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Abstract

Salinity is considered a common stress factor when nitrification is applied in waste wa-
ter treatment. Observations often show a sub-optimal nitrification performance as a
response to variations in in-fluent salinity. Recently, researchers have coupled microbial
community dynamics and changes in the community structure to process stability, and
there is a need for interdisciplinary research at the borderline between microbial ecology
and process engineering to understand these links.

The aim of this study was to investigate and compare the community changes in two
different nitrifying cultures adapted to different salinities as a response to a change in
salinity.

Two continuous moving bed bio-film reactors were first operated at salinities corre-
sponding to the community origin. These were a 0 ppt salinity adapted culture, origi-
nating from low salinity municipal waste water, and a 33 ppt salinity adapted culture
originating from a recirculated aquaculture filter. After a period of continuous operation
at those salinities the salinity were switched: operating the 0 ppt salinity adapted culture
with a 33 ppt salinity based cultivation medium, and the 33 ppt adapted culture with
a 0 ppt salinity based cultivation medium. Changes in community structure and com-
munity dynamics were monitored over time with denaturing gradient gel electrophoresis
(DGGE). Average Bray-Curtis similarities within each community showed that a static
nitrifying community was not essential for complete nitrification, but rather an advanta-
geous community trait that gave a higher resilience towards fluctuations in environmental
factors such as pH, temperature and nitrogen loading.

The results showed that the nitrifying culture adapted to 33 ppt salinity was more
robust towards a change in salinity, and that the culture was halotolerant. Full nitri-
fication was achieved from day 38 after the salinity change. The microbial adaptation
strategy was not determined by either acclimation or by population shift, but rather a
combination of the two determined by the community’s inherent prerequisites. Further,
it was demonstrated that during low salt adaptation a stable nitrification performance
was not necessarily coupled to a stable community structure.

Population shift was probably the main adaptation strategy for the 0 ppt adapted
culture when adapting to 33 ppt salinity. Observations during continuous operation at
this salinity showed only partial nitrification from day 54 after the salinity change with
low ammonium oxidation rates. Up towards this point in time, and towards the end of
the experiment, the community structure was constantly changing.
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Sammendrag

Salinitet er ansett som en vanlig stressfaktor når nitrifikasjon benyttes ved behandling av
avløpsvann. Observasjoner viser ofte sub-optimale nitrifikasjonsrater som en reaksjon på
variasjoner i influentens salinitet. Det har nylig blitt satt fokus på endringer og dynamikk
i mikrobielle samfunn relatert til prosesstabilitet, og det er et er behov for ytterligere
tverrfaglig forskning i grenseskillet mellom mikrobiell økologi og prosessteknikk for å
forstå disse sammenhengene.

Målet med dette studiet var å undersøke og sammenligne mikrobielle samfunn i nitri-
fiserende biofilter adaptert til ulike saliniteter, og overvåke endringen i disse samfunnene
som respons på en endring i salinitet.

To kontinuerlige reaktorsystem ble drevet, hvorav det ene med en kultur adaptert
til 0 ppt salinitet, og det andre med en kultur adaptert til 33 ppt salinitet. Etter en
periode med kontinuerlig drift ved disse salinitetene ble kultiveringsmediet byttet om og
kulturen adaptert til 0 ppt salinitet ble forsynt med et medium med 33 ppt salinitet,
og kulturen adaptert til 33 ppt salinitet ble forsynt med et kultiverings medium med 0
ppt salinitet. Endringer i samfunnets struktur og dynamikk ble overvåket over tid med
denaturerende gradient gel-elektroforese (DGGE).

Gjennomsnittlig Bray-Curtis likheter innenfor hvert samfunn viste at et statisk mikro-
bielt samfunn ikke var avgjørende for fullstendig nitrifikasjon, men at et dynamisk sam-
funn var en fordel som ga en høyere elastisitet mot svingninger i miljøfaktorer som pH,
temperatur og nitrogenbelastning.

Resultatene viste at kulturen adaptert til 33 ppt salinitet var mer robuste overfor en
endring i salinitet, og at kulturen var halotolerant. Full nitrifikasjon ble oppnådd fra dag
38 etter endringen i kultiveringsmediets salinitet. Den mikrobielle tilpasningsstrategien
ble ikke bestemt av akklimatisering eller ved samfunnsendringer, men snarere en kombi-
nasjon av de to, bestemt av samfunnets naturlige iboende forutsetninger. Videre ble det
vist at under adaptering til lav salinitet er stabile nitrifikasjonsrater ikke nødvendigvis
koblet til en stabil samfunnsstruktur.

Samfunnsendring var mest sannsynlig den viktigste tilpasningsstrategien for kulturen
adaptert til 0 ppt salinitet når denne ble forsynt med et 33 ppt salinitetsbasert kultiver-
ingsmedium. Ved kontinuerlig drift ved denne saliniteten viste kulturen bare delvis nitri-
fikasjon fra dag 54 og utover etter salinitetsendringen. Ammoniumoksidasjonsratene var
også lave i dette tidsrommet. Det mikrobielle samfunnet var i konstant endring under
adapteringen.
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Chapter 1

Introduction

1.1 Nitrification

Nitrogen occurs in a wide range of oxidation states, from +5 (nitrate) to -3 (ammonium),
thus functioning as an important electron donor and acceptor in a variety of chemical
and biological reactions and transformations. In environments rich in oxygen, such as
rivers and many lakes, nitrate is the most abundant form of fixated nitrogen. In oxygen
depleted environments, such as swamps, sediments and waste water, ammonium domi-
nates. These two pools of dissolved inorganic nitrogen are connected through the process
of microbial nitrification, which is a process that links the mediated transformation of
nitrogen in its most reduced state (ammonium) to its most oxidised state (nitrate). Ni-
trification is a two step process where ammonia is first converted to nitrite by the action
of ammonia oxidizing bacteria (AOB). The nitrite is then further converted to nitrate by
the nitrite oxidising bacteria (NOB) (Ward et al., 2011). Both these groups of bacteria
are autotrophic i.e. they fixate CO2. The chemical reactions in Equations 1.1 and 1.2
are performed by the ammonia oxidising bacteria in two sequential steps by two different
enzymes. Equation 1.1, where ammonia is converted to hydroxylamine, is catalysed by
the enzyme ammonia monooxygenase. The hydroxylamine is further oxidised to nitrous
acid as shown in Equation 1.2. This reaction is catalysed by the enzyme hydroxylamine
oxireductase (Madigan et al. (2009) and Ward et al. (2011)).

NH3 +O2 + 2H+ + 2e− → NH2OH +H2O (1.1)

NH2OH + 1
2O2 → HNO2 + 2H+ + 2e− (1.2)

The over all energy yield from from the aerobic oxidation ofNH3 toNO−2 is ∆G′
0 = −137

kJ ·mol−1. This energy is used both for production af ATP and reducing power for re-
duction of CO2.

The nitrite oxidising bacteria consume nitrite and convert it to nitrate through the
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reaction shown in Equation 1.3. The reaction is catalysed by the enzyme nitrite oxiore-
ductase (Madigan et al. (2009) and Ward et al. (2011)).

NO−2 + 1
2O2 → NO−3 (1.3)

Figure 1.1 shows the biological nitrogen cycle. The process of nitrification and its posi-
tion in the cycle is shown. Ammonia is released through break-down of organic matter
mediated through the process of ammonification and excretion by animals.

Figure 1.1: Biological nitrogen cycle. Figure adapted from Ward et al. (2011).
.

1.2 The microbiology of nitrification

As shown in Equation 1.1 - 1.3, the nitrifying bacteria are aerobic, but the energy yield of
nitrification is poor. As a consequence, the nitrifying bacteria are slow growers with max-
imum specific growth rates (µmax) in the region of 0.34 to 2.2 day−1 (Henze et al. (1987),
Sedlak (1991) and Jimenez et al. (2011)). The nitrifyers are chemolithoautotrophs and
thus utilize CO2 as a source of carbon. This means that they do not compete with fast
growing organo-heterotrophs for carbon sources under aerobic conditions.

Nitrifying bacterial communities are sensitive to environmental factors such as tem-
perature, pH, dissolved oxygen concentration (Hellinga et al., 1998), the availability of
substrate and inhibitory compounds (Moussa et al., 2006). In utilization of nitrifyers
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for industrial purposes it is therefore a necessity to monitor the environmental factors
closely. This is due to the fragile mutalism between the ammonium oxidizing bacteria
and the nitrite oxidisers (Graham et al., 2007) that often causes a sub-optimal nitrifica-
tion performance in real applications.

pH regulation is of particular importance as pH influences the concentration of free
ammonia and nitrous acid which can inhibit the AOB and NOB. Equation 1.4 shows the
relationship between pH, temperature and ammonium concentration and the concentra-
tion of ammonia. Ammonia levels between 10 and 150 mg-N/L, and between 0.1 and 10
mg-N/L have been reported to inhibit the AOB and NOB (Anthonisen et al., 1976).

CNH3 = 17
14

∑
(NH+

4 −N · 10pH)

exp( 6344
273 + T

) + 10pH
(1.4)

Equation 1.5 shows the relationship between pH, temperature and nitrite concentra-
tion and the concentration of nitrous acid. Nitrous acid levels above 0.2 mg-N/L have
been reported to inhibit both AOB and NOB (Anthonisen et al., 1976).

CHNO2 = 17
14

∑
NO−2 −N

exp( −2300
273 + T

) · 10pH
(1.5)

1.2.1 Ammonium oxidizing bacteria

The ammonia oxidizing bacteria (AOB) are obligate chemolithotrophs that support
growth and metabolism solely from the oxidation of ammonium. The AOBs belong to
two different classes of bacteria; the γ-proteobacteria and the β-proteobacteria. Within
the the β-proteobacteria the genera Nitrosomonas, Nitrosovibrio and Nitrosospira cover
most of the ammonium oxidizing species. Ammonia oxidizing species organized in the
genus Nitrosococcus belong to the γ-proteobacteria group.

AOBs are distributed in a wide array of environments, with reported findings of
γ- and β-proteobacteria in marine-, estuarine- and freshwater systems (including waste
water and other engineered treatment systems), and also in terrestrial systems such as
soil (Ward et al., 2011).

1.2.2 Nitrite oxidizing bacteria

Nitrite oxidizing bacteria (NOB) belong to five genera from two different phyla of the
bacterial domain. The genera Nitrospina, Nitrotoga and Nitrococcus belongs to the δ-, α-
and γ-genera of the proteobacteria phylum, respectively. The Nitrobacter and Nitrospira
belongs to the α-proteobacteria and to the second phylum, Nitrospirae. (Ward et al.,
2011). Nitrite is usually scarce in natural environments, so the presence of NOBs are
tightly linked to the ammonium oxidisers and are found in all environments that harbour
AOBs (Section 1.2.1).
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1.2.3 Nitrifying Archaea

It has recently been shown that Archaea probably plays a key role in the nitrification
process in marine environments. Genes similar to the ammonia monooxygenase genes
of AOBs were in 2005 identified in a group of Archaea abundant in fresh water and
marine environments (Treusch et al., 2005). Konneke et al. (2005) discovered ammonia
oxidizing metabolism in Archaeal isolates. It was later reported that Archaea have an
important role in the global biological nitrogen cycle, Figure 1.1 (Francis et al., 2007).
Ammonia oxidizing archaea have later been found present in a variety of environments
including waste water sludge and marine sediments (Bernhard et al., 2010). Bernhard
et al. (2010) showed that the abundance of ammonia oxidizing Archaea was greater
than that of ammonia oxidizing bacteria along an estuarine salinity gradient, but the
abundance did not correlate with nitrification activities.

The presence of Archaeal nitrifyers will not be examined in this study.

1.3 Salinity - effect and implications for nitrification and
community structure

Saline effluent streams have been in researchers attention for quite some time, and ac-
cording to Gutierrez-Wing and Malone (2005) factors such as water quality, water quan-
tity, environmental impacts, cost of land and diseases are driving aquaculture and other
industries to adopt more environmental friendly technologies. These industries include
aquaculture, cheese manufacturing, seafood processing, the production of chemicals and
oil and gas recovery among others. Furter, more countries are examining the possibility
of using saline water for flushing due to scarcity of freshwater. This will eventually lead
to an increase in the waste water salinity that reaches municipal waste water treatment
plants (Moussa et al., 2006).

In Norway, fish farming is one of the most important export industries with a revenue
of 53 BNOK in 2011 (Regjeringen.no, 2012). Fish farming has mainly been run with
open pen nets in open seas, and is reported to be the largest contributor of inorganic nu-
trient emissions in Norway (Norwegian Climate and Pollution agency, Selvik J. (2007)).
Conversion to land based aquaculture farms could limit these emissions substantially,
as a land based farm will allow more control of the emissions. Land based aquaculture
farms pose other problems such as accumulation of salts potentially toxic to the farmed
fish, with ammonia being one of the key players (Wright and Wood, 2012). It is there-
fore a need for efficient methods of removing this fish toxin from the recirculated stream.
A biological nitrification filter could be a good and environmental friendly method of
converting ammonia to a more oxidised and less lethal form - nitrate.

Studies on the effect of salt on nitrification are difficult to compare and often show
somewhat contradictory results. Catalan-Sakairi et al. (1997) and Sudarno et al. (2010)
reported that nitrite accumulation occurred at high salinities with adapted cultures,
both with the use of marine genera adapted to high salinities. On the contrary Hunik
et al. (1992) used batch assays to examine the effects of different salts on a nitrifying
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culture, and reported that ammonia oxidation was more sensitive to the inhibitory effect
of high salt concentrations. Moussa et al. (2006) hypothesised that the reasons for
the contradictions in the literature could be system configuration and instability in
the experimental conditions with respect to temperature, pH, presence of inhibitory
compounds/factors. The way salt is introduced to the system (pulse or gradual increase),
the species involved (use of pure or mixed cultures) or the use of adapted or non-adapted
communities.

Most of the studies regarding salt adaptation do not report on the role of community
dynamics during the adaptation. According to Moussa et al. (2006) there is a need for
interdisciplinary research in the fields of microbial ecology and process engineering to un-
derstand how the microbial diversity is linked to process stability and efficiency. Miura
et al. (2007a) compared community structures in membrane bio reactors treating low
salinity municipal waste water and linked community stability with reactor performance.
It was found that stable communities were not required for consistent reactor perfor-
mance, but rather that small perpetual fluctuations in community structure seemed to
be of importance for stable operation, indicating a flexibility to adapt to minor changes
in the environment. This was also shown by Wittebolle et al. (2008) who quantified com-
munity dynamics of nitrifyers in functionally stable sequential batch- and membrane bio
reactors. Non of the reactors showed a static microbial community and it was concluded
that the stability of the microbial communities were not essential for maintaining the
functional stability of the nitrification process. Pareto-Lorentz evenness curves based on
AOB denaturing gradient gel electrophoresis (DGGE) profiles showed that only a small
group of different AOBs played a numerically dominant role in the reactors, which led to
speculations that the less dominant species constituted some sort of reserve being able
to proliferate and dominate if conditions were changed.

The effects of variations in pH, dissolved oxygen concentration and ammonium on
community structures of waste water nitrifying bacteria were studied by Princic et al.
(1998). ARDRA similarity indexes were calculated and compared before and after
changes, and when the cultures were restored to the original conditions. They showed
that high ammonium levels in the in-fluent resulted in a reversible community change.
Running reactors at pH extremities of 5.8 and 8.5 also resulted in community changes,
but these were irreversible and the communities did not regain their initial composition
when returning the communities to the normal pH range of 7.0 - 8.0. Changes in the
dissolved oxygen concentrations did only result in community changes at low concen-
trations (1%), but then the nitrification rates were also reduced. Princic et al. (1998)
looked at the effect of in-fluent concentrations of ammonium and nitrite on communities
of AOBs in activated sludge continuous reactors. Differences in the composition of dom-
inant AOBs were discovered at low/high ammonium loading rates. Addition of nitrite
showed that some AOB were more significantly inhibited than others.

