or WWTP (Schmid et al. 2003), it is proposed that 

Candidatus Scalindua have a higher tolerance of salinity than Candidatus Brocadia and 

Candidatus Kuenenia (Jetten et al. 2003), the specific riverbed characteristic in river Pant 

(low C:N) may provide an ideal environment for Candidatus Scalindua. When comparing 

the sequencing results from anammox 16S rRNA, hzo and hzsB, the sequencing of hzo 
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showed a more distinct difference of community structures, the study of (Li et al. 2011) 

also found that the phylogeny of hzo gene showed a more complex anammox community 

structure than the phylogeny of anammox 16S rRNA gene. 

Correlation analysis showed that the porewater SRP concentration positively 

correlated with the Chao1 richness estimators of the total bacterial 16S rRNA community, 

AOB community and comammox Nitrospira amoA, indicating that the porewater SRP 

concentration might be an important environmental factor regulating the richness and 

diversity of the total bacterial community. It has been reported that long-term phosphorus 

fertilisation increases the bacterial community diversity in pasture soils (Tan et al. 2013). 

Phosphorus has also been found to be an important factor affecting soil ammonia-

oxidizing activity and AOB community structure in a purple soil (Zhou et al. 2014), the 

aquaculture ponds (Zhou et al. 2017) and nitrifying groundwater filters (De Vet et al. 

2012).  

Taken together, the above results suggest that these oxic riverbeds are likely to 

have selected for distinct nitrification and anammox communities, and the tight 

interactions between AOM, anammox and NOB are related to the physiochemical 

properties of those riverbeds. pH and SRP concentration were the main factors that 

influence the community structure of AOB, while the community structure of AOA was 

mainly driven by ammonium concentration. Nitrite concentration was the main factor that 

influence the community structure of Nitrospira and comammox Nitrospira. The 

community structure of anammox was influenced by ammonium and nitrite 

concentrations. The community distribution of Nitrospira and comammox Nitrospira 

also related to the degree of the nitrification efficiency. 
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Chapter 5 : Conclusions 

As a hydrological connection between terrestrial system and costal system, rivers 

play an important role in the N cycle. In short term, organic nitrogen is mineralized to 

ammonia, and then aerobically oxidized and conserved as nitrate through nitrification or 

returned to the atmosphere as N2 through denitrification and anammox. The degree of the 

net nitrification efficiency, i.e., the proportion of ammonia that totally oxidized to nitrate, 

regulates the primary production and the degree of eutrophication in rivers (Seitzinger 

1988, Vitousek et al. 1997, Boyer et al. 2006). In UK, 48% of the rivers are dominated 

by gravels and pebbles and 26% of sites are dominated by sands and fine sediments 

(Naura et al. 2016). In these permeable, oxic riverbeds, the advective flows of the 

porewater can enhance the supply of the oxidants and organic matter, as well as the 

removal of remineralization by-products, thus resulting in high metabolic activities (Rao 

et al. 2008). 

Coupled nitrification/denitrification is a well-recognized pathway of N loss in 

permeable marine sands. However, research so far on anammox has mainly focused on 

both the presence and contribution of anammox to N2 production, yet how the interaction 

between nitrification and anammox in permeable, oxic riverbeds is largely unknown. 

Furthermore, the degree of the net nitrification efficiency is of interest when these 

processes occurred simultaneously. Here, using 15N tracers and molecular analyses, the 

potential interactions between nitrification and anammox and/or denitrification and their 

contributions to the degrees of net nitrification efficiency across twelve oxic riverbeds in 

southern England were investigated. 

In Chapter 2, firstly, 15NH4
+ with or without ATU (an inhibitor for aerobic 

ammonia oxidation) was added into oxic sediment slurries to examine the interactions 

between nitrification and anammox and/or denitrification. The production of 15N-N2 in 
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15NH4
+ amended oxic slurries confirmed the simultaneous aerobic ammonia oxidation, 

anammox and/or denitrification in oxic riverbeds. Then, to further understand how 

anammox works in these oxic riverbeds, different combinations of 15N labelling of NH4
+ 

and NO2
- were added into oxic slurries. Results showed that anammox reaction cannot 

happen in oxic slurries without the presence of aerobic ammonia oxidation. This further 

confirmed the affiliation between anammox and aerobic ammonia oxidation. It was 

assumed that aerobic ammonia-oxidizing microorganisms (AOM) and anammox bacteria 

aggregate together in oxic riverbeds, AOM consume oxygen and create a redox micro-

environment for anammox. A micro-respiration system was then used to quantify the 

consumption of oxygen during aerobic ammonia oxidation. In these oxic riverbeds, AOM 

consumed oxygen at a rate of 22.28 nmol g-1 h-1 on average, competing for 8% of the total 

oxygen consumption through heterotrophic respiration, furthermore, there was more 

ammonia released through organic respiration than can be oxidised through aerobic 

ammonia oxidation, making oxygen limited in the aggregates and thus enabling anammox. 

The aerobic ammonia oxidation can provide nitrite to sustain the anammox bacteria. 

Furthermore, a standard, anoxic 15N isotope pairing technique was also used in anoxic 

sediment slurries to confirm the anammox potential in these riverbeds. Anammox 

activities were also investigated at different depths of two selected riverbeds. Anammox 

made a higher contribution to N2 production in gravel-dominated riverbeds compared 

with the sand-dominated riverbeds. Anammox activity in the surface layer (0-2 cm) of 

riverbed was higher than at depths and a significant correlation between anammox 

activity and porewater oxygen was observed in the examined riverbeds (r(s) = 0.90, p < 

0.01), further suggesting that porewater oxygen concentration maybe a significant factor 

controlling anammox activity in the examined riverbeds - through aerobic ammonia 
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oxidation. In the anoxic conditions, denitrification can provide an alternative source of 

substrates for anammox. 

