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Abstract

The nitrogen cycle is one of the key macronutrient cycles that controls the distribution of life
on Earth. The nitrogen cycle is composed of a series of distinct microbially mediated processes
which may be affected differently with warming. Climate change is likely to affect all
components of the nitrogen cycle. However, the extent to which each component will be
affected and how this will alter interactions in natural systems is unknown. Here we used
laboratory and field experiments to investigate the effect of warming on nitrogen cycling. We
used a combination of pure cultures, in-situ measurements and laboratory manipulations of
environmental samples to explore responses in freshwaterand marine systems. In pure cultures
of denitrifying bacteria, denitrification rates increased by 117-164%, with a 4°C temperature
increase (11.5-15.5°C). In freshwater mesocosms, long term warming rates of sediment
denitrification increased by 247%, with no significant thermal response of sediment
nitrification within these systems. Marine sediment rates of denitrification and anammox
increased by 4.69-16.23% and 3.71-35.39% respectively, depending on N substrate. Whereas
a 3°C temperature increase in the water of the ETNP OMZ increased denitrification and
anammox rates by 52.5% and 52.9% respectively, with no significant thermal response of
nitrogen fixation in the OMZ surface waters. From this study, nitrogen removal processes
increase with increasing temperature across systems but internal transformation and fixation of
N show little to no thermal response. Further investigation into the causes of the observed
variation in responses, such as substrate limitation and identification of microbes involved, will
allow us to better understand and therefore better predict cross-system responses of the nitrogen

cycle to global warming.
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Chapter 1: General introduction

Dinitrogen gas (N>) is the most abundant gas in the atmosphere, comprising 79% of its total
composition by volume (Francis et al.,, 2007). Once microbially fixed into a biologically
available source, such as nitrate (NOg3’), nitrite (NO2") or ammonia (NHs3), it plays a crucial
biological role as a key component in amino acids and therefore protein structure in all
organisms (Canfield et al., 2010). Fixed nitrogen can be a limiting nutrient for primary
production in the natural environment because it is crucial to make structures such as amino
acids and nucleic acids (Falkowski, 1997; Wetzel, 1993). The nitrogen cycle involves a
complex series of processes mediated predominately by a diverse array of bacteria and archaea
which require both anoxic and oxic environments (Gruber & Galloway, 2008). The nitrogen
cycle is extremely intricate with the transformation of nitrogen into a possible seven different
oxidation states (Galloway et al., 2004), with this interspecies conversion achieved through
respiration and fermentation and involves many different enzymes coded for by specific genes
(Figure 1.1). The two key parts of the nitrogen cycle governing the availability of fixed nitrogen
in the biosphere and the overall magnitude of primary production are ultimately nitrogen
fixation and nitrogen removal to N gas through both denitrification and anaerobic ammonium

oxidation (Singh et al., 2011).
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Chapter 2

1.1 Denitrification

Denitrification is a dominant nitrogen removal process (Codispoti, 1995). Denitrifiers are a
taxonomically diverse group of mainly heterotrophic, facultative aerobic bacteria (Knowles,
1982) which ultimately convert NOjs- to N, gas (Falkowski, 1997) though a complex series of
reactions involving numerous intermediates (Ferguson, 1994), some of which are sub
substrates for others organisms. For example, the intermediate NO,- produced through NOj-
reduction occurs within the bacterial cytoplasm and must travel to the cells periplasm for
further reduction. It can therefore accumulate in the surrounding environment and be utilised
by ammonium oxidising bacteria (Lam & Kuypers, 2011; Naqvi et al., 2000). The full

denitrification pathway is as follows (Kalkowski & Conrad, 1991; Zumft, 1997):

NO3' NOz' NO Nzo N2

Canonical denitrification is complete reduction of either NO3s or NO, through to N, gas
(Codispoti, 2007) by a single organism (respiratory denitrification), though some bacteria have
the ability to reduce NOjz and NO, but do not produce N, gas as a final product (non-
respiratory denitrification) (Tiedje, 1998) .

Denitrification requires depleted oxygen levels to undetectable which can be found in
environments such as aquatic sediments and stratified water columns among others (Knowles,
1982; Francis et al., 2007). Denitrification is an important process to understand as it removes
biologically available nitrogen from systems which may lead to reductions in primary
productivity which would lead to reduction in carbon sequestration (Seitzinger, 1988). Global
rates of nitrogen loss through denitrification from oceans have been estimated to be as great as
230 (= 60) Tg N y1 (DeVries et al., 2012).

There are many interacting environmental factors that influence rates of denitrification,
including NOj3- concentration (Seitzinger, 1988; Teixeria et al, 2010), oxygen concentration

(de Boi et al 2002), temperature (Maag and Vinther, 1996; Pina-Ochoa and Alvarez-Caobelas,
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2006) and organic carbon availability (Nixon, 1981) which often have interacting effects. Of
these factors, NO3 concentration appears to be the more dominant controlling factor recognised
in the literature with increasing NOj3- concentrations increasing the rate of denitrification (e.g.
Seitzinger, 1988; Teixeria et al, 2010). However, if organic content of the sediment is low,
additions of NO3 have shown to have a negligible effect on denitrification rates. Teixeria etal
(2010) measured rates of denitrification in an estuary with a nutrient gradient with high NO3-
concentrations in the upper reaches decreasing toward to mouth of the estuary. Rates of
denitrification increased toward the lower estuary, where organic content of the sediments was
greater due to pollution inputs, with denitrification rates positively correlating to NH4
concentrations. High NH4* concentrations could have led to production of NOj through
nitrification if enough oxygen was present, allowing these greater rates of denitrification to be
observed (Magalhaes et al, 2005). Carbon content of sediments is also highly important for
rates of denitrification. High carbon content can lead to higher rates of respiration (Duff et al,
2007) which will creating more favourable conditions of low oxygen (de Boi et al, 2002) and
increase rate at which NOgs is used an electron acceptor (Stelzer et al, 2014). Seasonal
variations of denitrification rates have also been observed, with warmer summer months
stimulating denitrification. This has been observed in natural estuarine and coastal systems
(Brin et al, 2014), as well as in experimental freshwater mesocosms where sediment
denitrification doubled following a 3°C warming (Veraartet al, 2011). Though this effect of
temperature is not in isolation. Increased temperatures also lead to increased oxygen

consumption due to increased respiration (Gillooly et al, 2001; Perkins et al., 2012).