As mentioned above, most studies regarding salt adaptation do not include the
changes in the microbial community during adaptation and how this influences the func-
tional performance. Still, there has been some reports on salt adaptation and its effect
on the microbial diversity related to nitrification activity. Bassin et al. (2012) studied
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the effect of different salt adaptation strategies related to microbial diversity and activity
in sequencing batch reactors. Two different salt adaptation strategies were applied; salt
was first increased in an incremental manner - 5, 10, 15 and 20 g/L of NaCl, and in a
more shock-wise manner - 10 and 20 g/l NaCl. They concluded that different salt adap-
tation strategies both resulted in good nitrification performance, but caused different
shifts in the microbial community. Ammonia oxidation activity was more affected with
a shock load adaptation strategy, than the nitrite oxidisers.

1.4 Characterization of microbial communities

1.4.1 PCR-denaturing gradient gel electrophoresis (PCR-DGGE)

PCR-DGGE, first introduced by Muyzer et al. (1993), is a common genetic fingerprint
technique to study and assess the community structure and to describe the community
dynamics in response to environmental variations in environmental samples. Commonly,
this identification is based on differences in the nucleic acids corresponding to genes
encoding the bacterial ribosomal 16S rDNA (Bakke et al. (2011)), and is used as a marker
for bacterial diversity. The literature describing its application is wide, and PCR-DGGE
have been applied in studying microbial communities in a wide array of habitats; waste
water treatment plants (Boon et al., 2002), soil (Shimano et al., 2012), food (Bibiloni
et al., 2005), micro biota of animals (Bibiloni et al., 2005) and fish (Brunvold et al.,
2007) among others.

Traditional methods regarding investigating microbial communities often involves
microscopic identification of morphological characteristics and investigation of differ-
ent traits; as the ability to grow in different cultivation media. A common problem
with these techniques is that many bacteria have similar morphologies, but are in fact
different species. Furthermore, with cultivation based techniques only a small propor-
tion of the microbial communities are detectable due to lacking knowledge regarding
the real conditions in which bacteria is growing in their natural habitats - commonly
referred to as The great plate count anomaly (Staley and Konopka, 1985). Opposed
to culture dependent methods PCR-DGGE and other PCR based fingerprinting meth-
ods are culture-independent, and overcomes many of the problems associated to culture
dependent techniques.

The technique is based on separation of equal length PCR amplicons with different
melting behaviours due to differences in base composition of these amplicons. The PCR
amplified DNA from an environmental sample is run through an acrylamide gel with
a denaturing gradient (Figure 1.2). Double stranded DNA will migrate through the
gel when subjected to an electric field. While the double-stranded amplicons initially
migrate freely through the gel matrix, they eventually encounter a concentration of de-
naturant where the sequence of interest dissociates, resulting in a "mobility arrest." The
melting properties of DNA is dependent on the DNAs guanine (G) and cytocine (C) con-
tent, which means that variations in the DNA sequences constituting an environmental
sample will result in different melting characteristics. Elaborated, a high content of G
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and C will make a need for harsher denaturing conditions in order to melt the DNA
fragment and vice verca for fragments with a low GC content. The resulting gel will
contain bands of DNA at different positions (ideally one band per species) and functions
as an estimate of the microbial diversity in the sample. The different bands can be
cut out of the gel for accurate species determination with the use of DNA sequencing
techniques.

DNA needs to be extracted and amplified before the DGGE analysis. General primers
targeting all bacteria, genus specific primers, or primers targeting genes of enzymes
unique for a particular function can be used. General primers often target regions of the
16S rRNA gene. The primers are often modified with a GC clamp (≈ 40 bp GC rich
sequence) (Figure 1.2). The GC-clamp prevents complete strand separation and ensures
that the DNA samples will not migrate through the gel. As shown by Myers et al.
(1985) attatching a GC-clamp allows the separation of almost similar DNA sequences,
often differing in only one base substitution. They further showed that substitutions
do not lead to a distinct separations in the DGGE gels when the fragments were not
modified with the GC-clamp. In the same study theoretical calculations and analysis
of a large number of different mutations showed that approximately 95% of all possible
single base substitutions should be separable when attached to a GC-clamp.

Figure 1.2: Principle for separation of DNA fragments with DGGE. Figure adapted
from Plant Research International (2013).

.

The final result is a community fingerprint which is unique for the the environmental
sample being studied. The bands represented on the gel are relative to the microbial
species present in the sample. Further computational and statistical methods can be
applied in order to compare different samples.

1.4.2 Methodological biases

PCR-DGGE is an effective way of studying microbial communities since many samples
can be analysed simultaneously. There are still some limitations to the technique, lim-
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itations that can lead to wrong conclusions regarding identification of species and also
wrongly estimating the community richness or diversity. In extraction of nucleic acids
from an environmental sample different extraction protocols often suffer from inadequa-
cies which include incomplete cell lysis, DNA binding to surfaces, co-extraction of humic
acids that inhibit the DNA–DNA hybridization and enzymatic reactions influencing the
extraction efficiency, according to Mumy and Findlay (2004). The PCR reaction also
generates several possible biases due to various PCR generated artefacts. Kusar and
Avgustin (2012) describe several biases that arise from the amplification of a complex
mixture of DNA targets and includes sequence mismatches, heteroduplexes, chimeric
molecules, and single-stranded DNA (ssDNA). But as PCR related biases will influ-
ence all the samples equally it is possible to compare the relative amounts of different
taxa/bands between different samples. DGGE is also known to be prone to possible
co-migration of DNA fragments from different taxa to the same positions within the
DGGE gel, resulting in different species constituting one band in the gel (Gafan and
Spratt, 2005).

Even if DGGE gives information regarding presence of DNA present in an environ-
mental sample, the possible errors introduced from the methodological biases makes it
hard to conclude if the bands on the gel correspond to key-players in the habitat sampled.
Poor resolution makes the number of separable bands limited. The limited resolution
of the gels also makes it hard to detect the presence of minor populations within the
community e.g. on the 16S rDNA level, as weak bands may not be visible on the DGGE
gel (Miura et al., 2007a).

1.5 Previous research at the Department of Biotechnology,
NTNU, on nitrifying bio-films at different salinities

Kristoffersen (2004) performed an experiment on the acute toxic effects of different
salinities on two different nitrifying cultures adapted to different salinities (0- and 22
ppt). This experimental study found the nitrifying activity in the 0 ppt salinity adapted
culture to decrease as response to elevation in salt concentrations. This was also observed
in the 22 ppt. salinity adapted culture, but here the effect was not as substantial as
observed in the 0 ppt salinity adapted culture.

Hjort (2010) continued operating the same bacterial cultures as Kristoffersen (2004).
She showed that denaturing gradient gel electrophoresis (DGGE) was a useful method
for investigating the microbial communities and that the 22 ppt. adapted culture had
a lower microbial diversity compared the non-adapted culture. Different species also
seemed to dominate when comparing the two bio-films. DGGE analysis revealed that
the 0 ppt salinity adapted culture revealed higher microbial diversity compared to the
22 ppt. salinity adapted culture.

In Jonassen (2012) project work three enriched nitrifying cultures were continuously
operated in moving bed bio-film reactors at different salinities. Two of these were the
same cultures utilized in the experiments of Hjort (2010) and Kristoffersen (2004). The
third culture was a 33 ppt. salinity adapted culture. A batch salinity toxicity experiment
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(Figure 1.3) showed that the two bacterial cultures adapted to high salinities seemed
to tolerate high salinities better than the culture adapted to 0 ppt salinity. The 22
and 33 ppt salinity adapted cultures also demonstrated high nitrification rates in a
tap water based cultivation medium, which indicated that the microbial communities
adapted to these salinities were halotolerant, and thus had a competitive advantage
towards variations in salinity. (Figure 1.3).

Figure 1.3: Nitrification calculations for batch saline toxicity test at different salinities
(Jonassen, 2012). The 0, 22 and 33 ppt adapted cultures were subjected to different
salinities and the concentration of ammonium, nitrite and nitrite were monitored over
time. Linear regression gave the nitrification activities which were plotted versus salinity
for the three cultures. a) Ammonium removal rates (mg−N/l·h) for the 0, 22 and 33 ppt
salinity adapted cultures at different salinities. b) Nitrate forming rates (mg −N/l · h)
for the 0, 22 and 33 ppt salinity adapted cultures at different salinities.

Each culture was sampled for a preliminary DGGE analysis at various times during
continuous operation of the nitrifying reactors at culture adapted salinities. Comparison
of different bio-film samples showed that there was clear differences in the composition
of the microbial communities between the reactors.

1.6 Scope
Salinity is considered a common stress factor in biological nitrogen removal in waste
water treatments plants. The treatment of saline waste waters often shows sub-optimal
nitrification. It is therefore a need for interdisciplinary research at the border line be-
tween process engineering and microbial ecology in order to understand the links between
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microbial diversity, community dynamics and process stability.
The aim of this thesis was to study the long term effect on the community structure

and community dynamics as a response to a major change in salinity with two nitrifying
cultures; adapted to 0 ppt and 33 ppt salinity. The work included operation of two
continuous moving bed bio-film nitrifying reactors at culture adapted salinities, which
was followed by a change in salinity where the 0 ppt adapted culture was subjected to a
salinity of 33 ppt, and the 33 ppt adapted culture was subjected to 0 ppt salinity. The
experiment also included a nitrification capacity test and a saline toxicity test, which
was performed before the switch in salinity. Nitrification rates were monitored, and
the change in the microbial communities were characterized by analysing gradient gel
electrophoresis (DGGE) community fingerprints.

The nitrifying cultures, and the DNA samples from the experiments of Jonassen
(2012) were available for further studies regarding microbial community structure and
dynamics in this project.
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Chapter 2

Materials and methods

2.1 Experimental design

To study the community dynamics as a response to an abrupt change in salinity in
different enrichments of nitrifying bacteria adapted to different salinities, a two stage
experiment was designed. In the first stage three bench scale moving bed bio-film reactors
were first operated at native saline conditions in order to determine community structure
and stability under constant salinity. The cultures originated from environments with
a salinity corresponding to tap water (salinity of 0 ppt.), brackish water (salinity of
21 ppt) and sea water (salinity of 32 ppt). The culture adapted to tap water salinity
originated from municipal waste water and the culture operated at a salinity of 22 ppt
originated from an aerated lagoon near Statoil Mongstad Oil Refinery. The third culture,
adapted to sea water salinity, originated from the Trondheim Fjord. DNA were sampled
at various points during continuous operation. These three cultures were operated by
Jonassen (2012) as a part of a project work during the fall of 2012.

The second stage was performed in the present study. It involved two of the cultures
previously operated by Jonassen (2012). These were the municipal waste water culture,
adapted to tap water salinity (0 ppt), and the Trondheim Fjord culture, adapted to sea
water salinity (33 ppt). The cultures were first operated at native salinities until they
were operating consistently. Then the growth medium was interchanged: supplying the
municipal waste water culture with a sea water based medium (33 ppt), and the sea
water culture with a tap water based medium (0 ppt). Before the medium switch a
batch capacity test and a saline toxicity test was conducted on both cultures.

During operation DNA samples were sampled at regular time intervals before and
after the change in salinity. A part of the variable 3 region of the bacterial 16S rRNA
gene was amplified with the use of PCR, and the PCR products were separated based
on melting behaviour with denaturing gradient gel electrophoresis (DGGE). The band
pattern of the DGGE gel was used in further computational and statistical analysis with
the software Gel2k (Norland, 2004) and PAST (Hammer et al., 2001) to determine the
community dynamics before and after the change in salinity.

Details regarding reactor set-up, bio-film origin and history, composition of culti-
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vation media and the inoculation of the reactors are explained in chapters 2.2.1 and
2.2.3. Chapter 2.2.4 describes the methodology of sampling in order to monitor the
nitrification activity in each reactor. The capacity- and salinity toxic response test are
described in chapter 2.3, followed by a description of assays regarding molecular biology
techniques; DNA extraction, PCR and DGGE, in chapter 2.4. The basis behind the com-
putational analysis of the DGGE gels and statistical analysis is explained in chapter 2.5.
Figure 2.1 shows a schematic scheme of the experimental design used in this experiment.

Reactors operated
at native salinities

Batch capacity- and
salinity toxisity test

Reactor medium switch

DNA extraction

PCR amplification
of 16S rRNA gene

DGGE fingerprinting

DGGE gel analysis

Statistical analysis

DNA sampling

Gel2k

PAST

Figure 2.1: Flow scheme of the experimental design. Blue nodes shows the main steps
in the experiment. Red nodes shows at which points DNA were sampled, and green
nodes shows the steps in which computational and statistical methods were applied.
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2.2 Reactors, cultivation regimes and monitoring the ni-
trification rates

Small bench scale moving bed bio-film reactors were set up in continuous flow in or-
der to cultivate nitrifying bacteria originating from sources of different salinities. The
reactors were fed with media containing 0 ppt. (only tap water) and 100% sea water.
The sea water had a salinity content of 33 ppt.. The bio-film carriers used was the
AnoxKaldnesTMK1 bio-film carriers. These carriers had an already established bio-film
originating from different environments with different salinities.

2.2.1 Reactor set-up

The reactors consisted of a glass housing with a glass heating jacket (Figure 2.2). A
silicone lid with drilled holes allowed for easy placement of a pH electrode, inlet tubing
for the cultivation media, tubing for acid and base related to pH regulation and inlet
tubing for aeration. A magnetic stirrer was applied to mix the bio-film carriers evenly
throughout the reactor, as well as to evenly mix the cultivation media and to disperse
the air bubbles evenly in the reactor volume. During operation each reactor was covered
with black plastic or fabric in order to prevent most of the light from penetrating into
the reactors. This was done in order to minimize the possibility of phototrophic growth
inside the reactors. A settler was mounted on the outlet of the reactor. This allowed for
sedimentation of biomass carried out in the effluent stream.

Figure 2.2: Experimental setup for the nitrifying reactors. A: Reactor. B: Silicone
lid. C: Outlet. D1/2: Inlet/outlet for heating jacket. E/1/2: pH electrode and acid and
base inlets. F1/2: Inlet for air and aquarium air stone. G: Inlet for cultivation medium.
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All the tubing through the various pumps and connectors were of two different types
of MasterflexTMtubing (model no.: 6404-14 and 6404-16). Only clean "out of the box"
tubing was used. Tubing and connectors were flushed in distilled water before use. In-
fluent flow of cultivation media into the reactors was controlled with adjustable Ismatecr
MCP pumps (model no.: ISM404B) with ISM734B pump heads.

Air was supplied to the reactors through a Rexroth R412004415 regulator, which
allowed for regulation of air flow into the reactors. The regulator had an integrated
filter to remove any possible compressor fluids prior of entering the reactor. In order
to maximize the mass transfer of oxygen the air was passed through an aquarium air
stone to ensure small air bubble size in the reactors. Nitrifying bacteria are sensitive
to low oxygen concentrations, and inhibition have been reported at dissolved oxygen
concentrations below 2 mg O2/L (Ward et al. (2011). The concentration of dissolved
oxygen (mg O2/L) was measured by a Oxi 3315 hand held digital meter connected to a
FDOr 925 oxygen electrode (WTW), and aeration was regulated if necessary.

The temperature of the reactors was kept at 25 ◦C by a circulating water bath (Cole
Parmer Polystatr) which pumped heated water in and out of the heating jacket of the
reactors.

pH was regulated by a Consort R301 automatic pH controller with pH set points
between 7.2 and 7.8 . The controller received a signal from a Mettler HA405-DDA-SC-
S8/225 combination pH electrode placed inside the reactors. The controller signalled
EasyloadTMMasterflex pumps (model no.; 7518-00) to add 0.5 M NaOH or 0.5 M HCl
when necessary.

The nitrifying reaction is consuming alkalinity (Equation 1.1, 1.2 and 1.3), but as the
system was bicarbonate buffered (Chapter 2.2.2) the pH was mainly regulated by the
effect of aeration on the gas/liquid equilibrium of CO2 (Equation 2.1):

H2O + CO2 � H2CO3 � H+ +HCO−3 (2.1)

Stripping of CO2 will generate alkaline conditions in the initial phases of reactor start
up, and addition of hydrochloric acid is expected. As a result of increasing nitrification
rates (Chapter 2.2.4) the production of protons from the nitrification process outweighs
the effects of CO2 stripping, making addition of sodium hydroxide necessary.