In the 15NH4
+ oxic slurries experiments (Chapter 2), 15N-NO3

- was also produced 

through nitrite oxidation process. To further investigate the relationships between aerobic 

ammonia oxidation, anammox and nitrite oxidation, the degree of nitrification efficiency 

in each river was calculated in Chapter 3 (based on the production of 15N-N2 and 15N-

NO3
-). The degree of nitrification efficiency varied from 22.2% to 99.7% across the 

riverbeds. The degree of nitrification efficiency was highest where the contribution from 

anammox to N2 production (ra) was lowest, and maximal where anammox was absent, 

suggesting a competition between nitrite oxidation and anammox for nitrite. To find out 

the molecular evidences of aerobic ammonia oxidation, anammox and nitrite oxidation in 

these riverbeds, as well as their relationships with the degree of nitrification efficiency, 

the abundances of genes responsible for these processes were quantified by qPCR 

amplifications. The degree of nitrification efficiency was highest where the abundance of 

nxrB gene (Nitrospira + Nitrobacter) was greatest, along with the highest abundance of 

comammox Nitrospira amoA gene. These results reveal a gradient in riverbed 

nitrification efficiency that was related primarily to Nitrospira dominating the nitrite 

oxidising bacteria (NOB) and being spatially separated from anammox. Furthermore, 

anammox was more important where abundance of hzsB and amoA genes were greater, 

indicating an interaction between aerobic ammonia oxidation and anammox - supported 

by oxygen. The relationships between the degree of nitrification efficiency and riverbed 

characteristics was also investigated. A positive correlation between the degree of 

nitrification efficiency and riverbed porewater soluble reactive phosphorus (SRP) 

concentration was found, suggesting that the availability of the phosphorus may related 

to the degree of the nitrification efficiency. The effects of SRP on the degree of 
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nitrification efficiency was then investigated by adding SRP into the oxic slurries. Adding 

SRP directly into the riverbed slurries may selectively increase the degree of nitrification 

efficiency in some riverbeds by stimulating nitrite oxidation.  

To further identify the microorganisms that involved in these processes, Illumina 

MiSeq sequencings for total bacteria, AOA, AOB, anammox, Nitrospira and comammox 

Nitrospira were conducted in Chapter 4, then the community structures of these 

microorganisms in different riverbeds were analysed. Nitrospira sequences mainly 

clustered with Nitrospira moscoviensis and Nitrospira marina species, with the clades 

clustered with Nitrospira moscoviensis dominated in all riverbeds. The AOB amoA gene 

sequences obtained from these oxic riverbeds were all assigned to Nitrosospira, while the 

AOA amoA gene sequences were closely related to Nitrosopumilus maritimus, 

Nitrosophaera viennensis and some amoA sequences from uncultured archaea soils or 

WWTP. Phylogenetic analysis showed that most of the anammox sequences were closely 

affiliated to Candidatus Brocadia. The comammox Nitrospira sequences clustered with 

Candidatus Nitrospira nitrificans, Candidatus Nitrospira inopinata and uncultured 

bacteria clones from groundwater-fed rapid sand filters in Denmark, clade B comammox 

Nitrospira make up 79.5%-94.7% of the comammox abundance in these rivers and are 

more abundant than clade A comammox Nitrospira. These results indicated that these 

permeable, oxic riverbeds are likely to have selected for distinct AOM, NOB and 

anammox communities. The main environmental factors that affect the community 

structures across these riverbeds were also analysed. pH and SRP concentration were the 

main factors that influence the community structure of AOB, while the community 

structure of AOA was mainly driven by ammonium concentration. Nitrite concentration 

was the main factor that influence the community structures of Nitrospira and comammox 
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Nitrospira. The community structure of anammox was influenced by ammonium and 

nitrite concentrations. 

This work has shown the simultaneous occurrence of aerobic ammonia oxidation, 

anammox and nitrite oxidation in gravel and sand-dominated oxic riverbeds. This 

phenomenon may also exist in other geologies but is often neglected. So, it is of 

significance to broaden out the co-occurrence of aerobic and anaerobic process in various 

environments. Further, the idea of ‘the degree of nitrification efficiency’ can be applied 

to any type of aquatic sediments when nitrification activity was examined. The finding in 

this study can also provide some insights to the researchers work on the N cycle and 

people who work on the simultaneous nitritation and anammox reactors in wastewater 

treatment plants (WWTP). The results in this thesis have shown a tight affiliation between 

aerobic ammonia oxidation and anammox, however, the direct evidence has not been 

identified. So, the next logical step would be using Fluorescence in situ hybridization 

(FISH) to detect and locate the distributions of AOM, anammox and NOB in sediment 

samples. A correlation between the degree of nitrification efficiency and SRP 

concentration has been found in this study, hinting a tight relationship between N cycle 

and P cycle in these riverbeds. However, the effect of SRP on the degree of nitrification 

efficiency has not been clearly illustrated as SRP was not at steady-state in the batch 

incubations. The effect of the SRP on the degree of nitrification efficiency can be 

potentially further investigated using continuous reactors (where a constant level of 

availability of SRP can be achieved).  
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