Denitrification is also one of the major contributors of nitrous oxide (N,O) production, a potent
greenhouse gas (GHG) with radiative forcing some 300 times greater than that of carbon
dioxide (CO;) (Ravishankara et al., 2009; Wright et al., 2012) and that can also damage the

stratospheric ozone layer (Holtan-Hartwig et al, 2002; Knowles, 1982). N,O affects
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atmospheric chemistry and has been classified as an ozone depleting substance (ODS) with the
highest weighted ozone depleting potential (ODP) and is predicted to remain this way for the

rest of the 21st Century (Ravishankara et al., 2009).

1.2 Anaerobic ammonium oxidation (Anammox)

Anaerobic ammonium oxidation (Anammox) is an additional process of nitrogen removal and
involves the anaerobic oxidation of ammonium (NH4*) using NO," as an electron acceptor with

a final product of N gas (Dalsgaard et al., 2012) with the following transformations:
NH4* NOy \P 2H,0

The role anammox plays in removing nitrogen from ecosystems has gained a lot of interest in
recent years. Anammox was first discovered in sewage treatment facility (Mulder etal., 1995)
and has since been measured in estuarine sediments (Rich et al, 2008; Trimmer et al, 2003),
coastal shelf sediments (Engstrom et al., 2005; Thamdrup & Dalsgaard, 2002b) and anoxic
water bodies such as Oxygen Minimum Zones (OMZ’s) (Beman et al., 2012; Hamersley etal.,
2007; Dalsgaard et al., 2003; Kuypers et al., 2003). Anammox is carried out by autotrophic
bacteria and is energetically more favourable than oxic nitrification (Jetten et al., 2001).

The contribution of anammox to N, production has been measured between 4-79% in coastal
sediments (Engstrom et al., 2005) and 19-35% in anoxic water columns (Dalsgaard et al., 2003)
with a recent mean average of 28% off the coast of Chile (Dalsgaard et al., 2012).

Anammox and denitrification often co-occur as they have similar metabolic requirements; the
use of NOj3. as an electron acceptor in low oxygen environments (Brin et al, 2014). However,
anammox organisms have a higher affinity for NO3. compared to denitrifying organisms and
therefore tend to dominate in conditions where NOg_is limited (Gardner and McCarthy, 2009;
Thamdrup and Dalsgaard, 2002). The anammox process also requires NH4* to reduce NOg-,

which becomes another controlling factor determining rates of this process (Brin et al, 2017).
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Temperature has also been shown to have an influence on rates of anammox. Several studies
have categorised anammox organisms as being slow growing and cold adapted and have noted
a decrease in activity with increasing temperatures (Teixeira et al., 2012; Brin et al., 2014).
However, a recent study has shown that rates of anammox activity responded in a similar
manner to denitrification over a temperature range of 3-59°C, with neither the thermal optimum
nor activation energy changing with either process (Brin et al, 2017). This result led them to

disregard previous studies classing anammox organisms as cold adapted.

1.3 Nitrification

Nitrification plays an important role coupling one recycling part of the nitrogen cycle, NH 4
from ammonification, to removal processes such as denitrification by providing NO3 and NOy
which will be reduced through several intermediates to N,. Nitrification is an aerobic process
oxidising NH,*to NO,-and NO3- mediated by a series of enzymes (Carini & Joye, 2008) and
is predominately an autotrophic process (Hovanec & Delong, 1996) but it canalso be carried
out heterotrophically (Robertson et al., 1989). Until recently, nitrification was believed to be
carried out in two separate processes; the oxidation of NH;* to NO,- followed by further
oxidation of NO, to NOj3- by phylogenetically distinct clades of heterotrophic and autotrophic
nitrite-oxidising bacteria and archaea (van Kessel et al., 2015; Wuchter et al., 2006). The

equations of the two separate steps of nitrification are as follows:

NH4+ 1502 NOQ' Hzo 2H*

NOz' 0502 NOg

19



Chapter 2

Recently this belief has come under scrutiny, with the discovery of complete nitrification
occurring in asingle organism, where the process of complete oxidation of NH3; (comammox)
to NO3 in a single organism was identified within two species of Nitrospira (van Kesselet al.,

2015) carrying out the following conversion :

NH,* 20, NOs- H,0 2H*

Nitrification has been measured in a variety of systems such as freshwater lakes and streams
(Small et al., 2013; Strauss & Lamberti, 2000) and oceans (Clark et al., 2008; Wuchter et al.,
2006). In oligotrophic ocean surface waters, NH,4* regeneration rates of 10-160 nmol L d!
have been measured (Clark etal., 2008). It can also play a huge role in freshwater lakes, with
estimates of 93-100% of the NOj- in Lake Superior produced through nitrification (Finlay et
al., 2007). Nitrification also has the ability to produce the GHG, N0, through the oxidation of
NH4*under low oxygen conditions (Hynes & Knowles, 1984; Ritchie & Nicholas, 1972). Rates
of N,O production in the range of 1.68-7.94 nmol L d! have been measured in euphotic
oceans waters through nitrification (Dore & Karl, 1996).

Like all metabolic processes, there are environmental factors that affect the rates of
nitrification. In addition to potential inhibition by sunlight (French et al., 2012; Merbt et al.,
2012), ammonium oxidising organisms (AOOQO) have also affected by concentrations of NH,4*.
Whilst there have been studies to show increased rates of nitrification with increasing
concentrations of NH4* (Horak et al, 2013, Newell et al, 2013), other studies have found no
response of increasing NH4* concentrations (Shiozaki et al, 2016), suggestion other factors
were at play such as low oxygen content of the soils.

The response of nitrification to temperature has contradicting results in the literature. Hansen
et al (1981), measured highest rates of nitrification in the winter from Danish inshore

sediments. This was due to a combination of reduced oxygen penetration into the sediments
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(from 10 cm to only 2 cm) and potentially increased competition for NH4* by more competitive
autotrophic algae and heterotrophic bacteria. In winter, there is more oxygen present due to
lower rates of respiration, less demand for NH4* , therefore numbers of nitrifying organisms
have an advantage and population numbers can increase, with the reverse observed with
increasing temperatures (Hansen et a, 1981). Conversely, other studies have found strong
correlations between temperature and nitrification rates. Berounsky and Nixon (1990)
concluded rates of nitrification were positively correlated to temperature. They also determined
temperature to be the dominant controlling factor, more so than NH4* or oxygen content, with
an r2 of 0.90 and 0.96 for temperature alone, from sediments sampled opposite ends of the
Narragansett Bay, USA.