2.2.2 Cultivation media

The media composition (2.1 and 2.2) is derived from Ostgaard et al. (1994). The sole
energy source was ammonium sulphate ((NH4)2SO4). Sodium hydrogen carbonate
(NaHCO3) added to the media acted as a carbon source and as a buffer. The source
of phosphorous in the tap-water based medium was di-potassium hydrogen phosphate
(K2HPO4). In the sea water based medium the source of phosphorous was sodium
di-hydrogen phosphate (NaH2PO4 ·H2O). The trace metal solution was prepared ac-
cording to Table 2.3 and was stored at 4 ◦C in darkness.
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The sea water used in the experiments was collected from approximately 70 meters
depth in the Trondheim Fjord. It was stored at room temperature in a 1 m3 plastic
container covered in plastic. Prior to use the sea water was filtered through a type 692
1µm glass fibre filter (VWR) with the use of a VacSafe 15 vacuum pump (ScanVac).

The cultivation media was placed at room temperature when connected to the reac-
tors. Prior to reactor hookup the pH in the medium was adjusted to pH 7.5 with the
use of 6 M HCl or 6 M NaOH. The containers were covered in black plastic in order to
minimize the growth of phototrophs when connected to the reactors.

Table 2.1: Composition of tap water media (0 ppt salinity).

Compound Amount added to 1 L media
(NH4)2SO4 Varying
NaHCO3 1 g
K2HPO4 0.4 g
Metal stock solution 10 mL
Tap water 990 mL

Table 2.2: Composition of sea water based based media (33 ppt salinity).

Compound Amount added to 1 L media
(NH4)2SO4 Varying
NaHCO3 1 g
NaH2PO4 ·H2O 0.005 g
Metal stock solution 10 mL
Sea water 990 mL

Table 2.3: Composition of metal stock solution.

Compound Amount added per 1 L
MgSO4 · 7H2O 2.5 g
MnCl2 · 4H2O 0.55 g
CaCl2 · 2H2O 0.05 g
ZnCl2 0.068 g
CoCl2 · 6H2O 0.12 g
NiCl2 · 6H2O 0.12 g
FeCl2 0.4 g
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2.2.3 Sources of nitrifying bacteria and inoculation of the reactors

The bio-film carriers used were the AnoxKaldnesTMK1 bio-film carriers. These carriers
had an established bio-film originating from different environments. The bio-film history
is described below.

The inoculation was done by thawing frozen carriers directly in the reactors while
these were operated at continuous flow.

Tap water adapted nitrifying culture - Reactor F

The bio-film carriers originated from an inoculation with municipal waste-water from
the city of Trondheim, Norway, established during a student course in Environmental
Biotechnology (TBT4130) at NTNU in the spring of 2012. After this course, the carriers
were stored at −20 ◦C for approximately 6 months prior to use in Jonassen (2012)
project work during the fall of 2012. The carriers were operated with a tap-water based
cultivation medium in a continuous moving bed bio-film reactor for 63 days. In the work
of Jonassen (2012) about half of the carriers were subjected to a salinity toxic response
test. This experiment lasted for twelve hours and the carriers were subjected to several
incremental increases in salinity during that time. Following the experiment the carriers
were flushed in tap water before they were pooled and stored with the rest at −20 ◦C.
After approximately one month of storage the carriers was re-inoculated in the present
experiment. The carriers thus had an established bio-film with nitrifyers originating
from low salinity conditions.

A total of 200 mL of carriers were used, which gave a hydraulic filling degree of
approximately 29 %.

Sea water adapted nitrifying culture - Reactor R2

The carriers used were donated by the SINTEF Sea lab in Trondheim. They orig-
inated from a recirculating aqua culture system for marine fish larvae, and had been
continuously inoculated with sea water (salinity of 33 ppt) from 60 meters depth from
the Trondheim Fjord. They had been operated on and off for about 1.5 years until the
fall of 2012. They were then used in Jonassen (2012) experiment and were operated in
a moving bed bio-film reactor with a sea water based cultivation medium for 56 days.

In Jonassen (2012) work about half of the carriers were subjected to a salinity toxic
response test, and was subjected to different medium changes with a incremental reduc-
tion in salinity ranging from 33 to 0 ppm salinity (tap water). Following this experiment
the bio-film carriers were flushed in sea water before they were pooled and stored with
the remaining carriers at −20 ◦C. After approximately one month of storage the carri-
ers were re-inoculated in the present experiment. The carriers thus had an established
bio-film with nitrifyers originating from high salinity conditions.

A total of 200 mL of carriers were used, which gave a hydraulic filling degree of
approximately 29 %.
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Brackish water adapted culture - Reactor R1

The bio-film carriers originated from carriers previously enriched by Hjort (2010) and
Kristoffersen (2004), with biomass originating from an aerated brackish lagoon (salinity
of approximately 22 ppm) in Mongstad, Norway. The lagoon is used to treat waste water
from the nearby Statiol oil refinery. Some raw sludge collected by Norevik (2004), also
originating from Mongstad, was added to further enrich the bio-film. Both the carriers
(stored since 2010) and the sludge (stored since 2004) was stored at −20 ◦C prior to the
new inoculation in the experiment of Jonassen (2012).

2.2.4 Quantification of the nitrification activity

The nitrification activity (mg−N/L ·h) was monitored by measuring the concentration
of ammonia (N −NH+

4 ), nitrite (N −NO−2 ) and nitrate (N −NO−3 ), and the hydraulic
retention time (HRT). Samples from the reactors were taken at various time intervals
during the experiment: every day at the start of the experiment, and from once to twice
a week towards the end. The sample volume was in the range of 3 - 5 mL. Every sample
was filtered trough a Sarstedt 0.45 µm sterile syringe filter. When the cultures were
operated at sea water salinity the samples were filtrated through a Dr. Lange chloride
elimination syringe (LCW 925). The ammonium, nitrite and nitrate concentrations were
measured with the use of Dr. Lange cuvette tests LCK 303, LCK 341 and LCK 339
respectively. The measurements were done photometrically with a Dr. Lange Lasa100
spectrophotometer.

Whenever new cultivation medium was prepared a sample was taken and the con-
centration of ammonium, nitrite and nitrate were measured according to the description
above. The concentration measurements were only performed once, as the cultivation
medium was replaced with fresh medium approximately every week. It is possible that
some oxidation of the ammonium sulphate may have occurred in the period between
each medium remake due to bacterial growth or oxidation. As bacterial growth was not
observed in the medium containers, and these were covered in black plastic, the concen-
tration of ammonium, nitrite and nitrate were assumed to be constant.

The hydraulic retention time (HRT) is given in Equation 2.2 and is calculated by divid-
ing the volume of the reactor (mL) with the feed flow, Q (mL/h), of cultivation medium
(The volume of the bio-film carriers were not included calculating the HRT).

HRT = Vreactor

Q
(2.2)

Equation 2.3 shows how the ammonium consumption rate was calculated. The measured
inlet concentration of ammonia (CN−NH+

4 ,in) was subtracted from the concentration of
ammonia in the effluent (CN−NH+

4 ,out) and divided by the hydraulic retention time (h).

Activity = CN−NH4,in − CNH4,out

HRT
(2.3)
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Equation 2.4 shows how the rate of nitrate production rate was calculated. The concen-
tration of nitrate in the outlet (CN−NO3,out) was subtracted with the concentration of
nitrate in the in-fluent (CN−NO3,in)and divided by the hydraulic retention time (HRT).

Activity = CN−NO3,out − CN−NO3,in

HRT
(2.4)

Equation 2.5 shows the volumetric nitrogen load rate (VNLR), providing a correla-
tion between flow, volume and the total mass of nitrogen fed to the reactor per time unit.

V NLR =
CNtot,in

HRT
(2.5)

2.3 Nitrification capacity and salinity toxicity tests

To determine the maximum nitrification activity for each reactor before the planned
change in salinity both reactors were subjected to a capacity test in order to monitor
the batch nitrification kinetics. The capacity test was immediately followed by a salinity
toxic response test in order to compare the nitrification rates before and after the change
in salinity, and to give information on how the microbial community adapted/responded
to an abrupt increase/decrease in salinity.

In these tests the reactors were run in batch mode with aeration and the pH control
units attached. The amount of cultivation media used corresponded to the volume
of each reactor: 700 mL for the municipal waste water culture, and 690 mL for the
Trondheim Fjord culture. The cultivation media was otherwise prepared in the same
manner as described in Chapter 2.2.2.

Nitrification activities were calculated by linear regression. The regressions were
done with the StatPlus software (AnalystSoft, 2012). Probabilities for correlation coef-
ficients, which is the extent to which N points, (x1, y1)...(xN , yN ), fit a straight line were
calculated (Taylor, 1997).

The linear correlation coefficient, given in Equation 2.6, always lies in the interval
−1 6 r 6 1. Values close to ±1 indicates a good linear correlation.

r =
∑

(xi − x)(yi − y)√∑
(xi − x)2 ∑

(yi − y)2 (2.6)

The probability that the variables are not linearly correlated is given in Equation
2.7, which gives a more quantitative measure of the fit. For any given value of ro,
ProbN (|r| > |ro| is the probability that N measurements of two uncorrelated variables
would give a coefficient r as large as ro. In other words, if a correlation coefficient, ro,
is obtained for which ProbN (|r| > |ro| is small, it is correspondingly less likely that the
variables are uncorrelated. If ProbN (|r| > |ro|) 6 0.05 the correlation is significant.
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ProbN (|r| ≥ |ro| =
2Γ[(N − 1)/2]√
πΓ[(N − 2)/2]

1∫
|ro|

(1− r2)(N−4)/2dr (2.7)

For the capacity test the content of each reactor was emptied and the bio-film carriers
were flushed with fresh native medium before the experiment started. The concentration
of ammonium, nitrite and nitrate were monitored at regular time intervals over a period
of four hours. The concentration of ammonium, nitrite and nitrate was analysed in the
same way as described in Chapter 2.2.4. The concentrations of ammonium, nitrite and
nitrate were plotted versus time, and the nitrification rates were calculated by regression
analysis.

For the salinity toxicity test the content of each reactor was emptied and the bio-
film carriers were flushed with fresh medium before the experiment started. The 0 ppt
salinity adapted culture was flushed with the sea water based medium (33 ppt salinity),
and the 33 ppt salinity adapted culture was flushed with the tap water based medium (0
ppt salinity). The nitrification activities were monitored at regular time intervals over
a period of 24 hours for the culture originating from municipal waste water, and over a
period of 13 hours for the culture originating from the Trondheim Fjord. Concentrations
of ammonium, nitrite and nitrate was analysed in the same way as described in Chapter
2.2.4. The concentrations of ammonium, nitrite and nitrate were plotted versus time,
and the nitrification rates were calculated by regression analysis.

2.4 Characterization of microbial community composition

In order to characterize and describe the changes within and between the two micro-
bial communities different molecular and computational techniques were applied. These
were DNA extraction from the different cultures, polymerase chain reaction (PCR) for
amplification of parts of the 16S rRNA gene of the extracted DNA, denaturing gradient
gel electrophoresis (DGGE) for separation of the PCR products and to produce com-
munity fingerprints, and computational and statistical analysis to calculate similarities
between groups and individual samples. Only bacterial primers were used. Assay for
sampling, DNA extraction, PCR and DGGE is described in Chapters 2.4.1 throughout
2.4.4. Computational analysis of the DGGE gels and statistical interpretation of the
data is covered in Section 2.5

2.4.1 DNA sampling

DNA were sampled at regular time intervals during operation of the nitrifying reactors.
Samples from both reactors were taken at three regular occasions before the change
in salinity, and at nine regular occasions after the change in salinity. Bio-film coated
carriers were collected with a sterile pair of tweezers and flushed in milliQ water before
they were cut into two pieces and rapidly cooled down in liquid nitrogen. The samples
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were then stored at −80 ◦C until DNA extraction (Chapter 2.4.2). The DNA samples
of Jonassen (2012) experimental work was available for use in this experiment and had
been stored at −20 ◦C for approximately three months prior to DNA extraction.

Details regarding sampling days is depicted in the time-lines in Figure 2.3, 2.4 and
2.5. which graphically summarizes the points of sampling during continuous operation.

Figure 2.3: Time-lines showing days of continuous operation of reactor F. a) DNA
sampling days after initiation of continuous operation of Reactor F with biomass adapted
to 0 ppm. salinity during the experiment of Jonassen (2012). The reactor was operated
with a tap water based culture medium. DNA samples were taken at four day intervals
on day 27, 31, 35 and 39 of continuous operation and were available for use in the
present experiment. b) Two DNA samples were taken at three day intervals at day 31
and 34 before the batch capacity- and saline toxicity tests performed at day 37/38. The
tests were followed by a change in cultivation medium on day 38: from a tap water
based cultivation medium to a 33 ppt saline sea water based culture medium. During
continuous operation DNA were sampled every fifth day from day 45 and until day 80,
with a gap at day 50. Due to changes in nitrification activity (Section 3.1) additional
DNA were sampled at day 96.
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Figure 2.4: Time-lines showing days of continuous operation of Reactor R2. a) DNA
sampling days after initiation of continuous operation of Reactor R2 with biomass
adapted to 33 ppt salinity during the experiment of Jonassen (2012). DNA samples
were taken at four day intervals on day 18, 22, 26 and 30 of continuous operation were
available for use in the present experiment. b) Two DNA samples were taken at three
day intervals at day 31 and 34 before the batch capacity- and saline toxicity tests per-
formed at day 37/38. The tests were followed by a change in cultivation medium on day
38: from a 33 ppt salinity based cultivation medium to a 0 ppt salinity based culture
medium. During continuous operation DNA were sampled every fifth day from day 40
and until day 80, with a gap at day 60.
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Figure 2.5: Time-line showing days of continuous operation of Reactor R1 with biomass
originating from an aerated brackish lagoon at the Mongstad Oil Refinery during the
experiment of Jonassen (2012). The reactor was operated with a 22 ppt salinity culti-
vation medium. DNA were sampled at four day intervals on day 23, 27, 31 and 35 of
continuous operation and were used in this experiment.

2.4.2 DNA extraction

DNA extraction from the sampled carriers were performed using the DNeasyr Blood
and Tissue DNA extraction kit. The extraction comprises of two phases; lysis of the
bacterial cells, and elution of the DNA. The protocol used was a modified version of
the DNeasyr Blood and Tissue handbook protocol for gram-negative bacteria, and is
described below.

Each carrier was cut into small fragments with a sterile scalpel and added to 1.5
mL Eppendorf tubes. 180 µL of enzymatic lysis buffer containing 20 mg/mL lysozyme
was added to each sample. The samples were then incubated for one hour at 37 ◦C. 40
µL proteinase K and 180 µL ATL buffer was added and each sample was vortexed and
incubated at 55◦C for two hours. After the incubation 200 µL AL buffer was added and
each sample was incubated at 70 ◦C for ten minutes followed by addition of 300 µL 96%
ethanol. The Eppendorf tubes were vortexed and the liquid was transferred to a DNeasy
mini spin columns which were placed in a 2 mL tube and sentrifuged at 8000 rpm for one
minute. The filtrate was discharged and 500 µL AW 1 buffer was added. The samples
was centrifuged at 8000 rpm, and once again the filtrate was discharged. 500 µL of AW
2 buffer was added and each sample was centrifuged at 15000 rpm for three minutes and
the filtrate was discharged. The DNA was eluted in two subsequent steps by adding 50
µL of DNA free water directly on the membrane in the DNeasy column and centrifuging
each sample for one minute at 8000 rpm. This gave a total of 100 µL extract.

A NanoDropr ND-1000 spectrophotometer was used to quantify the concentration
and purity of the extracted DNA samples.

22



2.4.3 Polymerase Chain Reaction

The DNA extracts were subjected to DNA amplification by the use of the Polymerase
Chain Reaction (PCR). The PCR apparatus used was a Arktik Thermal Cycler (Thermo
Scientific) with lid heating to prevent evaporation. Samples with a DNA concentration
higher than 10 ng/µL were diluted to approximately 10 ng/µL before adding the ap-
propriate volume of DNA template to the PCR reaction mix.

A universal primer pair targeting the variable 3 region of the bacterial 16S rRNA
gene, 338f-GC (5‘- CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGG
actcctacgggaggcagcag -3‘) and a 518r (5‘-attaccgcggctgctgg-3‘), commonly used in char-
acterisation of microbial communities were used (Bakke et al., 2011). With this primer
pair a sequence of approximately 240 base pairs should be amplified. The forward
primer was added a 40 bp GC-clamp in order to add a GC-clamp to the amplified
DNA fragments before the denaturing gradient gel electrophoresis (DGGE) described in
Sub-chapter 2.3.4.

Chemicals needed to perform the PCR reaction are given in Table 2.4. For simplicity
a master mix was first prepared by multiplying all volumes of the PCR components by
the total number of samples. From this mix a total 24 µL were added to each of the
PCR tubes. Then 1 µL of extracted DNA was added to each PCR tube and all the
samples were placed in the PCR thermal cycler.

Table 2.4: PCR reagents including amount used and final concentration for 25µL
reactions.

Component Amount Final concentration
10X reaction buffer 2.5 µL 1X
dNTP (10mM) 0.5 µL 200 µM
MgCl2(25 mM) 2 µL 2.0 mM a

BSA (10 mg/mL) 0.75 µL -
Primer 338F-GC (10 µM) 0.75 µL 0.3 µM
Primer 518R (10 µM) 0.75 µL 0.3 µM
Taq DNA polymerase 0.125 µL -
mqWater 18.125 µL -
DNA template 1 µL -

aTogether with MgCl2 in 10X buffer the final concentration is 2 mM.

Bovine serum albumin (BSA) was supplied from New England Biolabs. MgCl2 and
the Taq DNA polymerase was supplied from QIAGEN, and the dNTP and 10X reaction
buffer were supplied from VWR.
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Table 2.5 shows the cycling conditions used in the PCR reaction. The denaturation,
annealing and elongation steps were run for 35 cycles.

Table 2.5: PCR temperature regime.

Step Temperature ◦C Time Cycles
Initial denaturation 95 4 min 1
Denaturation 95 30 sec
Annealing 53 60 sec 35
Elongation 72 90 sec
Final elongation 72 30 min 1
Idle 10 infinite 1

To verify the presence of the desired DNA fragments agarose gel electrophoresis was
done in an Owl EasyCast Mini Gel System (Thermo Scientific). A 1 % agarose gel
was prepared in 1X TAE buffer. The agarose was supplied by SeaKemr LE agarose
(Lonza), and the TAE buffer comprised of 5.04 g tris-base, 2 mL 0.5 M EDTA and 1.14
mL of glacial acetic acid per litre. The mixture was heated to reflux and then slowly
cooled to 65 ◦C. 20 µL of GelRedT M Nucleic Acid Gel Stain (QIAGEN) was added to
the agarose/TAE-buffer mixture.

5 µL of the PCR product and 1 µL 6X DNA loading dye (Fermentas) was added
to each well in the agarose gel. A GeneRulerT M 1 kb Plus DNA ladder (Fermentas)
was used to verify the correct sizes of the fragments. The gel was run at 100 V for
approximately 75 minutes and transferred to a G:BOX UV visualizer (Syngene). Photos
were taken using the associating GeneSnap software.

2.4.4 Denaturing gradient gel electrophoresis

The PCR samples were separated based on the melting characteristics of the DNA
through an acrylamide gel in the process of denaturing gradient gel electrophoresis
(DGGE). The electrophoresis was conducted with a INGEN PhorU system with self
casted 8 % acrylamide gels with different denaturing gradients run at 60 ◦C. A stan-
dard sample, comprising of PCR products from pure cultures of nine different bacterial
strains amplified with the 338f-GC and 318r primer, was applied to the gel as a reference.
The DGGE gels were stained with SYBR Gold (Life Technologies). During the staining
reaction the gel was incubated in darkness for one hour. The gels were then rinsed with
mQ-water and transferred to a G:BOX UV visualizer (Syngene). Photos were taken
using the associating GeneSnap software. For details see Appendix E.

Two different DGGE runs were performed. In the first run the 12 DNA samples
from the three cultures operated by Jonassen (2012) were applied (Figure 2.3.a, 2.4.a
and 2.5). The electrophoresis was conducted with a 30 - 50 % denaturing gradient and
the gel was run at 100 V in 0.5 X TAE buffer for approximately 18 hours. An overview
of the samples analysed on this gel is given in Figure 2.6. The corresponding sampling
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times during continuous operation of the three reactors from Jonassen (2012) project
work is presented in Chapter 2.4.1.

Figure 2.6: Sketch of DGGE gel with DNA samples from Jonassen (2012). Samples
marked F.X, R1.X and R2.X corresponds to DNA samples taken from the municipal
waste water culture, the Mongstad culture and the Trondheim Fjord culture, respec-
tively.

The second gel was run with a 35 - 50 % denaturing gradient at 100 V in 0.5 X TAE
buffer for approximately 20 hours. Only DNA samples from the municipal waste water
culture and the Trondheim Fjord culture were applied to the gel. Four DNA samples
from the project work of Jonassen (2012) were also applied to this gel. These were: two
samples from the continuous operation of Reactor F with a tap water based cultivation
medium, and two samples from the continuous operation of Reactor R2 with a sea water
based culture medium (Figure 2.3.b and 2.4.b.). An overview of the samples analysed
on this gel is given in Figure 2.7. The corresponding sampling times during continuous
operation of the three reactors from Jonassen (2012) project work is presented in Chapter
2.4.1.

Figure 2.7: Sketch of DGGE gel with DNA samples from the municipal waste water
culture and the Trondheim Fjord culture. Samples marked F correspond to samples
from the municipal waste water culture, and samples marked R2 correspond to samples
from the Trondheim Fjord culture. Red samples are DNA extracts from the project
work of Jonassen (2012).
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2.5 DGGE analysis and statistics

2.5.1 DGGE anlysis

Pictures of the DGGE gels were analyzed with the use of the computer software tool
Gel2k developed by Norland (2004), University of Bergen. Gel2k reads the band profiles
and converts these to histograms where the peaks corresponds to bands in the DGGE
gel and the area under each peak corresponds to the intensity of the bands. From the
histogram a peak area matrix was generated thus generating a numerical fingerprint of
the communities. The peak area matrix were normalized by dividing each peak area
with the total peak area of each lane, giving a fractional peak area matrix. From the
fractional peak area matrix band richness (k) and Shannon diversity index (H’) were
calculated.

The band richness is simply the number of bands in each lane in the DGGE gel.
It was assumed that one band corresponds to a single species and the total number
of bands thus reflects the richness of the bacterial community. According to Tuomisto
(2010) species richness is related to species diversity, but they are not the same thing.
Species richness does not take the abundances into account and is therefore the actual,
opposed to the effective, number of species. The Shannon diversity index, which account
for both abundance and number of species (Hill et al. (2003), Tuomisto (2010)), were
calculated (Equation 2.8).

H ′ = −
S∑

i=1
piln(pi) (2.8)

pi is the relative abundance of species i and S is the number of species.
In analysing the DGGE gel the the band richness (k) corresponds to the number of

species (S) present in a sample and the peak area corresponds to the relative abundance
(pi). Defined by Equation 2.8 a H’ value of zero means that the sample contains one
species. Further, H’ will reach maximum if the species are distributed evenly throughout
the DGGE gel. If one or more species dominates, the resulting Shannon diversity index
will be lower. Similar peak area values generated from the band analysis in Gel2k would
indicate an even distribution of species present in the sample, whereas dissimilar values
would indicate the opposite.

Evenness is a measure range from 0 to 1. The evenness value is maximized when the
individuals are equally partitioned among the represented species. Buzas and Gibson
evenness measure shown in Equation 2.9 was calculated (Buzas and Gibson, 1969).

Evenness = eH′

S
(2.9)

were H ′ is the Shannon diversity index and S is the number of species.
An evenness value of 1 means the individuals are uniformly spread across the species

present in the sample. A low evenness means that some of the species are over-represented.
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2.5.2 Statistical analyses

To visualize the dynamics of the different nitrifying microbial communities non met-
ric multidimensional scaling plots (NMMDS) were generated with the PAST software
package (Hammer et al., 2001). The plots were based on Bray-Curtis distance matri-
ces generated from square root transformed fractional peak areas generated from the
DGGE analysis (See section 2.5.1). The Bray-Curtis values span from 0 to 1, were 1
corresponds to equal samples. A square root transformation was used in order to down
weight particular strong bands in the peak area matrix.

NMMDS is an ordination method based on distances for exploring similarities and/or
dissimilarities between objects in a dataset. Similar objects are grouped together and
the distance between the objects is related to the similarity between them. In other
words, the distance between two points in the plot increases as a function of inequality
between the community in the two samples.

Together with the NMMDS plot a stress value (goodness of fit) was assigned. An
accurate ordination will give a stress value of zero. An ordination with a stress value
below 0.2 is regarded to be sufficient for an accurate ordination.

To test the significant differences between points and groups in the NMMDS plot a
non parametric one-way analysis of similarity (one-way ANOSIM) based on Bray-Curtis
similarity measures was performed. The p-values were generated based on sequential
Bonferoni significance to counteract the problem of multiple comparisons. The one-way
ANOSIM test checks whether there are significant differences between groups or points.
The H0 hypothesis states that there is no difference between the groups. While the H1
hypothesis states that there is a significant difference between the groups or points. If p
< 0.05 the H0 hypothesis was rejected.

In order to assess which bands from the DGGE gel that contributed the most to the
observed differences a similarity percentage (SIMPER) was calculated. SIMPER is a
simple method for assessing which taxa are primarily responsible for an observed differ-
ence between groups of samples under the assumption of independent samples (Clarke,
1993).
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Chapter 3

Results

The results are divided into three main chapters. In section 3.1 the operation of the
nitrifying reactors is presented. This section also includes a brief summary of the results
from previous operation of the reactors (Jonassen, 2012). The results from the capacity-
and saline toxic response tests are presented in Chapter 3.2 followed by the results from
the DGGE- and statistical analysis related to microbial community dynamics in Section
3.3.

3.1 Operation of the nitrifying reactors

The two reactors with biomass adapted to 0 ppt and 33 ppt salinity water were named
F and R2, respectively. All relevant raw-data concerning measured values (inlet/outlet
concentrations of ammonium, nitrite, nitrate, pH, dissolved oxygen and temperature)
and calculated values (nitrifying activity, HRT, and VNLR) for reactor F and R2 are
documented in Appendices A, B and C, respectively.

3.1.1 Operation of adapted and non-adapted cultures in previous ex-
periments

In the previous experiment performed by Jonassen (2012) three nitrifying cultures adapted
to different salinities (Chapter 2.2.3) were continuously operated at those salinities in
moving bed bio film reactors. When sampled for DGGE (Figure 2.3 - 2.5), the reactors
F, R1 and R2 were operated with a hydraulic retention time (HRT) of 24, 13.6 and 12.1
h, respectively. The non-adapted culture (F) showed complete nitrification in the pe-
riod of sampling, and also throughout the operational period. For the adapted cultures
(R1 and R2) the nitrification performance was not stable: the nitrite concentration on
the days of sampling were 17.0, 21.1, 16.1 and 4.00 mg − N/L for the 22 ppt adapted
culture, and 5.00, 2.00, 1.37 and 0.75 mg − N/L for the 33 ppt adapted culture. Two
weeks after the last sampling day of the 22 ppt salinity adapted culture the reactor
was performing consistently, and showed complete oxidation of ammonium to nitrate.
The culture showed good performance for the rest of the operational period. The 33
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ppt reactor was operating consistently from approximately the last day of sampling and
throughout the experimental period (Operational data regarding reactor performance,
concentration and activity measurements are shown in previous work (Jonassen, 2012)).

3.1.2 The municipal waste water culture

The nitrifying culture adapted to 0 ppt salinity in reactor F was monitored for a total of
122 days. The bio-film carriers of Jonassen (2012) was thawed, and continuous operation
at 0 ppt salinity was initiated immediately after. At day 37/38 a capacity and a saline
toxicity test were performed. (Se section 3.2) The batch saline toxic response test were
run at sea water salinity, and continuous operation with 33 ppt salinity based medium
was initiated after the completion of this test.

The average pH, temperature and dissolved oxygen concentration throughout the
operational period was 7.6 ± 0.2, 24.8 ± 0.7 ◦C and 7.3 ± 0.6 mgO2/L, respectively.

Figure 3.1 shows the total amount of nitrogen (mg − N/L) fed to the reactor dur-
ing the operational period along with the effluent concentrations of ammonium, nitrite
and nitrate (mg−N/L) and the volumetric flow of cultivation medium in the in-fluent.

Figure 3.1: Concentration of effluent ammonium, nitrite and nitrate (mg −N/L) for
Reactor F together with in-fluent volumetric flow (mL/h) and total mass of in-fluent
nitrogen (mg − N/L) as a function of time. The grey bar corresponds to a change in
cultivation medium from a tap-water based medium to a sea water based medium.

Effluent concentration at native salinity

Before the change in cultivation medium salinity the flow was regulated at three occa-
sions. During the three first days of continuous operation the flow was kept low in order
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to not wash out bacteria from the reactor. The flow was kept at 24 mL/h, corresponding
to a hydraulic retention time (HRT) of 29.2 hours, and the concentration of ammonia
in the medium was kept low (36.8 mg − N/L). This was done as the thawing of the
bio-film carriers could result in pieces of it breaking of and thereby being washed out
of the reactor. Moreover, if activity was immediately restored, the ammonium oxidizing
bacteria (AOB) would be ammonia limited at an early stage, giving time for the slower
growing nitrite oxidizing bacteria (NOB) to get a stronger foothold in the bio-film. There
were little or no observed biomass in the settlers, and the concentration of ammonia and
nitrite was measured to be 0 and 0.080 mg−N/L on day 3, respectively. This indicated
complete conversion of ammonia to nitrate and full nitrification. Between day 4 and 16
the flow was increased to 32 mL/h, giving a HRT of approximately 22 hours. The con-
centrations indicated full nitrification during that time period. The flow was adjusted
to 51.6 mL/h on day 16, giving a HRT of 13.6 h, and the amount of ammonium in the
cultivation medium was increased to an average of 109.0±2.5mg−N/L from day 17 and
until day 37. The community seemed to respond well to this increase, showing complete
conversion of ammonia to nitrate in that time period.

The average ammonium effluent concentration during continuous operation with the
tap-water based cultivation medium was 0.7 ± 0.6 mg−N/L, indicating that the 0 ppt
salinity adapted culture were ammonium limited in this time period.

Effluent concentration after switch to sea water salinity

After the batch capacity and saline toxic response tests were performed the in-fluent
flow was regulated to 24 mL/h, giving a HRT of 29.2 hours. This was done as the 0
ppt adapted municipal waste water culture did not show any signs of nitrifying activity
during the batch salinity toxic response test (results presented in Chapter 3.2), and as
nitrifying bacteria are slow growers (Henze et al. (1987), Sedlak (1991) and Jimenez
et al. (2011)) a high retention time would limit the amount of bacteria being washed out
of the reactor.

The concentration of ammonia inside the reactor was 135mg−N/L when continuous
operation was initiated after the batch salinity toxicity test (Chapter 3.2). Figure 3.1
shows a gradual decrease in the concentration of ammonium in the effluent towards the
in-fluent concentration from day 39 to day 54, indicating steady state at this point.
The next sampling point at day 55 showed a 12 % reduction of the effluent ammonia
concentration compared with the in-fluent. The concentration of nitrite and nitrate were
5.8 and 4.0 mg −N/L, thus indicating both AOB and NOB activity.