The ammonium oxidising bacteria (AOB) and ammonium oxidising archaea (AOA) that carry
out nitrification have different affinities for NH4* (Martens-Habbena, 2009). AOA have often
been found in high numbers in low NH,* conditions, whilst AOB tend to have a metabolic
advantage in higher NH4* conditions (Hatzenpichler et al, 2008; Koénneke et al, 2005). This
adds complexity to trying to understand nitrification, as little is still known about the

controlling factors on these organisms and their metabolic processes (Walker et al, 2010).

1.4 Nitrogen fixation

Nitrogen fixation is the biological conversion of N, gas into biologically available inorganic
nitrogen compounds (Zumft, 1997). Ecosystems limited in N provide conditions ideal for
organisms i.e. the diazotrophs that are able to convert unreactive N, into reactive forms that
can be utilised by other biota in the system (Galloway et al., 1995). Over half the fixed N
available in the ocean is estimated to be provided by microbial nitrogen fixation (Gruber &
Sarmiento, 1997; Middleburg etal., 1996), with approximately 203 Tg N y-1 being biologically

fixed globally (Fowler etal., 2013). Open oceans potentially play the most important role with
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estimates of 60-200 Tg N y-! (Duce et al., 2008), with many studies estimating an average of
approximately 140 Tg N y-1(Canfield et al., 2010; Galloway et al., 2004).

Nitrogen fixation is carried out by a diverse array of prokaryotes, which have the key enzyme,
nitrogenase, that is necessary for nitrogen fixation (Fiore et al., 2010). Nitrogenase is
inactivated by oxygen, so these organisms have different methods to prevent the inhibitory
effect of oxygen. Cyanobacteria are photosynthetic-aquatic-nitrogen-fixing organisms that
have daily cycles of photosynthesis during daylight hours, and nitrogen fixation in the dark,
so that the oxygen created during photosynthesis does not inhibit the enzyme when it is active
(Zehr, 2011). Most cyanobacteria are unicellular, but there are a few species (e.g.
Trichodesmium) that are able to grow as multicellular colonies, with specialised sites for
nitrogen fixation that are completely separated from the photosynthetic cells (e.g. Karl et al.,
2002). These specialised sites for nitrogen fixation are called heterocyst’s and allow the
cyanobacteria to fix nitrogen in both light and dark conditions (Zehr, 2011).

Nitrogen fixation is an energetically costly reaction (Houlton etal, 2008; Howarth, 1988) with
the enzyme that catalyses this reaction, nitrogenase, requiring a minimum of 16 molecules of
ATP to fix one molecule of N, (Stam, Stouthamer, & van Verseveld, 1987). Even with
concentrations as low as 0.14-0.16yM of nitrate or 1.4-12pM ammonium, N, fixation
(diazotrophy) is inhibited (Horne et al, 1972).

The amount of reactive nitrogen in our biosphere has increased by approximately 210 Tg Ny-
1 (Fowler etal., 2013) predominately due to the Harber-Bosch process used to increase crop
yields and the burning of fossil fuels (Galloway et al., 2008). Coastal areas and freshwater
systems tend to have increased levels of reactive nitrogen from surface run off from the
surrounding crop land that has had fertiliser additions. Due to this increase, many freshwater
and coastal systems have excess nitrogen levels which will lead to eutrophication, increased

rates of respiration and therefore reduce the ability of the system to sequester carbon. Increased
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nutrient levels also reduces the competitive advantage that nitrogen fixing organisms have in
low nutrient systems and they tend to be outcompeted by other biota and less new nitrogen is
fixed into the system. Alternatively, those systems isolated from anthropogenic fixed nitrogen
inputs will have more suitable conditions of low nitrogen concentrations. However, with
increasing CO;, levels and global warming, it is of concern that the rate of new nitrogen entering
a system, away from anthropogenic sources of nitrogen inputs, will not be able to keep up and
will ultimately become a limiting factor in primary production and therefore carbon

sequestration (Vitousek et al., 2013).

1.5 Dissimilatory reduction of nitrate to ammonium (DNRA)

Dissimilatory nitrate reduction to ammonium (DNRA) is an anaerobic metabolic process
carried out in a variety of systems including marine and estuarine sediments and water columns

(Giblin et al, 2013, Hardison et al, 2015) by a variety of bacteria, archaea and eukarya (Kamp

et al, 2011; Welsh et al, 2014) (Figure 1.1).

There are two types of DNRA, more common fermentation and DNRA linked to sulphur
reduction (Burgin and Hamilton, 2006). The fermentation form of DNRA uses electrons from
organic matter to reduce NO3 (Megonial et al, 2004; Teidje, 1988) and is carried out by a wide
variety of microbes including species of Pseudomonas (Teidje, 1988). There is strong
competition between DNRA and denitrification, as both are present in similar environmental
conditions such as sediments with low oxygen with the presence of NO3-. Both processes have
been documented as being controlled by NOj3- concentrations and organic matter availability
(Giblin et al, 2013, Christensen et al, 2000, Kraft et al, 2014), but the exact extent of their
effects is not fully understood. DNRA has been observed to dominate over denitrification in
anoxic sediments with high reactive organic carbon content (Hardison et al, 2015), and also

where the ratio of organic carbon to NOjs is low (Algar and Vallino, 2014; Hardison et al,

23



Chapter 2

2015). DNRA organisms have a higher affinity for NO3- than denitrifiers, so canout complete
in low concentrations (Tiedje, 1988; Kelso et al, 1997). The second type of DNRA links
oxidation of sulphur in reduced forms to the reduction of NO3- and is a chemolithoautrophic
process (Brunet and Garcia-Gil, 1996). In the presence of high concentrations of free sulphides,
DNRA may dominate over denitrification as the free sulphides have been observed to inhibit
the final two steps of denitrification (Brunet and Garcia-Gil, 1996). The metabolic capability
to link the oxidation of free sulphur to the reduction of NO3- has been observed across a wide
range of genera including Thiobacillus, Thiomicospora and Thioploca (Otte et al, 1999;

Jorgensen 1982; Kelly and Wood, 2000).

DNA has been measured in freshwater sediments, but this evidence is rare in the literature and
is often conflicting (Burgin and Hamilton, 2007), with measurements often being below the
limit of detection or negligible (Lansdown etal, 2012). In this later study, river sediments were
incubated with excess peptone to provide a readily available organic carbon source and then

had additions of an isotopic nitrogen tracer. Only 4% of the 15N O3- converted was due to DNRA

activity, which may have been down to dominance from denitrification in these incubations.