At day 60 a problem with the pH regulation system occurred. The sodium hydroxide
container was empty, and the pH in the reactor was 8.60 when the error was discovered.
Concentration measurements performed the same day still showed nitrifying activity,
but the total nitrogen balance did not add up with a deviation of 15.8 mg −N/L (See
N-balance documented in Appendix A). No conversion of ammonia was observed after
the concentration measurements performed on day 62 of continuous operation. Due to a
period of high pH and a high concentration of ammonia inside the reactor it is possible
that the concentration of free ammonia inhibited the nitrifyers. Free ammonia ranged
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from 3.3 ± 1.2 mg-N/L from day 40 - 62 according to Equation 1.4 (Chapter 1.2). The
flow of cultivation medium was regulated up to 49 mL/h, giving an HRT of 14.1 hours,
and the concentration of ammonia in the cultivation medium was changed down to 10.7
mg −N/L, thus reducing the loading rate of ammonia with approximately 80 %.

The concentration of ammonium in the effluent decreased from 9.8 to 1.1 mg−N/L
between day 70 and 74. Another pH incident occurred between day 74 and 75 - where
the pH electrode responded dramatically to minor additions of acid or base. The pH
electrode was replaced after this incident. Concentration measurements performed on
day 75 did not show any signs of nitrifying activity, so the flow was again reduced to
24 mL/h, (giving a HRT of 29.2 hours) to utterly reduce the loading rate in order for
the community to recover. This flow rate was kept throughout the rest of the experiment.

Figure 3.2 shows the concentration development during continuous operation of Re-
actor F with a sea water based cultivation medium. The time line shown starts from
day 75 of continuous operation to better visualize the development.

Figure 3.2: Concentration measurements of effluent ammonium, nitrite and nitrate
(mg−N/L) for Reactor F zoomed in from day 75 of continuous operation. The in-fluent
volumetric flow (mL/h) and total in-fluent nitrogen (mg − N/L) is also shown. The
values are plotted against time of continuous operation.

The ammonium concentration slowly decreased down to 0.58 mg − N/L from day
75 towards day 91 of continuous operation, indicating AOB activity. Between day 91
and 103 the average ammonium effluent concentration was measured to be 0.6 ± 0.4
mg − N/L. The average nitrite and nitrate concentrations were 9.7 ± 1.3 mg − N/L
and 2.7 ± 0.2 mg−N/L. A high nitrite concentration can potentially inhibit the AOBs
(Anthonisen et al., 1976), so the in-fluent concentration of ammonium was decreased, in
order to minimize this effect, to 5.6 mg − N/L on day 104. From day 105 and toward
the end of the experiment the ammonium concentration in the reactor was low and the
AOBs was thought to be ammonium limited from day 91 and onwards. The NOB did
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not seem to recover from the salinity change and the two pH regulation incidents.

Figure 3.3 shows the ammonium consumption and nitrate formation rates (mg−N/L ·h)
during continuous operation of Reactor F. The volumetric nitrogen loading rate (VNLR)
given as mg −N/L · h is also shown.

Figure 3.3: Ammonium consumption- and nitrate formation rates (mg−N/L·h) during
continuous operation of reactor F, and the volumetric nitrogen loading rate (VNLR)
(mg − N/L · h). The grey bar corresponds to a change in cultivation medium from a
tap-water based medium to a sea water based medium. The values are plotted against
time of continuous operation.

Nitrification rates at native salinity

The volumetric nitrogen loading rate were gradually increased by increasing the con-
centration of ammonium and up-regulating flow up to the point of the batch- capacity
and saline toxic response test. Calculations showed an ammonium removal rate of 8.21
mg−N/L · h and a nitrate production rate of 8.29 mg−N/L · h at day 37. The VNLR
was at this time 8.31 mg −N/L · h, indicating complete nitrification. Similar nitrifying
activity rates were calculated the last two weeks before the switch in salinity. This in-
dicated a stable and consistent performance in the time before the batch tests and the
medium change.

Nitrification rates after switch to sea water salinity

The calculated ammonium consumption rate was negative from day 39 until day 50 of
continuous operation with a sea water based medium. A transient due to a change in
VNLR and possible cell lysis (see Chapter 3.2) are possible explanations for the negative
activity calculations. In the same time period the nitrate production rates was close to
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zero. During the proceeding days modest ammonium consumption rates were observed,
calculated to be 0.67 mg − N/L · h 27 days after the switch (day 60). The first pH
shock on day 60 led to a loss of nitrifying activity, and the loading rate was reduced to
give the community time to recover. The ammonium consumption activity slowly rose
until the second pH shock, on day 74/75 of continuous operation, which led to a second
reset of the ammonium consumption rate. Figure 3.4 shows a close up of the ammonium
consumption- and nitrate forming activity rates.

Figure 3.4: Ammonium consuption- and nitrate formation rates, and volumetric ni-
trogen loading rate (mg −N/L · h) against time of continuous operation of reactor F.

The VNLR was reduced to 0.4 mg −N/L · h on day 75 to allow the community to
recover from the second pH shock. The ammonium consumption rate slowly increased,
and from day 54 to day 64 after the salinity switch (day 91 to 103 of continuous operation)
96 ± 3 % of the ammonia in the in-fluent was converted. The nitrate formation rates
were low in the same period. This led to accumulation of nitrite, and the VNLR was
utterly decreased to avoid nitrite inhibition. Towards the end of continuous operation
the community showed full consumption of ammonia with consumption rates averaging
of 0.20 ± 0.01 mg − N/L · h from day 66 to 86 after the switch (day 105 to day 123
of continuous operation). The nitrate forming rates were calculated to be 0.05 ± 0.05
mg −N/L · h in the same time period.
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3.1.3 The Trondheim Fjord culture

The culture adapted to 33 ppt salinity was monitored in reactor R2 for a total of 127
days. The bio film carriers of Jonassen (2012) was thawed, and continuous operation at
33 ppt salinity was initiated. The capacity- and saline toxicity test (Chapter 3.2) were
followed by a switch in medium, to 0 ppt salinity, on day 38 of continuous operation. The
average pH, temperature and dissolved oxygen concentration throughout the experiment
was 7.6 ± 0.2, 24.9 ± 0.6◦C and 7.5 ± 0.6 mg −O2/L, respectively.

Effluent concentrations at native salinity

Figure 3.5 shows the concentration of effluent ammonium, nitrate and nitrite (mg −
N/L) in the experimental period. The total concentration of in-fluent nitrogen in the
cultivation medium (Total −Nin) is showed (mg −N/L). The grey bar corresponds to
the change in cultivation medium salinity.

Figure 3.5: Concentration of effluent ammonium, nitrite and nitrate (mg −N/L) for
Reactor R2 together with in-fluent volumetric flow (mL/h) and total mass of in-fluent
nitrogen (mg −N/L) as a function of time. The grey bar marks the change in salinity
from 33 ppt to 0 ppt salinity.

During continuous operation of Reactor R2 with native saline conditions operational
settings such as the volumetric in-fluent flow of medium, and the in-fluent concentration
of ammonium was kept almost the same as in Reactor F (Chapter 3.1.2). This was done
as the 33 ppt salinity adapted culture showed close to full conversion of ammonia to
nitrate during the first 18 days of continuous operation. Some accumulation of nitrite
was observed on day 19, when a nitrite concentration of 10.2 mg −N/L was observed.
This was probably a transient effect due to the increase in flow and the amount of
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ammonium in the in-fluent. The effluent concentration of nitrite was gradually reduced
down to 0.43 mg −N/L at day 25, and averaged at 1.33 ± 0.55 mg −N/L the last 12
days before the medium change.

At day 19 ammonium effluent levels rose from 0.48 to 7.8 mg − N/L as a response
to the elevated flow. At day 25 the concentration was measured to be 2.1 mg − N/L.
A further increase in in-fluent ammonium concentration on day 25 resulted in a further
increase, and the ammonium levels averaged 12.6 ± 1.8mg −N/L towards the point of
the change in medium salinity. Complete conversion of ammonium was therefore not
achieved before the change in medium salinity.

Effluent concentration after switch to tap-water salinity

Following the batch capacity and saline toxicity test (Chapter 3.2) the sea water based
medium was replaced with a tap-water based, low salinity, medium. The effluent con-
centration of ammonium was at this point (day 39) 10.7 mg − N/L. The effluent con-
centration of ammonium was measured to be 63.3 mg − N/L 8 days after the switch
(day 45), before it levelled out and quickly dropped down to 0.65 mg − N/L 18 days
after the switch (day 55). The concentration of ammonia was low during the rest of
the experiment and averaged 0.55 ± 0.36 mg −N/L from day 18 to 90 after the switch
in salinity (day 55 and onwards). This indicated ammonium limitation throughout this
time period.

A period of nitrate accumulation was observed between day 13 and onwards to day
25 after the salinity switch (day 50 to 62 of continuous operation), which peaked at
54.5 mg − N/L on day 15 (day 52) of continuous operation after the medium switch.
It seemed like the AOBs adapted more quickly to the change in salinity, and, as the
NOBs had a somewhat longer lag time, this resulted in this dramatic increase in effluent
nitrate. As a counter measure the amount of ammonia in the in-fluent was reduced with
71 %, from 108 to 31.6 mg − N/L, in order to avoid nitrite inhibition. When nitrite
levels were sufficiently low an incremental increase in in-fluent ammonium concentration
was initiated. This was done to give the NOBs time to gradually adjust to the increased
substrate loading. Accumulation of nitrite was not observed onwards of day 33 after the
salinity change (day 70).

Flow was adjusted to 64 mL/h (HRT of 11 h.) on day 111 and the concentration of
in-fluent ammonium was increased to 92.9 on day 119. Almost complete conversion of
ammonium to nitrate was observed after the flow adjustment and increase in ammonium
loading.
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Figure 3.6 shows the ammonium consumption and nitrate formation activity rates
(mg−N/L ·h) during continuous operation of Reactor R2 together with the volumetric
nitrogen loading rate (VNLR) (mg −N/L · h).

Figure 3.6: Nitrification activity (mg − N/L · h ammonium consumed and nitrate
produced) and volumetric nitrogen loading rate (mg −N/L · h) plotted against time of
continuous operation of reactor R2.

Nitrification rates at native salinity

Operating the 33 ppt salinity adapted culture at native salinity the observations from
day zero and until day 25 showed that the ammonium consumption- and nitrate forming
rates almost coincided with the volumetric nitrogen loading rate (VNLR) - indicating
ammonium limitation and full nitrification. The increase in VNLR up to 7.9 mg −
N/L · h from day 27 and until the change in medium salinity did not result in instantly
coinciding activity rates, but the ammonium removal- and nitrate formation rates seemed
to increase as a response to the raised VNLR towards the change in salinity. Before the
change in salinity an ammonium removal rate of 7.4 mg−N/L · h was achieved and the
nitrate formation rate was 6.7 mg −N/L · h.

Nitrification rates after switch to tap water salinity

The VNLR was kept at approximately the same levels as before the salinity change for
the the first 13 days with tap-water saline conditions. A dramatic decrease in the nitrate
forming rate, and consequently a big increase in the concentration of nitrite, led to a
two step reduction in VNLR. When the nitrate forming rate was close to the ammonium
consumption rate and the VNLR, the VNLR was increased in incremental steps from 1.0
mg−N/L · h on day 74 to 8.5 mg−N/L · h on day 122. The nitrification activities and
the VNLR almost coincided during this entire period. After the change in salinity an
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ammonium removal rate of 8.4 mg−N/L ·h and a nitrate formation of 8.0 mg−N/L ·h
was achieved.

3.1.4 Data quality

Figure 3.7 shows the mass balance for nitrogen, Ntot,in −Ntot,out for Reactor F (a) and
Reactor R2 (b), plotted against time of continuous operation. The gray bars correspond
to a change in cultivation medium.

Figure 3.7: Mass balance of total mass nitrogen in the in-fluent subtracted with the
mass of nitrogen in the effluent plotted against days of continuous operation. a) N-mass
balance for reactor F. b) N-mass balance for reactor F2.

During continuous operation the mass balance showed an average deviation of −2 ±
14 and −2 ±7 mg −N/L for Reactor F and R2. Some differences in the mass balance
of nitrogen is expected due to loss of nitrogen to gaseous stripping of ammonia and
denitrification in anaerobe micro zones. Transients were generally associated with major
changes in nitrogen loading rates and would temporarily invalidate the assumption of
steady state.

3.2 Nitrification capacity and salinity toxicity tests

During the capacity test the reactors were run in batch with a 0 ppt salinity based
cultivation medium for the non-adapted culture, and with a sea water based medium
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for the 33 ppt salinity adapted culture. In the batch saline toxicity test the cultivation
medium was swapped; operating Reactor F with a sea water based cultivation medium
(33 ppt salinity), and Reactor R2 with a tap-water based cultivation medium (0 ppt
salinity). The measured concentrations of ammonium, nitrate and nitrite from both
tests is documented in Appendix D. Regression analysis gave the nitrification rates.

Figure 3.8: a) Batch capacity test with the 0 ppt salinity adapted culture in reactor
F. Concentration of ammonium, nitrite and nitrate plotted against time. b) Batch
salinity toxicity test with the 0 ppt salinity adapted culture in reactor F. Concentration
of ammonium, nitrite and nitrate plotted against time. c) Batch capacity test with the
33 ppt salinity adapted culture in Reactor R2. Concentration of ammonium, nitrite and
nitrate plotted against time. d) Batch salinity toxicity test the 33 ppt salinity adapted
culture in reactor R2. Concentration of ammonium, nitrite and nitrate plotted against
time.

Figure 3.8.a shows the time development of the concentration of ammonium, nitrite
and nitrate for the municipal waste water culture (0 ppt salinity adapted) during the
batch capacity test. Linear regression analysis showed an ammonium consumption rate
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of 9.6 ± 1.1 mg−N/L·h and a nitrate forming rate of 12.0 ± 0.3 mgN/L·h. Figure 3.8.b
shows the concentration measurements of ammonium, nitrite and nitrate over a 24 hour
period during the batch saline toxicity test. Observations showed no signs of nitrifying
activity. The concentration of ammonium increased with 29 % from 105 mg-NNH+

4
/L

at time zero, to 135 mg-NNH+
4
/L at t = 24h. This increase could be due to cell lysis

when introducing the cells to an abrupt change in osmolarity (Li and Bo Yang, 2011).
In Figure 3.8.c and d the results from the batch- capacity and saline toxicity exper-

iments performed with the 33 ppt salinity adapted culture is presented. In the capacity
test activity rates of 10.3 ± 1.0 mgN/L ·h and 11.4 ±0.7 mgN/L ·h were calculated for
ammonium consumption and nitrate formation. Whereas in the saline toxicity test the
ammonium consumption rate was 7.95 ± 0.15 mgN/L · h, which corresponds to a 29 %
reduction, and the nitrate formation rate dropped approximately 32 % down to 9.6 ±
1.1 mgN/L · h compared with the capacity test.

The results show that an abrupt change in salinity seemed to affect the nitrification
performance in a negative manner. The 0 ppt salinity adapted culture did not show
any sign of activity when changing the surrounding environment from a tap water based
cultivation medium to a sea water based cultivation medium. On the other hand, the 33
ppt salinity adapted culture responded instantly with no certain observable lag-phase.

The linear correlation was of significance in the regressions done in Figure 3.8a, c
and d, with a probability of no correlation below 0.05 for all six regressions.

3.3 Bacterial community structure
In the following sections the results regarding the analysis of the DGGE gels, and com-
putational and statistical analyses of the gels are presented. Chapter 3.3.1 covers the
DGGE gel analysis regarding community structure and dynamics of the samples sam-
pled by Jonassen (2012) during continuous operation of the 0, 22 and 33 ppt salinity
adapted cultures at native salinities. In Chapter 3.3.2 the results from the DGGE gel
analysis for the samples sampled from the 0 and 33 ppt salinity adapted cultures before
and after the change in salinity with regards to community structure and dynamics is
presented.

3.3.1 Community dynamics at continuous operation at native salinities

Twelve DNA samples from the work of Jonassen (2012) were analysed with DGGE
(Figure 3.9) to characterise and compare the nitrifying communities operated at different
salinities. The sampling was done at continuous operation with salinities corresponding
to community origin. (Se Chapter 2.4.1 for sampling days).
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Figure 3.9: 30 to 50 % denaturing DGGE gel with 16S rDNA PCR products from the
DNA sampled at continuous operation of reactor F, R1 and R2 during the project work of
Jonassen (2012). The samples marked; FX, corresponds to samples from the municipal
waste water culture operated with a tap water based cultivation medium (0 ppt salinity)
in Reactor F, R1.X, corresponds to samples taken from the Mongstad culture operated
with a 22 ppt salinity based medium from Reactor R1, and R2.X, corresponds to samples
from the Trondheim Fjord culture operated at sea water salinity (33 ppt) from Reactor
R2. Lanes marked with L contains marker DNA. The lane marked C contains DNA
from the PCR reaction control.
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The samples originated from continuous operation of the 0 ppt salinity adapted
municipal waste water culture (F1 - F4) and the 33 ppt salinity adapted Trondheim
Fjord culture (R2.1 - R2.4). In addition, DNA from a 22 ppt salinity adapted culture
originating from a brackish aerated lagoon at the Mongstad Oil Refinery was used (R1.1
- R1.4).

Table 3.1: Band richness(k), Shannon (H’) and Evenness diversity indices for reactor
F, R1 and R2.

Reactor Band richness (k) Shannon(H’) Evenness (eH′
/S)

R2 23.3± 1.3 2.30± 0.30 0.50± 0.20
R1 23.0± 1.0 2.20± 0.20 0.40± 0.10
F 36.0± 2.0 3.15± 0.05 0.64± 0.02

The DGGE gel analysis showed a total of 59 unique bands. The municipal waste
water culture (Reactor F) showed the highest band richness (k) and the highest Shannon
and Evenness diversity indices. The salinity adapted cultures (Reactors R1 and R2) had
similar richness and diversity.

Bray-Curtis distance matrices were generated from the square root transformed frac-
tional peak areas generated from the DGGE analysis. Average Bray-Curtis similarities
were calculated (Figure 3.10) within groups based on community origin, and between the
groups. The average Bray-Curtis similarities seemed to decrease with increasing salin-
ity, with the tap water operated municipal waste water culture (Reactor F) showing the
highest similarity (0.81 ± 0.03). For the salinity adapted cultures the similarity within
were 0.78 ± 0.08 and 0.65 ± 0.12 for R1 and R2, respectively. Comparing samples from
different reactors (cultures) with each other showed that the two cultures originating
and operated at saline conditions (R1 vs R2) showed a higher similarity with each other
compared to the municipal waste water culture (R1 vs F and R2 vs F). Still, the differ-
ence in salinity between the reactors did not seem to influence the similarities between
the cultures (Figure 3.11). When comparing the average Bray-Curtis similarity between
the reactors and plotting them as a function of ∆salinity, Figure 3.11, there was not
observed a consistent trend regarding the differences in salinity. The highest similarity
was between Reactor R1 and R2, with 0.35 ± 0.08. Average Bray-Curtis similarities
were 0.16 ± 0.04 and 0.22 ± 0.04 for R1 vs F and R2 vs F, respectively.
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Figure 3.10: Average Bray-Curtis similarities within the communities in Reactor F, R1
and R2 and the average Bray-Curtis similarities between the reactors. The error bars
correspond to one standard deviation.

Figure 3.11: Average Bray-Curtis similarities within the communities in Reactor F,
R1 and R2 and average Bray-Curtis similarities between the reactors plotted versus
∆salinity. The error bars correspond to one standard deviation.
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Figure 3.12: NMMDS plot based on Bray-Curtis similarity measure of DGGE gel
analysis results. The samples are marked FX, R1.X and R2.X for the municipal waste
water-, the Mongstad-, and Trondheim Fjord culture, adapted to 0-, 22-, and 33 ppt
salinity, respectively. Stress value: 0.032

An ordination of the different community samples in a non-metric multidimensional
scaling plot (NMMDS) based on Bray-Curtis similarity measure of DGGE gel analysis
results is shown in Figure 3.12. The NMMDS plot reveals a clear separation between the
three communities. The different samples clustered in specific areas in the plot according
to community origin. The four samples from the municipal waste water culture clustered
most closely together in the upper right side of the plot. The last three samples (R1.2
- R1.4) from 22 ppt salinity adapted Mongstad culture (Reactor R1) clustered closely
together, and it appeared that the sample R1.1 was less similar compared with the others.
For the Trondheim Fjord culture (from Reactor R2) the samples were distributed more
widely, with only two points clustering close together, suggesting a higher variability in
community composition between samples. A stress value of 0.032 was generated from
the plot, providing evidence of a correct ordination.
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A one-way ANOSIM test was conducted in order to determine if there were signifi-
cant differences between the microbial communities inhabiting the-bio films in the three
reactors, Table 3.2. The results indicate significant differences between all communities
(p < 0.05).

Table 3.2: One-way ANOSIM test for significant differences between the nitrifying
cultures adapted to different salinities. (P-values: Bon-Ferroni sequential.)

R2 R1 F
R2
R1 0.0287
F 0.0301 0.0290

A similarity percentage calculation (SIMPER) showed which bands in the DGGE gel
that were responsible for the observed difference between the groups of samples (Table
3.3). The ten most influential bands were included, and are also shown in Figure 3.9.

Table 3.3: Similarity percentage - Showing the ten most influential bands contributing
to the total difference between the groups in Figure 3.9.

Band number: Contrib. %
B22 13.4
B12 11.5
B18 6.66
B16 6.18
B56 4.57
B30 3.95
B46 3.41
B37 3.24
B8 2.62
B10 2.36
Sum: 57.9

As shown in Table 3.3 the ten bands (17 % of the total band number of 59) con-
tributed to 57.9 % of the difference between the three groups in the DGGE gel (Figure
3.9). The 49 other bands contributed to the remaining 42.1 %
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3.3.2 Microbial community composition in reactors before and after
change in salinity

13 and 12 DNA samples from Reactor F and R2, respectively, were analysed with DGGE
(Figure 3.13). The sampling was done at continuous operation at native salinities and
after the medium switch (Se Chapter 2.4.1 for sampling days).

Figure 3.13: Picture of 30 to 50 % denaturing DGGE gel with DNA samples from
continuous operation of Reactor F and R2. The samples marked; FX, corresponds
to samples from the municipal waste water culture operated with a tap water based
cultivation medium in Reactor F (0 ppt salinity). Samples marked FX.S refers to samples
from Reactor F taken after the medium switch (33 ppt salinity). R2.X, corresponds to
samples from the Trondheim Fjord culture operated with a sea water based medium (33
ppt salinity), whereas the samples marked R2.X.F refers to samples from Reactor R2
taken after the change in salinity (0 ppt salinity). Lanes marked with L contains marker
DNA. The samples F3, F4, R2.3 and R2.4 originates from Jonassen (2012).
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The DGGE gel analysis of Figure 3.13 showed a total of 59 unique bands, but due to
bad separation in the lower most parts of the gel this number could have been higher.
Band richness (k), Shannon diversity index (H’) and the Evenness index (eH′

/S) for
Reactor F and R2 are shown in Table 3.4.

Table 3.4: Diversity between Reactor F and R2.

Reactor Band richness (k): Shannon (H’): Evenness (eH′
/S):

F 27.0± 5.7 2.79± 0.24 0.62± 0.06
R2 25.6± 3.1 2.60± 0.12 0.53± 0.06

A non-metric multidimensional scaling plot was generated from the Bray-Curtis sim-
ilarity measures of the DGGE analysis results (Figure 3.14) illustrated that the samples
from before the change in salinity grouped together.

Figure 3.14: NMMDS plot based on Bray-Curtis similarity measure of DGGE gel
analysis results. The samples are marked FX, and R2.X for the municipal waste water-
and Trondheim Fjord culture. Four distinct groups: Fstart, Fend, R2start and R2end,
are marked with circles. The arrows between them illustrates the path of movement in
order of similarity as the communities changed due to a change in cultivation medium
salinity. Stress value: 0.127
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When the salinity of the cultivation mediums were swapped, a gradual change as a
function of time was observed. In Reactor F the movement was toward the mid-upper
part of the plot, while in Reactor R2 the movement was in the opposite direction towards
the mid-bottom part. The last four samples from both reactors seemed to cluster into
groups. A stress value of 0.127 indicated a reliable ordination.

The four clusters were named Fstart, Fend, R2start and R2end, and form the basis for
the subsequent calculations. The average Bray-Curtis similarities were calculated within
and between the four groups Fstart, Fend, R2start and R2end. The average Bray-Curtis
similarity calculated within groups was high and ranged between 0.68 and 0.84 (Figure
3.15). The between group similarity was typically only 1/3 of initial groups similarity
(ranging from 0.26 to 0.36).

Figure 3.15: Average Bray-Curtis similarities within the four groups Fstart, Fend,
R2start and R2end. The average Bray-Curtis similarities between the groups is also
shown. The error bars corresponds to one standard deviation.

Band richness (k), Shannon diversity index (H’) and the evenness index (eH′
/S of

the four groups Fstart, Fend, R2start and R2end are shown in Table 3.5.

Table 3.5: Diversity between the groups Fstart, Fend, R2start and R2end.

Group Band richness (k): Shannon (H’): Evenness (eH′
/S):

Fstart 20± 2 2.50± 0.10 0.63± 0.08
Fend 30± 2 2.95± 0.01 0.63± 0.05
R2start 28± 2 2.70± 0.10 0.52± 0.05
R2end 24± 3 2.50± 0.10 0.50± 0.10
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When comparing the groups Fstart and Fend the band richness increased as a response
to a change in cultivation medium from a tap water to a sea water based medium (Table
3.5). The Shannon diversity index also increased, indicating a more equal distribution of
species after the change in salinity. There were no real differences between the evenness
values. The calculated band richness, Shannon diversity- and Evenness indices were
similar when comparing the groups R2start and R2end.

Figure 3.16 shows a comparison of Fstart with Fend, and the intermediate transient
samples in between the two groups. The similarities were calculated comparing average
Bray-Curtis similarities for Fstart with the average Bray-Curtis similarities for the tran-
sient samples towards Fend. Figure 3.17 shows the equivalent development during the
transient period for Reactor R2.

Figure 3.16: Comparison of the average Bray-Curtis values for Fstart with the time
series towards Fend. The error bars correspond to one standard deviation.

The community change after the salinity switch from a 0 ppt to a 33 ppt salinity based
medium seemed to occur gradually over time. The difference between the comparisons
of Fstart vs F7S, and Fstart vs F8S showed little difference in the Bray-Curtis similarities.
The similarity compared to Fstart seemed to decrease at a constant rate in the transient
period and towards Fend. The average Bray-Curtis similarity between Fstart and Fend

was 0.29± 0.04, and the similarity within the group Fstart was 0.78± 0.09.

48



Figure 3.17: Comparison of the average Bray-Curtis values for R2start with the time
series towards R2end. The error bars corresponds to one standard deviation.

The community change after the salinity switch from a 33 ppt to a 0 ppt salinity
based medium seemed to occur gradually as a function time, with a small lag period
observed when comparing of R2start and R2start vs R2.7F, which showed a minor differ-
ence in the Bray-Curtis similarity. The similarities of the transient samples compared to
R2start seemed to decrease at an almost constant rate in the transient period and towards
R2end. The average Bray-Curtis similarity between R2start and R2end was 0.36 ± 0.03,
and the similarity within the group R2start was 0.69± 0.10.

A one-way ANOSIM test was conducted in order to calculate if there were significant
differences between the microbial communities in the four groups (Table 3.6). There
were significant differences between all four groups with p values below 0.03.

Table 3.6: One-way ANOSIM bonferroni seq. Fstart, Fend, R2start and R2end.

R2end R2start Fend Fstart

R2end
R2start 0.029
Fend 0.008 0.009
Fstart 0.030 0.027 0.008

A similarity percentage calculation (SIMPER) showed which bands in the DGGE gel
that were responsible for the observed difference between the groups of samples (Table
3.7). The ten most influential bands were included, and are also shown in Figure 3.13.
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Table 3.7: Similarity percentage - Showing the ten most influential bands contributing
to the total difference between the groups in Figure 3.13

Taxon Contrib. %
B24 9.47
B47 6.86
B9 6.47
B3 4.80
B51 4.73
B59 4.43
B33 3.44
B17 3.35
B34 3.29
B18 3.27
Sum: 50.14

The SIMPER analysis showed that the ten bands (17% of the total band number
of 59) explained more than half of the variation between the four groups (Fstart, Fend,
R2start and R2end) in the DGGE gel (Figure 3.13). The 49 other bands contributed to
the remaining variation.
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Chapter 4

Discussion and conclusions

4.1 Evaluation of molecular methods

During continuous operation of the reactors it is likely that the nitrifying bio-films re-
tained dead non active biomass. High proportions of dead biomass has been reported
by live/dead staining on matured and non-matured bio-films in waste water treatment
(Miura et al., 2007b). The turnover rate of biomass withheld in the bio-film depends
on several factors with shear forces in the bulk liquid, protozoan grazing, the geometry
of the carriers and microbial growth- and death rates being of most importance (Ost-
gaard, 2005). The live/death ratio was not determined in this study nor was the bio-film
turnover rate or the presence of grazers. This led to the possibility that old community
members could have vastly influenced the microbial fingerprints (Figure 3.9 and 3.13)
when applying DNA based techniques. Further, the use of general bacterial primers
when coupling nitrification performance with community changes resulted in displaying
the community as a whole, including both the autotrophic nitrifying bacteria and other
heterotrophs, on the DGGE community fingerprints. FISH analyses of nitrifying popu-
lations within the total bacterial community in sequencing batch reactors with similar
operational settings as used in this study (25◦C, pH ranging from 7 to 8, DO levels of
above 2mg − O2/L) was reported by Guo et al. (2013) to constitute of 11.6 - 16% of
the total biomass. Xia et al. (2008) showed that the total AOB and NOB population
relative to the total population varied between 5.8 - 11% as a response to different C/N
ratios in a compact suspended carrier bio-film reactor. Fluorescent in situ hybridization
(FISH) analyses by Bassin et al. (2011) reported that the AOB and NOB population
only constituted 1 - 2 % of the total microbial community in aerobic granular sludge
reactors. The proportion of nitrifying bacteria relative to the total community was not
determined in this study, still it is likely that most of the biomass retained in the bio-film
in this study were heterotrophs and not nitrifying bacteria. DNA based PCR-DGGE fin-
gerprinting can give a somewhat conservative succession regarding community changes,
as the turnover of DNA might be slow due to retention of non active biomass in the
bio-films.

The DGGE analysis regarding community structure and community dynamics as a
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response to a change in salinity (Figure 3.13) did not result in complete separation of
the bands in the lower most part of the gel. This probably led to an under estimation of
the total number of bands in the gel, and consequently affected the diversity calculations
(Table 3.4 and 3.5). In the DGGE gel with samples from Jonassen (2012) project (Figure
3.9) the lane with the control sample from the PCR reaction showed some bands. These
bands probably originates from bacterial DNA present in the DNA polymerase used in
the PCR reaction. This PCR bias would affect all samples equally, and would therefore
not affect the similarity calculations between or within groups. It could have led to a
wrong estimation of band richness and diversity indices. Further, due to poor DGGE
resolution the presence of minor populations within the community might not have been
revealed on the 16S rDNA level. Changes in these minor populations might have had
an important effect on the functional stability.

Previous studies of nitrifying communities were DGGE has been the main PCR-
based fingerprinting method have resulted in poor gels when applying general bacterial
primers targeting the 16S rRNA gene. In general the reported gels show few bands and
the separation of the bands is only adequate in most cases (Wu et al. 2008, Bassin et
al. 2012). The experimental settings and primers used in this study generated DGGE
fingerprints with somewhat better quality and with high band numbers indicating good
separation compared to other studies. This gives the results more credibility and the
statistical foundation more robustness.