1.6 The role of climate change and anthropogenic influences

The nitrogen cycle is tightly coupled to the carbon cycle due to its strong regulation of primary
production (Galloway etal., 2008; Tyrrell, 1999). Figure 1.2 shows a simplified version of the
interlinking carbon and nitrogen cycles. If fixed nitrogen becomes limiting for plant growth,
there will be a reduction in primary production which would lead to a decrease of CO,
drawdown from the atmosphere (Karl etal., 2002). The nitrogen cycle can therefore play a key

role in climate regulation and global warming (Falkowski, 1997) but the full complexity of this

is still unknown.
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Figure 1.2 Simple diagram illustrating how the nitrogen and carbon cycles are closely
interconnected. Note, for illustrative purposes not all pathways and intermediate e.g. anammox

and nitrous oxide (N;O) are included.

Climate change due to global warming is a well-accepted process that is occurring with
warming predicted to continue increasing (IPCC, 2013). The effects of global warming include
sea level rise, increased droughts, increased flooding, more extreme weather events and
reduced biodiversity (Botkin et al., 2007; Loaiciga etal., 1996; Wigley, 2005) to mention a
few. We must consider how fixed nitrogen will be balanced in ecosystems in response to
increasing global temperatures. In an ideal situation, which is very difficult in reality, the rate
at which nitrogen is lost from a system would be balanced by nitrogen fixation, so that primary
production is not limited. At present we do not have the knowledge of how changes, created
by rising temperatures, will alter the balance of the nitrogen cycle and to what extent
(Falkowski, 1997). There is evidence of this delicate balance being disrupted in coastal
sediments due to decreased primary production. Fulweiler et al. (2007) found estuarine
sediments that were previously net sinks of nitrogen, reversed and became net sources of
reactive nitrogen. Strong seasonal effects have been associated with potential rates of N,

production through denitrification in estuarine and coastal sediments, with increasing rates with
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in warmer months whereas the contribution of anammox showed no seasonal response (Brin
et al., 2014). Brin et al. (2014) also found increased rates of denitrification significantly
associated with Oxygen (O,) consumption, which is an indicator of reactive sediments and
organic matter availability.

We know warming has been show to increase the rates of photosynthesis and respiration in
freshwater systems. Respiration has a greater thermal sensitivity (Gillooly et al., 2001; Perkins
etal., 2012; Yvon-Durocher et al., 2012), therefore increases ata greater rate. Yvon-Durocher
et al (2010) used experimental mesocosms to demonstrate the effect of a 4°C temperature
increase (predicted global warming: IPCC, 2013) on the balance of respiration and primary
production and found a 13% decrease in carbon sequestration. Respiration increased at a higher
rate than photosynthesis with apparent activation energies of 0.62 eV and 0.43 eV for
respiration and photosynthesis respectively. Photosynthesis has a much weaker temperature
dependence than respiration (Allen et al, 2005; Dewar et al, 1999), creating an imbalance in
net photosynthesis and net respiration.

In contrast to the carbon cycle, if analogous imbalances occur in the nitrogen cycle, this could
affect the amount of reactive nitrogen available for plant productivity which would impact the
carbon cycle by restricting the drawdown of CO, (Gruber and Galloway, 2008). This will be
even more important in those systems away from anthropogenic nutrient loading with low
nutrient levels. However, activation energies of BFN have been calculated as high as 1.06 eV
(Houlton et al., 2008), which is greater than has been observed for denitrification (0.63 eV)
(Canion et al., 2014) which would suggest both losses of reactive nitrogen and input through
BNF could potentially increase at the same rate with warming.

On a long-term-global-scale, nitrogen fixation and nitrogen removal processes should keep the
nitrogen cycle in balance and this has been seen in the past with ice-core analysis. However,

as previous studies have determined, nutrient cycles can become unbalanced due to
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anthropogenic inputs (through fertilizers and fossil fuel burning etc.). Over the past 40 years
there has been a 120% increase in anthropogenic reactive nitrogen (Galloway et al., 2008)
primarily through the Harber-Bosch process used for fertiliser production and burning of fossil
fuels (Seitzinger etal., 2006). Most of the fixed nitrogen added to fields in the form of fertilisers
is washed out from the soils and makes its way into freshwater systems (Paerl, 1997).

As previously mentioned, even with low concentrations of nutrients such as ammonia and
nitrate, nitrogen fixation will no longer occur and the nitrogen fixers will be outcompeted by
other photosynthetic organisms. The compounding effect of increased anthropogenic nutrient
loading and increased global temperatures may have sever effects. If denitrification were to
increase at a higher rate than nitrogen fixation, which has been suggested by previous studies
looking into past glacial and interglacial periods (Altabet et al, 1995; Ganeshram et al, 1995),
we could see a loss of photosynthetic productivity in aquatic systems (Codispoti, 1995). This
would lead to reduced sequestration of CO, and create a positive feedback, causing a further
increase in the Earth’s surface temperature. This effect would be further exacerbated by N,O
production from increased rates of denitrification. The nitrogen cycle is ahighly complex series
of individual components closely linked to one another and we need to increase our knowledge

to understand how they will be effected with our changing climate.
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Chapter 2: Effect of temperature on N, and N,O production in pure cultures
of denitrifying bacteria

2.1 Introduction

Denitrification is amajor process for removing fixed nitrogen (Codispoti, 1995) and it is carried
out by taxonomically diverse groups of, mainly heterotrophic, facultative anaerobic bacteria
(Knowles, 1982) and, through a complex series of reactions involving numerous intermediates,
ultimately reduces nitrate (NO3") to di-nitrogen gas (N,) via nitrous oxide (N.O) (Falkowski,
1997). This process requires depleted oxygen (~ < 20-25 uM) down to those below detection
which canbe found in natural environments such as aquatic sediments, stratified water columns
and water-logged soils (Francis et al., 2007; Knowles, 1982; Smith, 1997). Denitrification is
an important process to understand as it removes biologically available, fixed nitrogen from
ecosystems which may reduce primary productivity and ultimately carbon sequestration
(Seitzinger, 1988) and is also a major source of N,O. N,O is a potent greenhouse gas (GHG)
with radiative forcing effects some 300 times greater than that of carbon dioxide (CO,)
(Ravishankara et al., 2009; Wright et al., 2012) and causes damage to stratospheric ozone
(Holtan-Hartwig et al., 2002; Knowles, 1982). N,O has been classified as an ozone depleting
substance (ODS) with the highest weighted ozone depleting potential (ODP) and is predicted
to remain this way for the rest of the 21st Century (Ravishankara et al., 2009).