4.2 Nitrification performance before and after the salinity
change

Before the change in salinity both reactors showed high nitrification rates at native
salinities. Comparing the nitrification rates at those salinities the 0 ppt salinity adapted
culture showed 11 % higher ammonium consumption rate, and a 24 % higher nitrate
formation rate compared with the 33 ppt adapted culture. The 0 ppt culture showed
full nitrification before the change in salinity and the 33 ppt salinity adapted culture
oxidised 89 % of the ammonium to nitrate. The salinity increase caused serious in-
hibition of the performance of the 0 ppt salinity adapted culture. Stable ammonium
oxidation rates were not obtained before 54 days after the change in salinity (day 91 of
continuous operation). Signs of NOB activity were low, or not present at all, throughout
the experiment. It is hard to conclude whether there was some NOB activity, although
measurements showed a minor increase in nitrate concentration at this time (54 days
after change and towards the end). High concentrations of nitrite is known to influence
the Dr. Lange nitrate tests as showed by Rønning (pers. com.). Determining the effects
of nitrite concentrations on the Dr. Lange nitrate readings were not performed. A simi-
lar experiment by Bassin et al. (2011), where microbial activity was linked to microbial
community structure in an aerobic granular sludge process, reported that NOB were
severely affected by salt concentrations of 33 g/L. This was likely due to the NOB being
more susceptible to osmotic stress than the AOB. Li and Bo Yang (2011) reported a
high degree of cell lysis induced by elevated salinity. This could explain why the NOB
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did not recover after the increase in salinity in Reactor F, and was probably also the
cause of the observed increase in ammonium observed in the salinity toxicity test.

The 33 ppt salinity adapted culture prove to be robust regarding changes in salinity,
indicating the presence of halotolerant, and not halophilic, nitrifyers in the bacterial
community. Results obtained from the batch salinity toxicity test (Figure 3.8) showed
that when subjecting the 33 ppt salinity adapted culture to a 0 ppt salinity cultivation
medium the activity rates dropped, 29 % and 32 % for the ammonium oxidation and
nitrate formation rates, compared to the activity rates obtained in the nitrifying capacity
test. This indicated inhibition due to the change in salinity. No nitrite accumulation was
observed, suggesting that the AOB were more severely inhibited by the change. This
was in accordance with previous salinity toxicity tests (Jonassen, 2012) performed on
the same culture.

On occasions observations showed higher nitrate forming rates than ammonium re-
moval rates. This was probably due to transients which invalidated the assumption of
steady state.

4.3 Community structure and dynamics before the change
in salinity

Salinity seemed to be a crucial factor for community structure. As shown in Table 3.1
the 0 ppt salinity adapted culture showed 55.5 % higher band richness compared to the
two salinity adapted cultures. The Shannon and evenness indices were also higher for the
0 ppt salinity adapted culture compared with the salinity adapted cultures, indicating a
more even and uniformly distribution of species within the bacterial community during
the time of sampling. Both salinity adapted cultures showed similar band richness
and similarity indices, which suggests that the two communities constituted of more
dominating populations. The results were expected as previous studies have reported
that high salinity systems often show a lower microbial diversity (Moussa et al. 2006,
Wu et al. 2008, Bassin et al. 2012). But it contradicts the results of Lefebvre et al.
(2004) who found that the microbial structure in salt-adapted system was similar to that
of a non-adapted one.

During continuous operation of the three reactors, the ammonium loading rate were
similar during the sampling period (VNLR of approximately 2.4 ± 0.3 mg−N/l ·h) and
the 0 ppt salinity adapted culture was the only one that showed complete nitrification
during the this period (Chapter 3.1.1, Jonassen (2012)). The 33 ppt salinity adapted
reactor showed full nitrification the preceding few days after the last sampling, and the
22 ppt salinity adapted culture did not show full nitrification performance before two
weeks after the last sampling day. Still, the ammonium conversion rates did almost
coincide with the VNLR, so the cultures were all ammonium limited during the time of
sampling. Nitrite accumulation was observed in both salinity based reactors. Because of
the changes in the nitrification rates in the preceding days after sampling, it was likely
that the communities in the two salinity based reactors were changing as an adaptive
response to the nitrogen loading rates and towards a state were the communities were
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able to convert all the in-fluent ammonia to nitrate. This seemed likely as the average
Bray-Curtis similarities (Figure 3.10) showed that the similarity within the samples
from each community were lower (and had higher standard errors) for the salt adapted
cultures, with the 33 ppt showing the lowest similarity within the community. The
average Bray-Curtis similarity between the reactors were reduced with a factor of at
least two when comparing the communities with each other. Interestingly, the similarity
between the two salinity adapted cultures showed higher similarities with each other than
when compared to the 0 ppt salinity adapted culture. This indicating that the salinity
adapted cultures shared some dominating species. The similarity percentage showed
that the ten top contributing bands could explain 57.9 % of the observed difference
between the three communities. This indicated that only a minor numbers of species
contributed to most of the observed difference between the cultures, and minor changes
within these bands could contribute vastly to the total difference.

The high salinity conditions favours the growth of halophilic and halotolerant bacteria
as indicated by the nitrification salinity toxicity test (Figure 1.3) of Jonassen (2012). In
that experiment it was showed that the salinity adapted cultures still performed good
with high nitrification rates even at a lowered salinity. The 22 ppt salinity adapted
culture also showed good nitrification performance at elevated salinity levels of 33 ppt.
It is possible that a higher degree of community dynamics and flexibility is required in
more extreme environments. This raised flexibility/dynamics could be a competitive
advantage towards variations in salinity.

Figure 4.1: Comparison of Bray-Curtis similarities between samples at continuous
operation at native salinities. The blue bar corresponds to storage and freezing of the
carriers, and divides the experiment of Jonassen (2012) with this study. Black vertical
lines is the average Bray-Curtis similarity of the pair wise comparisons. a) Bray-Curtis
similarities between samples in Reactor F. b) Bray-Curtis similarities between samples
in Reactor R2.

The similarity between the samples from Reactor F (Figure 4.1.a) fluctuated around
a mean before the bio-films were frozen and stored. After thawing and operation at 0
ppt salinity in this study, the fluctuation seemed to increase. This is probably due to the
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community response to adapt to the variations in the VNLR in the period of sampling
(Sample F5 and F6). It is possible that the samples could have been more similar if
the operational conditions were more constant in the sampling period. In Figure 4.1.b,
which shows the similarity between the samples from Reactor R2 at native salinity, the
fluctuations were more evident. In the experiment of Jonassen (2012) there was some
minor accumulation of nitrite at the points of sampling. But the concentration decreased
towards the last sampling point. This reduction in nitrite concentration indicates that
the NOB were gradually becoming more dominating in the bio-film during this period
and the difference in Bray-Curtis similarities between the samples could be explained
due to this. In the present study the nitrification performance was good during con-
tinuous operation of Reactor R2 at 33 ppt salinity, showing no accumulation of nitrite
and converting about 88 % of the in-fluent ammonium. The VNLR was increased in the
period of sampling, and the increased loading can explain variations in the Bray-Curtis
similarities. Comparing the different samples from Reactor R1 gave Bray-Curtis similar-
ities of 0.71, 0.82 and 0.90. The amount of nitrite accumulation was high in Reactor R1
during the sampling period, and the community did not show good performance until
two weeks after the last sample. The community was probably not fluctuating around a
possible climax state, but rather moving towards this condition.

The results indicate that stable communities (climax communities) were not achieved
when operating the reactors at native salinities, and was in accordance with the exper-
imental results of Moussa et al. (2006). This could be due to variations of different
parameters such as in-fluent concentration of ammonium, the volumetric nitrogen load
rate, temperature variations, and pH differences. A longer operational period and con-
stant environmental factors could have resulted in a more similar community over time.
The results suggest that stable performance is not always coupled to a stable commu-
nity structure, and consequently that a static nitrifying community is not essential for
complete nitrification.

4.4 Community structure and dynamics after the change
in salinity

The two cultures showed similar band richness (k) and Shannon diversity (Table 3.4)
when comparing the community development throughout the operational period (before
and after the change in salinity). There were some differences in the Evenness index
where Reactor F showed the highest Evenness, indicating that the species were more
uniformly distributed in this community. As the calculated Evenness was an average
diversity measure before an after the change in salinity one can expect them to be
somewhat similar as the main difference, besides community origin, was the environ-
mental salinity. As discussed in Chapter 4.3 high salinity conditions seemed to reduce
the species richness, and similar diversity was therefore expected when performing a
comparison that included before and after the change in salinity for both reactors.

According to Kartal et al. (2006) and Dapena-Mora et al. (2010) there are two
possible outcomes of the adaptation of a bacterial community to a change in salinity: the
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acclimation of the existing population (by physiological or evolutionary adaptation), or
a population shift (microbes low in initial number gradually dominates the community
due to a competitive advantage towards variations in salinity). The results from the
nitrification salinity toxicity test (Chapter 3.2) showed that the community in Reactor
R2 quickly acclimatized to the change in salinity. The non-metric multidimensional
scaling plot (Figure 3.14) based on Bray-Curtis similarity measures also showed that the
community changed as a response to the change in salinity. This indicated that both
outcomes of adaptation seemed to occur for the 33 ppt salinity adapted culture. On
the contrary, the 0 ppt salinity adapted culture did not show any signs of activity in
the salinity toxic response test. But the NMMDS plot (Figure 3.14) showed that the
community change was just as eminent as in the 33 ppt salinity adapted culture and, with
the modest nitrification rates observed towards the end of the experiment, this suggest
population shift as a response to the change in environmental salinity. The ordination in
Figure 3.14 showed four distinct clusters, with a successive community change between
them. Comparison of the average Bray-Curtis similarity within the samples before the
change in salinity with the individual samples in the transient period showed an almost
linear decrease in similarity. Indicating a constant development towards a possible final
state (Figure 3.16 and 3.17).

The diversity measures (Table 3.5) for the clusters Fstart and Fend showed that the
band richness increased with 50% after the change in salinity. This was not expected and
contradicts studies reporting that an increase in salinity cause a reduction in community
richness (Moussa et al. 2006, Wu et al. 2008, Bassin et al. 2012). The Shannon
diversity index was also higher indicating less dominating species after the change. This
was also unexpected as an increase in salinity would probably select a narrower group
of bacteria able to function at high salinity. It is likely that this could be due to poor
band separation in the lower most parts of the DGGE gel (Figure 3.13) which led to
an underestimation of the bands present (Chapter 4.5). The diversity indices of R2start

and R2end were more similar with small changes in band richness, Shannon diversity
and Evenness. This was considered plausible and in accordance with the results from
the batch salinity toxicity test, and the community origin, suggesting a more robust
community with respect to changes in the salinity. The similarity percentage between the
four groups showed that the ten most contributing bands could explain approximately
50 % of the total variance between the groups. This was in accordance with the results
obtained before the change in salinity (Chapter 4.3) and indicated that variations in
a few key players in the community, would influence the similarity between the groups
substantially. These key players may further possess important roles regarding functional
stability within the communities.
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Figure 4.2: Comparison of Bray-Curtis similarities between the samples in the groups
Fend and R2end during continuous operation after the salinity switch. Black vertical
lines is the average Bray-Curtis similarity of the pair wise comparisons.

The similarity between the samples constituting the groups Fend and R2end from
Reactor F and R2, respectively, seemed to fluctuate around a mean which indicate
that stable communities were not obtained (Figure 4.2). This was probably due to the
communities response to adapt to the variations in the VNLR in the period of sampling,
and it is possible that the observed difference between the samples could have been
more similar if the operational conditions were more constant in the sampling period.
In Reactor R2, the fluctuations seemed more evident, and the Bray-Curtis similarities
were less similar compared to the Fend group of Reactor F. In the sampling period the
community showed full nitrification, but changes in the VNLR may have caused a change
in the community. In reactor F it was observed stable ammonium oxidizing activity
towards the end of operation at 33 ppt salinity (Sample F16S). This suggested that the
AOB were gradually becoming more dominating in the bio-film during this period and
the decrease in Bray-Curtis similarities between the samples could be explained due to
this. The VNLR were decreased in the period of sampling, and the difference in nitrogen
loading rates could further explain the variations in the Bray-Curtis similarities.

It was hard to determine whether the nitrogen loading rates or hydraulic retention
time did result in changes in the microbial population in Reactor F and R2. When
coupling nitrification performance with community changes it should be stated that the
recorded community changes displays the community as a whole, thus including both
the autotrophic nitrifying bacteria and other heterotrophs present in the bio film. This
makes it hard to conclude if changes in activity are associated with big differences in
community structure. Environmental factors such as pH, temperature and dissolved
oxygen concentration remained fairly constant during the operational period, and it is
not likely that these factors contributed in a decisive manner towards the community
change after the salinity change. The pH incidents in Reactor F may have directed the
community towards the final state, as reported by Princic et al. (1998).

The results indicate that the microbial adaptation strategy was not determined by
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either acclimation or by population shift, but rather a combination of the two determined
by the communities inherent prerequisites. These results may contradict the results of
Bassin et al. (2011) who concluded that the AOB population did not change but adapted
to changing salinities in their experiment. Bassin et al. (2011) based this on sequencing
of bands from DGGE runs with general bacterial primers and primers targeting the
amoA gene and concluded based on the presence or absence of AOB. As this present
study examined the community changes in the community as a whole, it is hard to say
if the nitrifying population varied in the transient period and towards the more stable
end state. But it seems highly unlikely that the nitrifying population was stagnant in
the same period.

During adaptation to a change in salinity a stable nitrification performance was not
necessarily coupled to a stable community structure. Towards the end of the experiment
Reactor R2 showed full nitrification, but minor fluctuations in the community was still
observed. This indicates, in accordance with the results from continuous operation at
the cultures native salinity (33 ppt), that a static nitrifying community is not essential
for complete nitrification.

4.5 Conclusions
• The microbial community adapted to 33 ppt was halotolerant and showed robust-
ness to changes in the salinity.

• A static nitrifying community is not essential for complete nitrification, but rather
an advantageous community trait regarding robustness to perturbations in envi-
ronmental factors such as pH, temperature and nitrogen loading.

• The microbial adaptation strategy was not determined by either acclimation or by
population shift for the 33 ppt salinity adapted halotolerant culture. But rather a
combination of the two, determined by the community’s inherent prerequisites.

• Population shift was probably the main adaptation strategy for the 0 ppt adapted
culture when adapting to 33 ppt salinity.

• During adaptation to a change in salinity a stable nitrification performance was
not necessarily coupled to a stable community structure.

• Only a few species contributed to the majority of variance between the different
communities. The degree of abundance of these key players may have important
roles regarding functional stability at different salinities.
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4.6 Future perspectives
DNA based PCR-DGGE prove to be a sufficient way to describe the community dynamics
and structure as a response to environmental changes, and this study has resulted in
new knowledge and insight regarding functional performance, community dynamics and
adaptation strategies as a response to a low salinity adaptation of high salinity adapted
cultures (as most studies have their focus on the opposite scenario). But as DNA based
fingerprinting is afflicted with the presence of non active biomass due to retention in
the bio-film, and a long DNA turnover rate, it is suggested that more work should be
directed towards a RNA (cDNA) based DGGE gel analysis. This would probably result
in a more accurate description of the successive community changes that occurred as
a response to the change in salinity in the communities as the turnover rate of RNA
is substantially lower than DNA in most cases. In particular when considering short
term operation of bio-film based reactor systems with few days between sampling. More
work should further be directed towards identification of the species inhabiting the bio-
film, in particular the bands corresponding to species thought to be key players in the
communities. Sequencing DNA from the DGGE gels has resulted in deficient results
in previous experiments at the department (Hjort, 2010), so other sequencing options
should also be applied (e.g. 454 pyrosequencing). Supplementing the DGGE analysis
with fluorescent in situ hybridisation (FISH) analyses could also give more information
regarding the relative abundance of NOB and AOB as a function of time during the
adaptation and give more knowledge regarding the physical distribution of nitrifying
bacteria within the bio-films. Alternatively, the use of specific AOB and NOB primers
for the PCR-DGGE could give further insight in community dynamics and structure
only accounting for the nitrifying bacteria.

The cultures, DNA extracts and biomass samples from this study are available for
further investigation.
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Appendix A

Operation of the nitrifying
reactor F, with biomass
originating from low salinity
municipal waste water

Table A.1 shows operating conditions for the reactor during the test period. This in-
clude parameters such as concentrations of ammonia, nitrite and nitrate in the effluent
and concentration of ammonia, nitrite and nitrate in the cultivation media. Calculated
nitrification activities, hydraulic retention time and volumetric nitrogen load rate are
also presented. The N-balance refers to the mass of nitrogen in the effluent, subtracted
the total mass of nitrogen sent into the reactor.