Globally, nitrogen loss through denitrification from oceans alone has been estimated to be ~
230 (£ 60) Tg Nyl (DeVries etal., 2012) with ratesexpected to increase with increasing global
temperatures. Both direct and indirect effects of warming on denitrification have been observed
in aquatic and terrestrial systems. Indirect effects include decreased oxygen concentrations
through either reduced solubility of oxygen in aquatic systems, or increased respiration (e.g.

Smith, 1997; Veraart et al., 2011).
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Others have investigated the effects of temperature on N, and N,O production through
denitrification in a variety of environments. For example, strong seasonal effects, driven by
temperature change, show greater potential for denitrification in estuarine and coastal
sediments (Brin et al., 2014). Further, increased denitrification was significantly correlated
with greater oxygen (O,) consumption, which is an indicator of reactive sediments and organic
matter availability which increase with warmer temperatures through increased respiration
(Gillooly et al, 2001; Perkins etal., 2012). A clear direct effect of temperature was observed in
freshwater experimental mesocosm where sediment denitrification doubled following a 3°C
warming (Veraart et al, 2011). Calculated activation energies for N,O production in soil
samples exposed to a range of temperatures were 0.28-0.81 eV, revealing a strong, but variable
temperature dependence (Holtan-Hartwig et al., 2002). However, reduction rates of N,O to N,
had similar activation energies within the same temperature range, suggesting no change in net
flux of N,O will be seen with increasing temperatures. In fact, lower temperatures actually
showed a net flux of N,O, due to reduction in enzymatic activity involved in N,O reduction
(Holtan-Hartwig et al., 2002). A hand full of studies have measured both N, and N,O
production, finding the ratio of N,O/ N increases with decreasing temperature (Avalakki et
al., 1995; Bailey & Beauchamp, 1973; Keeneyetal., 1979). In contrast, pond sediment slurries
and grassland soils have shown a net increase in N,O production with increasing temperature
(Cantarel et al., 2012; Stadmark & Leonardson, 2007).

Whilst denitrifying bacteria have been extensively studied in pure cultures, most of the
literature focuses on the response of N, and N,O production with differing O, concentrations
(e.g. Baumann et al., 1996; Kester et al, 1997) or measuring their ability to degrade different
substrates (e.g Schocher et al., 1991). There are gaps in the literature of how pure cultures of
these organisms will respond to the current pressure of increasing temperature in regards to

production rates of N, and N,O. Itis important to understand the response of individual strains

38



Chapter 2

of denitrifying bacteria to external variables such as increasing temperatures. Though in natural
systems, these organisms are never in isolation, they will adapt differently to environmental

factors and gaining knowledge of this will enable us to better predict future emissions of N,

and N,O.

This study investigated both the initial response of three strains of denitrifying bacteria
(through the production of N, and N,O) to warming and their thermal adaptation after short (~
5 generations) periods of acclimatisation. Reported temperature dependencies for
denitrification vary greatly which may be down to differences in community structure and the
individual microbes present in those systems responding differently. Studying the response of
pure strains will allow us to investigate the variability and responses within pure cultures,

removing other confounding effects.

2.1.1 Aims and Hypothesise

The overall aim of this study was to investigate the thermal response of pure strains of
denitrifying bacteria, by measuring metabolic activity through the production of both N, and
N,O gas, at a range of temperatures above, around and below their optimum range thermal.
From this, the activation energies were calculated for each strain at each exposure temperature,
with metabolic activity further investigated by calculating the ratio of N2:N,O produced. N,O
is a product of incomplete denitrification and is an indicator of the efficiency of the overall
process. Two distinct experiments were carried out to investigate the thermal response of the

pure cultures.

The first experiment investigated the metabolic activity of pure cultures of denitrifying bacteria
that were incubated at different temperatures over several generations (10 °C, 22 °C, 27 °C and
37 °C). The aim of study one was to determine if the strains adapted metabolically to an

extended period of exposure to these temperatures. Two main hypothesise were suggested for
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this study; either there would be greater rates of gas production from those incubated in the
warmer temperatures due to increased enzymatic activity, or similar gas production rates would

be observed at all temperatures due to an adaptation of the enzymes controlling the different

steps of the denitrification pathway.

The second experiment investigated the effectof short term temperature exposure on the strains
denitrifying bacteria. The aim of this experiment was to measure the change in metabolic
activity to a range of temperature when incubated at a single, optimum temperature and how
the different strains responded to these temperature changes. The main hypothesis for this study
was each strain would increase its production of N, and N,O to a maximum at a temperature
close to its optimum. Either side of this temperature, metabolic activity would decrease due to
reduced enzymatic activity. The second hypothesis would be the three strains would respond
in a similar manner. These strains were isolated from similar ecological niches and therefore
have the same environmental requirements and could be expected to have similar metabolic

responses to changes in temperature.

2.2 Methods

2.2.1 Strains of denitrifying bacteria

Three strains of denitrifying bacteria were selected for experimental analysis of the thermal
sensitivity of denitrification in pure cultures. The selected strains were Paracoccus
denitrificans (PD 1222), Pseudomonas marginalis (DMS 13124) and Pseudomonas brenneri
(DMS 15294), all of which are mesophilic chemoorganoheterotrophic bacteria. The strains
were chosen as they culture easily and on the same media which reduced variability within
experiments. Pure cultures of P. denitrificans were obtained internally within the department

and both P. marginalis and P. brenneri were obtained as freeze dried cultures from a culture

40



Chapter 2

collection (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures,

Germany) which were rehydrated on delivery.

2.2.2 Preparation of pure cultures

The three strains of denitrifying bacteria were grown in Tryptic soya broth media (Sigma
Aldrich) with additions of 0.1 M ammonium chloride (NH4CI), 1M sodium nitrate (NaNO3)
and 1 M potassium dihydrogen phosphate (KH,PO,). Autoclaved media (5 mL) was dispensed
into gas-tight vials (12 mL Exetainer, Labco, UK) and purged with oxygen free nitrogen (OFN,
99.998%, British Oxygen Company) to be completely anoxic (Tschech and Fuchs., 1987). OFN
was gently bubbled for 10 minutes through the media within the gas-tight vials using a syringe
filter attached to a long sterile needle, with an additional sterile needle asa valve through the
septa. The sterile oxygen free media was left for 24 hours before inoculation to ensure it was

not visibly contaminated.

To inoculate the growth media, 50 pL of one of the three strains from the starting cultures were
injected through the septa of the vials using aseptic techniques. Inoculated vials for additional
starting cultures were then placed on an orbital shaker at 65 rpm at room temperature (22°C)
to ensure constant but gentle mixing, this reduced the chances of clumping and maximised
growth. After each inoculation, a loop spread of each culture was added to growth plates
containing the same growth medium, with the addition of agar (20g L1). This was done to
ensure the cultures were still uncontaminated by other organisms by observing the growth of
single, pure cultures on the agar plates. Growth of any a different formation or colour would
indicate contamination by another microorganism. This had to be done frequently asthe growth
medium used was a broad growth medium suitable for many other heterotrophic

microorganisms.
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From the growth curves, specific growth rate (h'1) could then be calculated using the following
equation:

U= IIIODQ — IHODl
h— 1

Where p is the specific growth rate (h'1), InOD, — InOD; is the difference in natural log optical

density between the start of the exponential phase (OD,) and the end of the exponential phase

(ODy). T is the time point of OD, and Ty is the time point of OD; (h1) (Widdel, 2007).

The generation time (or doubling time) was calculated by dividing by the time it took for the

OD to double by the length of the exponential growth phase.

2.2.3 Measuring thermal sensitivity of denitrification with prior temperature adaptation

The first investigation into the thermal response of pure cultures of denitrifying bacteria
considered the effect of N, production rates after adaptation to temperatures. Using the same
preparation methods above, sterile gas-tight vials (12 mL) containing media (5 mL, headspace
7 mL) were inoculated with starting cultures of bacteria (50 pL) which were stored at room
temperature (22 °C). The inoculated vials were placed into different temperature controlled
rooms on an orbital shaker. When the cultures began to double within the exponential phase,
these were subsampled into new vials to ensure there was no limitation of growth and to keep
the cultures in exponential phase. This was repeated five times before the experiment began
allowing five generations to have grown at the specific temperature. The generation time was
calculated by growth rate calculations carried out in preliminary experiments, measuring
increase in turbidity when the pure strains were grown at the experimental temperatures, as

mentioned above. This experiment was to investigate short-term adaptation to temperature of

N and N,O production rates by pure cultures.
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The experiment was initiated by adding a subsample (50 pL) of the thermal adapted cultures
into gas-tight oxygen free vials (12 mL) containing growth media (5 mL). The media differed
with the addition of Nal°>NOjs- instead of Nal4NOj-as the nitrate source to allow the production
of N to be traced by mass spectrometry. Time series sampling was carried out with replicates
at each time point, at 4 different temperatures (Table 2.1). Figure 2.1 shows the basic
experimental design which was repeated for all three strains of denitrifying bacteria. The
experiment was stopped with an injection of zinc chloride (100 pL, 50% (w/v), Sigma Aldrich)
through the septa. Samples for background reference amounts of N, (1*N natural abundance)
and N,O (background concentration) were prepared in the same way asabove but injected with
zinc chloride prior to inoculation. Production rates of N, and N,O were measured as excess

above reference samples. Additional vials were prepared as controls with the same media batch

and left un-amended to ensure media was not contaminated.

bacteria
22°C

Starter culture

Thermally bacteria bacteria bacteria bacteria

adapted 10 °C 22 °C 27 °C 37°C
5 generations

Experimental bacteria bacteria bacteria bacteria

3 replicates 10 °C 22°C 27 °C 37°C
6 time points

Figure 2.1 A schematic diagram for the experiment to investigate the thermal sensitivity of

denitrification in pure cultures of denitrifying bacteria with prior thermal adaptation.
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Table 2.1 Experimental design for temperature adaption of denitrification with pure cultures of

denitrifying bacteria.

Strains Temperatures Time points Replicates at each time
(hours) point
- 0, 2.5, 5.5, 22,
P. denitrificans . 31 3
P. brenneri 10 °C, 22 °C, 0, 15,45, 7.5, 3
27 °C & 37°C 23, 27
P. marginalis 0, 0.5, ?2>77 22.5, 3

2.2.4 Measuring thermal sensitivity of denitrification with no prior temperature

adaptation

Cultures for these short-term temperature exposure experiments on the rates of N, and N,O
production were prepared in the same way as for the temperature adaptation experiment. The
method differs in that only the starting cultures, which were kept at 22°C, were used for
inoculations. Once vials were inoculated with the starting culture of denitrifying bacteria, they
were exposed for a short period of time (12 h) to a range of temperatures using a thermal
gradient bar (Figure 2.2). The thermal gradient was created using an aluminium thermal
gradient block containing aluminium racks into which the 12 mL vials were fitted. A final
temperature range between 11°C and 37.5°C was obtained. The thermal gradient within the
block was createdusing a heated water bath (Grant TC120) atone end and a chilling unit (Grant
RC350G) at the other. To obtain the widest temperature range possible the thermal gradient
had to be completed in three separate ranges, 11-16°C (chiller: 2°C, heated water bath: 20°C),
16-36°C (chiller: 2°C, heated water bath: 80°C), 31-37.5°C (chiller: 25°C, heated water bath:
60°C). As with the previous method, reference samples were prepared in the same way to
measure background concentration of both N, and N,O. The rates of N, and N,O were
measured as excess above the reference samples. Two strains were investigated in this

experiment: P. denitrificans and P. brenneri, with measurements of production of N, and N,O
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at a single time point as preliminary experiments allowed us to determine the length of the
exponential phase to ensure that the experiment was carried out in this phase of linear
production. Further experimental details can be seen in Table 2.2 and a schematic diagram of
the basic experiment which was repeated for two strains of denitrifying bacteria can be seenin

Figure 2.3.

Hot water
circulation

Cold water
circulation

B 7

Figure 2.2 Solid aluminium thermal gradient bar used for short term temperature experiments.

Heated water circulation at one end and cooled water circulation at the opposite end created a
thermal gradient along the bar. Gradient block is shown open but was fitted with insulation and

an aluminium lid during the incubations.

Table 2.2 Experimental design for rates of denitrification with pure cultures of denitrifying
bacteria with no-prior temperature exposure. Only one time point was necessary as previous

analysis determined the phase of constant N, production (Trimmer et al., 2006).

Replicates at

) o . .
Strains Temperatures (°C) Time point (hours) each time point
P. denitrificans 115' 12’ 125’ 13, 14, 145’ 12 3
15.5, 16.5, 22, 22.5, 28,
P. brenneri 28.535, 36.7 12 3
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bacteria
22°C

Starter culture

E i 1

emperatures (119 (D) @35 (1) 19 @3 @55 G635 22 @5 @) @5 Gs) @3
3 replicates at each

temperature

Figure 2.3 A schematic diagram for the experiment to investigate the thermal sensitivity of
denitrification in pure cultures of denitrifying bacteria with no prior thermal adaptation across

a wide temperature range.