On day 37/38 the batch capasity- and toxic salinity tests were conducted.
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Appendix B

Operation of the nitrifying
reactor R2, with biomass
originating from the Trondheim
Fjord

Table B.1 shows operating conditions for the reactor during the test period. This in-
clude parameters such as concentrations of ammonia, nitrite and nitrate in the effluent
and concentration of ammonia, nitrite and nitrate in the cultivation media. Calculated
nitrification activities, hydraulic retention time and volumetric nitrogen load rate are
also presented. The N-balance refers to the mass of nitrogen in the effluent, subtracted
the total mass of nitrogen sent into the reactor.

On day 37/38 the batch capasity- and toxic salinity tests were conducted.
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Appendix C

pH, temperature and dissolved
oxygen measurements

Tables C1 and C2 shows the measured pH, temperature and dissolved oxygen (DO)
concentration for the nitrifying reactor with biomass originating from high salinity sea
water and municipal waste water respectively. Measurements are shown as days after
initiation of continuous operation.

Table C.1: pH, dissolved oxygen (DO) and temperature measurements from the nitri-
fying reactor with biomass originating from the Trondheim Fjord.

Day: pH: DO (mg/L): T (◦C):
1 7.80 6.96 25.0
3 7.70 7.36 21.8
4 7.37 6.93 25.0
6 7.71 6.94 25.0
8 7.71 6.89 25.0
10 7.76 7.10 24.3
12 7.73 6.91 25.0
14 7.79 6.88 25.0
16 7.74 6.72 25.0
18 7.29 6.73 24.9
19 7.76 6.53 25.0
20 7.58 6.69 24.5
22 7.38 6.73 24.8
24 7.39 6.61 24.7
25 7.66
27 7.25 6.82 24.8
31 7.21 6.87 24.8
34 7.21 6.87 24.8
37 7.28 6.78 24.8
38

Continued on next page
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Table C.1 – Continued from previous page
Day: pH: DO (mg/L): T (◦C):
39
40 7.68 7.92 25.2
45 7.78 8.01 25.1
47 7.72 7.81 25.5
50 7.74 7.54 25.3
52 7.71 7.67 25.4
54 7.70 7.45 25.3
55 7.29 8.20 25.0
59 7.36 8.12 25.2
60 7.65 8.09 24.6
62 7.80 8.15 24.9
65 7.82 8.13 25.2
70 7.74 8.36 25.6
73 7.79 8.27 24.8
74 7.72 8.05 25.7
75 7.76 8.05 25.2
80 6.77 8.16 25.0
82 7.63 7.94 25.5
84 7.79 7.82 25.0
87 7.40 7.86 24.5
91 7.76 7.59 24.7
94 7.80 7.54 25.2
96 7.52 7.97 24.8
101 7.72 7.47 24.5
103 7.77 7.53 24.5
105 7.39 7.62 24.4
108 7.27 7.87 24.5
111 7.69 7.97 26.4
115 7.23 7.71 24.3
119 7.22 7.59 23.4
122 7.29 7.23 25.5
127 7.27 7.01 26.5

Table C.2: pH, dissolved oxygen (DO) and temperature measurments from the nitri-
fying reactor with biomass originating from municipal waste water.

Day: pH: DO (mg/L): T (◦C):
1 7.54 7.54 25.1
3 7.8 8.82 21.3
4 7.62 8.27 24.8
6 7.53 8.09 25.1
8 7.73 8.24 24.9
10 7.76 8.22 24.9
12 7.76 8.08 24.9
14 7.33 8.13 24.9
16 7.44 7.92 24.9

Continued on next page
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Table C.2 – Continued from previous page
Day: pH: DO (mg/L): T (◦C):
18 7.76 8.04 24.8
19 7.76 7.86 25.0
20 7.23 7.86 24.1
22 7.24 7.87 24.4
24 7.22 7.22 24.3
25 7.34
27 7.68 7.75 24.6
31 7.24 7.90 24.6
34 7.74 7.73 24.6
37 7.24 7.73 24.6
38
39
40 7.77 7.05 24.9
45 7.76 7.07 24.9
47 7.72 6.94 25.3
50 7.45 6.73 25.1
52 7.66 6.85 25.2
55 7.68 6.96 25.0
60 7.70 6.88 24.7
62 7.30 6.92 24.8
70 7.68 7.06 25.2
73 6.96 7.10 24.6
74 7.33 6.90 25.7
75 7.72 6.94 25.1
80 7.56 6.41 25.0
82 7.74 6.90 25.5
84 7.78 6.98 25.0
87 7.77 7.00 24.4
91 7.68 6.91 24.6
94 7.73 6.84 25.0
96 7.52 6.90 24.5
101 7.67 6.90 24.6
103 7.77 6.87 24.5
105 7.63 6.93 24.4
108 7.75 6.76 24.8
111 7.35 6.81 26.2
115 7.44 7.01 24.3
119 7.79 7.01 23.5
122 7.73 6.74 25.5
127 7.75 6.76 26.5
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Appendix D

Capasity and toxicity tests

Tables D1 and D2 shows the measured concentrations of ammonia, nitrite and nitrate
for Reactor F and Reactor R2 during the batch capacity test.
Tables D3 and D4 shows the measured concentrations of ammonia, nitrite and nitrate
for Reactor F and Reactor R2 during the salinity toxic response test.

Table D.1: Concentration measurements of ammonium, nitrite and nitrate (mg−N/L)
for the municipal waste water culture in Reactor F during the batch capacity test.

Time (h): C+
NH4

: C−NO2
: C−NO3

:
0 93.8 0.107 8.26
0.25 96 0.18 9.07
0.5 94.9 0.192 12.5
1.0 88.9 0.090 17.6
1.5 96 0.073 21.6
2.0 79.9 0.076 30.4
2.5 75.3 0.173 36.3
3.0 68.3 0.113 41.5
3.5 63.3 0.080 50.0
4.0 60.1 0 54.1
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Table D.2: Concentration measurements of ammonium, nitrite and nitrate (mg−N/L)
for the Trondheims Fjord culture in Reactor R2 during the batch capacity test.

Time (h): C+
NH4

: C−NO2
: C−NO3

:
0 93.2 0.400 3.89
0.25 87.0 0.765 6.88
0.5 87.9 1.24 14.2
1.0 92.2 1.82 21
1.5 83.0 1.92 23.6
2.0 80.4 1.52 34.4
2.5 69.8 1.41 34
3.0 63.0 1.14 41.7
3.5 57.4 1.17 46.6
4.0 51.7 1.17 49.4

Table D.3: Concentration measurements of ammonium, nitrite and nitrate (mg−N/L)
for the municipal waste water culture in Reactor F during the salinity toxic response
test.

Time (h): C+
NH4

: C−NO2
: C−NO3

:
0 105 0.075 1.78
0.5 83.6 0.007 2.08
1.0 107 0.001 1.75
1.5 105 0.006 1.69
2.0 110 0.008 1.91
2.5 109 0.003 1.88
3.5 109 0.070 2.75
4.5 111 0 1.78
5.5 113 0.006 2.23
7.5 118 0 1.86
10.0 122 0.002 2.04
13.0 125 0 2.09
19.5 130 0.001 2.48
24.0 135 0.014 2.35
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Table D.4: Concentration measurements of ammonium, nitrite and nitrate (mg−N/L)
for the Trondheim Fjord culture in Reactor R2 during the salinity toxic response test.

Time (h): C+
NH4

: C−NO2
: C−NO3

:
0 .0 110 0.039 2.10
0.5 102 0.163 2.46
1.0 99.3 0.352 5.07
1.5 94.3 0.390 8.40
2.0 90.8 0.570 12.7
2.5 87.1 0.650 17.9
3.5 78.5 0.470 26.9
4.5 72.0 0.230 33.2
5.5 65.8 0.260 39.8
7.5 51.2 0.420 54.0
10.0 29.6 0.710 73.4
13.0 1.62 1.10 101
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Appendix E

DGGE protocol

Mounting of glass plates

1. Wash the two glass plates, the spacer and the comb using Deconex soap and hot
tap water. Finally rinse well with water to remove any traces of soap. Polish one
side of each glass plate using 96% ethanol and Kimwipe paper.

2. Assemble the glass plates and spacer, and place it all in the gel box. Assure that
the spacer is aligned to the lower edge of the glass plates. Tighten the screws.

3. Loosen the two uppermost screws, mount the comb, and then tighten the screws
again.

Preparation of DGGE solutions

1. Determine the acrylamide percent and the denature gradient of the gel. (For
recipes og solutions, see below.)

2. Make acrylamide solutions with the desired denaturing percentage in two 50 ml
tubes. (Total volume in each tube will be 24 mL; see table below for volumes of
0% and 80% denaturing solutions.)

3. The 0% denat. acrylamide solution can be added to the 50 mL tubes without
filtration. The 80% denat. acrylamide solution needs to be filtered before upon
addition. (In order to remove urea crystals).

4. Prepare a 50 mL tube with 8 mL 0% denat. acrylamide solution. (Stacking gel for
the top part of the gel.)

5. When ready to pour the gel, add 16µL tetramethylethylenediamine (TEMED) to
the 24 mL gel solutions, and 10µL TEMED to the 8 mL stacking solution.

6. Prior to pouring the gel, add 87µL APS (10% ammonium per-sulphate) in both 24
mL gel solutions. (For the stacking gel, add 40µL APS, but not until the stacking
gel is ready for pouring.)
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Casting the gel

1. Rinse the gradient mixer and the tubes by pumping mq-water through the system.

2. Turn off the pump, close the valve between the chambers off the gradient mixer,
and put the gradient mixer on stirring.

3. Pour the gel solution with low denat. percentage in the left chamber. Quickly
open and close the valve to remove any air bubbles in the channel between the
chambers. Use a pipette to remove any small amounts of gel solution in the right
chamber.

4. Pour the gel solution with high denat. percentage in the right chamber.

5. Start the pump and wait a few seconds until the solution from the right chamber
has migrated 7-8 cm out in the tube. Then open the valve between the chambers.
Assure stirring in both chambers.

6. Place the syringe between the glass plates. (Assure no water from the washing
step is left in the tube.)

7. When the gel reaches approximately 1 cm below the comb, stop the comb, remove
the syringe, and empty any leftovers from the mixing chamber and tubes. Rinse
the system with a small amount of mq-water.

8. When the mixing chambers are empty from water, close the valve and stop the
pump. Add APS to the stacking gel solution, mix, and pour into the right chamber
of the mixer.

9. Start the pump. When the glass plates are completely filled with the stacking gel,
turn of the pump, and press the comb down and in to the gel. Tighten the screws.

10. Leave the gel for polymerization for at least two hours.

11. Pump mq-water through the system to avoid gel polymerization in the tubes.

Preparations and addition of samples

1. Make 20 L of 0.5X TAE buffer (200 mL 50X TAE and 20 L of mq-water) and add
approximately 17 L to the buffer tank. (The buffer may be used for three runs.)
Turn on the instrument to heat the buffer to 60◦C.

2. Carefully remove the comb from the gel. Loosen all screws, and carefully press
down the spacer. Tighten the screws at the sides of the glass plates. (The screws
on the bottom should be loose throughout the electrophoresis.)

3. Place the gel system in the buffer tank. Avoid air bubbles beneath the gel.
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4. Attach the electrical wires and recirculation tube and turn on the recirculation.
Rinse the wells using a syringe with buffer. Turn the power on (100 V; should
result in approximately 27 - 35 mA) and let run while preparing the samples.

5. Add 3 µL loading dye to 5 µL PCR sample. When all samples are ready for
loading, turn off the recirculation and push the "low voltage" button. Apply the
samples to the wells. Avoid using the 2-3 outermost wells due to "smiling" effects.

Running the gel

1. Turn on the "high voltage" button, set the voltage to 100 V. Run the gel for 5-10
minutes without buffer recirculation.

2. Turn on the recirculation and run gel for 17-18 hours.

Staining and visualization

1. Turn of the instrument; lift the gel system out.

2. Loosen the screws, and lift out the gel. Carefully separate the glass plates.

3. Transfer the gel to a plastic foil sheet and place it in a suitable lidded box.

4. Prepare the staining solution by adding 30 mL mq-water, 3µL SYBR Gold, 600
µL 50X TAE buffer in a 50 mL tube.

5. Distribute the staining solution evenly on the gel. Put the lid on the box, and
leave for 1-2 hours.

6. Carefully take out the gel and rinse with mq-water. Carefully let the water run of
the gel, use a paper towel at the edges of the gel to remove excess water.

7. Wash the UV plate of the "gel dock" with distilled water and ethanol. Use Kimwipe
papers to remove any dust or other particles on the UV plate. Distribute some
mq-water on the plate (This allows for easy movement of the gel on the plate).

8. Carefully transfer the gel from the plastic foil to the UV plate (by turning the
plastic foil "upside down"). Before removing the foil, position the gel on the plate.

9. Photograph the gel at different exposures, and save the pictures in the original
format, and e.g. pdf or other formats.

Eluation of bands for sequencing

1. Print out a picture of the gel, and number the bands that are to be sequenced.

2. Add 20 µL sterile mq-water to eppendorf tubes, and number the tubes according
to the number of bands.
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3. Pull out the UV plate, and pull down the UV screen. Cover the wrists to avoid
UV radiation. Use blue 1 mL pipette tips to stick out material from the bands.
Take care to avoid touching other bands. Use a pipette to blow out the material
in the eppendorf tube with water.

4. Place the tubes in the fridge over night.

5. Use 1µL of the eluate as template in a 25µL PCR reaction.

Chemical recipes

For all the solutions mention under, add distilled water to obtain the final volume.

50X TAE buffer

The 50 X TAE buffer is prepared according to Table F.1. Prior of use, autoclave the
buffer.

Table E.1: 50 X TAE Buffer (20 L).

Compound Amount
Tris base 242 g
Glacial acetic acid 57.1 mL
0.5 M EDTA (pH 8.0) 100 mL

Deionized formamide

Deionize 200 mL formamide by adding 7.5 g DOWEX RESIN AG 501X8, and stir for
one hour at room temperature.

Acrylamid solution (0% denaturing)

8% acrylamide in 0.5 X TAE buffer (per 250 ml):

1. 50 mL of 40% acrylamide solution (BioRadLab Inc)

2. 2.5 mL of 50 X TAE buffer

Store solution at 4◦C, protected from light.

Acrylamid solution (80% denaturing)

8% acrylamide, 5.6 M urea, 32% formamide, in 0.5 X TAE buffer (per 250 ml):

1. 50 mL of 40% acrylamide solution (BioRadLab Inc.)

2. 2.5 mL of 50 X TAE buffer
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3. 84 g of urea

4. 80 mL of deionized formamide

Store solution at 4◦C, protected from light. Must be sterile filtered before pouring the
gel.

0% stacking gel

Prepared by taking 8 mL of the 0% acrylamide solution and adding 40µL 10% APS and
10µL TEMED.

10% ammonium per-sulphate (APS)

1. Dissolve 10 g of ammonium per-sulphate in 100 mL dH2O.

2. Sterile filter the solution.

3. Divide solution in 250µL fractions in eppendorf tubes and store in freezer.

4. Used eppendorf tubes are discharged after use.

Composition of low and high denaturing solutions

Table E.2 shows the composition of low and high denature solutions. 0%- and 80% stock
refers to the amount of the 0% and 80% acrylamid solutions needed.

Table E.2: Composition of low and high denature solutions. 0%- and 80% stock refers
to the amount of the 0% and 80% acrylamid solutions needed

Denaturing % 0% stock 80% stock TEMED + 10% APS Total volume
15 19.5 4.5 16 + 87 24
25 16.5 7.5 17 + 87 24
30 15 9 18 + 87 24
35 13.5 10.5 19 + 87 24
40 12 12 20 + 87 24
45 10.5 13.5 21 + 87 24
50 9 15 22 + 87 24
55 7.5 16.5 23 + 87 24
60 6 18 24 + 87 24
75 1.5 22.5 25 + 87 24
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