2.2.5 Gas analysis for N> and N2O

Samples for both the prior temperature exposure and non-prior temperature exposure thermal
sensitivity of denitrification experiments were sampled for N,O concentration using a gas
chromatograph fitted with a micro-electron capture detector (GC/UECD, Agilent Technologies
UK Ltd., South Queensferry, U.K.; Nicholls etal., 2007). Headspace N,O concentrations were
calculated from peak areas using a known standard concentration (Scientific and Technical

Gases) and the total amount in the vial (headspace plus media) was corrected for temperature,

pressure and solubility (Weiss & Price, 1980).

Production of 1°N-N, (2N, + 30N,) gas from the denitrification experiments was measured in
the headspace of each vial (culture) by continuous-flow isotope ratio mass spectrometry
(Thermo-Finnigan, Delta Matt Plus) previously described in Trimmer and Nicholls (2009). Gas
production rates were normalised to cell density by dividing by their respective ODggo Values.
As mentioned above, all measurements were taken whilst the cultures were in the linear growth

phase (exponential) (Widdel, 2007).
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2.2.6 Deriving apparent activation energies

The rates of the measured processes were log transformed and the incubation temperatures
were converted to 1/kT, where k is the Boltzmann’s Constant (8.62x10° eV k-1 (T)) and T is
the absolute temperature in Kelvin. The natural log rates were plotted against centered
temperature (1/kT-1/kTc, where 1/kTc is the average 1/kT for the thermal range included), on
an Arrhenius plot where the negative slope of the regression line gives an estimate of the
apparent activation energy in electron volts (eV) where 1eV is equivalent to 96.49 kJ mol-.
Plotting in this manner centres the inverse temperature around zero so that the intercept

(normalisation constant) is equivalent to the mean rate of activity (Perkins et al, 2012).

2.2.7 Statistical analysis

To determine whether there were any significant differences between the strains of pure
denitrifyers, both parametric t-test and non-parametric Kruskal-Wallis one-way analysis of
variance was carried out and either t-value or H value, respectively, was reported. To determine
whether there were any significant effectof temperature on the rates of N, and N,O production,

one-way ANOVA was carried out on the slope of the rates and the p values recorded.

2.3 Results

2.3.1 Thermal sensitivity of denitrification with prior temperature adaptation

The rate of cell specific N, production increased with temperature for all 3 strains of
denitrifying bacteria, with rates corrected for by absorbance (Figure 2.4). For P. denitrificans,
the average rate of non-log-transformed N, production ranged from 128.9 (x 4.9) nmol N
ODggot h1 at 10°C to an optima of 1683376 (+ 192641) nmol N ODggo ht at 27°C. For P.
brenneri, the average rate of non-transformed N, production ranged from 705.5 nmol N ODggy
1hl (£43.7) at10°C to anoptima of 3657.3 (£298.1) nmol N ODggylh' at 27°C. P. marginalis

produced a minimum average rate of non-transformed N, 169.9 (+ 13.5) nmol N ODgg? h'l at
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10°C to an optima rate of 1973.7 (x 77.6) nmol N ODsggy! hl at 27°C, with deactivation

observed at 37°C.

Due to deactivation at 37°C, activation energies were only calculated up to 27°C, and all
statistics were carried out using data up to 27°C for all 3 strains. Similar and low apparent
activation energies were observed for all three strains of pure cultures for the production rates
of natural log N, (Table 2.3). A significant effectof temperature on N production was observed
for all 3 pure culture strains (Table 2.6). P. marginalis had the lowest apparent activation
energy but the relationship between N, and temperature was most significant for this strain (p
< 0.0001). No significant difference was observed between the three strains for natural log N,
production rates (p > 0.05). Therefore, the N, production rates were pooled together for the
three strains (Figure 2.4D) and the effect of temperature on the slope of N, production rates
was highly significant (ANOVA, f = 18.83, df = 26, p < 0.001), suggesting as temperature

increases, so does the cell specific rate of N, production, normalised to turbidity.
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Figure 2.4 Arrhenius plot for the thermal sensitivity of °N, production rates (natural log nmol
ODggot 1) for 3 strains of denitrifying bacteria P. denitrificans, P. brenneri, P. marginalis
and all 3 strains rates pooled together against incubation temperature in pure cultures
(centeredl/kT, where k = Boltzmann’s constant and T is in Kelvin) with prior temperature

exposure. Temperature increases from right to left.

Table 2.3. Apparent activation energies (eV) of natural log of cell specific N, production for 3
strains of denitrifying bacteria grown in pure cultures calculated on the linear section of the

data (10 — 27°C) with prior temperature exposure.

Species Ea (eV) r2
P. denitrificans 0.16 0.55
P. brenneri 0.15 0.48
P. marginalis 0.07 0.91
Pooled data for all 3 strains 0.12 0.45
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For each of the three strains, a non-significant effect of temperature on the growth-specific rate
of N,O production was observed (p >0.05) (Table 2.6, Figure 2.5). Production was linear up
to 27°C, therefore activation energies and statistical analysis was carried out on N,O production
rates up to 27°C. For P. denitrificans, the average rate of N,O production ranged from 7.5 (=
1.1) nmol N,O ODggp! h'l at 10°C to an optima of 62.1 (£ 15.67) nmol N,O ODggol h'l at 27°C.
For P. brenneri,the average rate of N,O production ranged from 41.9 (x 7.43) nmol N,O ODggy-
1hlat37°C t0129.4 (£ 15.6) nmol N,O ODggo h1 at27°C. P. marginalis produced a minimum
average rate of N0 102.8 (£ 34.1) nmol at 10°C and a maximum rate of 342.0 (+ 45.8) nmol
N2O ODggo! h1 at27°C, with deactivation observed at 37°C. Apparent activation energies were
calculated, suggesting a non-significant effect of temperature for all 3 strains (Table 2.6). P.
denitrificans had a slightly greater thermal response than the other two strains (Table 2.4). P.
brenneri had significantly higher rates of N,O production than P. marginalis (H=15.1, df =2,
p < 0.001). No other statistical difference of N,O production rates were observed between
strains. When the N,O production rates from all 3 strains were pooled together, to get an

average estimate of the process of N,O production, a non-significant effect of temperature is

still observed (ANOVA, p > 0.05).
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Figure 2.5 Arrhenius plots for the thermal sensitivity of N,O production rates (natural log nmol
ODggot h1) for 3 strains of denitrifying bacteria pure cultures. P. denitrificans, P. brenneri, P.
marginalisand all 3 strains rates pooled together against incubation temperature (centered1/kT,
where k = Boltzmann’s constant and T is in Kelvin) with prior temperature exposure.

Temperature increases from right to left.
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Table 2.4. Apparent activation energies (eV) of natural log N,O production for 3 strains of

denitrifying bacteria grown in pure cultures with prior temperature exposure (10-27°C).

Species Ea (eV) r2
P. denitrificans 0.11 0.38
P. brenneri 0.03 0.08
P. marginalis 0.03 0.35
Pooled data for all 3 strains 0.05 0.11

The ratio of N,O/N, evolution was calculated to determine the number of N,O molecules
produced for every molecule of N, with a positive ratio indicating more molecules of N,O are
produced for every molecule of N,. N,O is a genuine intermediate in the biochemical pathway
of denitrification and allows us to investigate the effect of temperature on the efficiency of
complete denitrification. All 3 strains of denitrifying bacteria showed a decrease in the ratio of
N,O/N, with increasing temperature as the rate of N,O is unaffected by temperature, whereas

N increases, with deactivation energies suggesting a thermal response (Table 2.5, Figure 2.6).

P. denitrificans hada maximum average ratio of 0.059 (£ 0.01) at 10°C and a minimum average
ratio of 0.026 (+ 0.007) at 24°C with a non-significant effect of temperature (Table 2.6). P.
brenneri hada maximum average ratio of 0.11 (£ 0.01) at 10°C and a minimum average ratio
of 0.004 (£ 0.0005) at 24°C with a significant effect of temperature (Table 2.6). P. marginalis
had the greatest maximum average ratio of 0.65 (x 0.27) at 10°C and a minimum average ratio
of 0.14 (= 0.003) at 24°C with a significant effect of temperature (Table 2.6). For all three
strains, as temperature increases, N increases and N,O production rates stay relatively
constant. The ratio of N,O/ N, is significantly greater in P. marginalis than P. denitrificans (H
=7.65, df =2, p=0.01), with no other statistical differences observed. Again, the ratios from
all 3 strains was pooled together to get an estimate of the overall ratio at each temperature.

Increasing temperature had a significant effect on the pooed data with the ratio increasing with

decreasing temperatures (ANOVA, f = 4.33, df =26, p <0.05).
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Figure 2.6 Arrhenius plots for the thermal sensitivity of natural log N,O/ N, production for 3
strains of denitrifying bacteria; P. denitrificans, P. brenneri, P. marginalis and all 3 strains
rates pooled together against incubation temperature (centered 1/kT, where k = Boltzmann’s

constant and T is in Kelvin) with prior temperature exposure. Temperature increases from right
to left.

Table 2.5 Apparent deactivation energies (eV) of natural log N,O/ N production for 3 strains

of denitrifying bacteria grown in pure cultures calculated on the linear section of the data with
prior temperature exposure.

Species Ea (eV) r
P. denitrificans -0.21 0.19
P. brenneri -0.37 0.50
P. marginalis -0.52 0.54
Pooled data for all 3 strains -0.36 0.15
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Table 2.6 Statistical significance for measured processes with one way ANOVA testing for the
effect of temperature on N, and N,O with for 3 pure strains of denitrifying bacteria with prior

temperature exposure.

Test Strain variable f Df p
ANOVA P. denitrificans In N, 8.66 8 <0.03
ANOVA P. brenneri In N, 6.41 8 <0.05
ANOVA P. marginalis In N, 67.4 8 < 0.0001
ANOVA P. denitrificans In N,O 4.23 8 >0.05
ANOVA P. brenneri In NL,O 0.54 8 >0.05
ANOVA P. marginalis In N,O 3.28 8 >0.05
ANOVA P. denitrificans In N,O/ N, 1.68 8 >0.05
ANOVA P. brenneri In N>O/ N, 6.92 8 <0.05
ANOVA P. marginalis In N,O/ N, 8.14 8 <0.03

2.3.2 Thermal sensitivity of denitrification with no prior temperature adaptation

The rates of N production across the entire thermal gradient were calculated and plotted on an
Arrhenius plot (Figure 2.7) to identify the thermal response of the two strains. To calculate
apparent activation energies, the temperature range was split into 11.5-16°C (range one, Figure
2.8A) and 16.5°C to 36°C (range two, Figure 2.8B) for both P. denitrificansand P. brenneri as
the response is non-linear, with optimal temperatures in the middle range. The average rates at
the individual temperatures was also plotted against temperature (°C) to show the thermal
response in a more familiar format (Figure 2.8C and 2.8D). The two strains have different
optimal temperatures for N, production (denitrification). P. denitrificans shows an increase
across the entire temperature range, but with the rate of production decreasing after 16°C.
Conversely, P. brenneri shows an increase in production with temperature up to 16°C, with

lower N production rates above 16.5°C.
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Figure 2.7 Arrhenius plots for the thermal sensitivity of N, production rates (natural log nmol
ODggot h') for two pure strains of denitrifying bacteria (P. denitrificans and P. brenneri)
grown in pure cultures, with no prior temperature exposure, against incubation temperature
(centered 1/kT, where k = Boltzmann’s constant and T is in Kelvin) across the entire thermal
gradient (11.5-36.5°C).

The rate of N, for P. denitrificans reached a maximum average of 1077 (x 159) nmol N ODggy
1 htlat28.5°C. Ahighly significant effect of temperature was observed for N, production rates
for P. denitrificans (p < 0.001, Table 2.8) for both ranges. A greater apparent activation energy
was calculated from the lower temperature range with a steeper slope (Table 2.7). The rate of
N production for P. brenneri had an optimum temperature of 22°C with a maximum average

N production rate of 319 (x 44) nmol N ODsggo! hl. A significant effect of temperature was
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observed for N, for P. brenneri (p <0.01, Table 2.8) for temperature range two (16.5-36.5°C).
A deactivation in the rates of N production was calculated in the higher temperature range and
a strong activation energy calculated in the lower temperature range for P. brenneri (Table
2.7). P. brenneriproduced significantly more N, than P. denitrificans within temperature range
one (t=-7.46, df =14, p<0.0001) and significantly less than P. denitrificans within temperature
range two (t = 4.11, df =12, p <0.01). As the production rates were normalised for turbidity,
a proxy for cell density, the specific growth rate of N, production is greater for P. brenneri
than P. denitrificans, with a much higher intercept in the lower temperature (Figure 2.8A), and

this relationship is reversed in the higher temperature range (Figure 2.8B). P. denitrificans

appears to have a wider thermal niche than P. brenneri.
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