UvA-DARE (Digital Academic Repository)

Interactions between microorganisms and oxic-anoxic transitions
Diao, M.
Publication date
2018
Document Version
Final published version
License
Other
Link to publication
Citation for published version (APA):
Diao, M. (2018). Interactions between microorganisms and oxic-anoxic transitions. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

A

T

C

G

Microorganisms and Oxic-Anoxic Transitions

T

Interactions between
Microorganisms and
Oxic-Anoxic Transitions

Muhe Diao
2018

Muhe Diao
刁目贺

A

Interactions between Microorganisms and
Oxic-Anoxic Transitions

Muhe Diao

M. Diao, 2018. Interactions between Microorganisms and Oxic-Anoxic Transitions.

PhD thesis, University of Amsterdam, The Netherlands

This study was carried out at the Department of Freshwater and Marine Ecology
(FAME), Institute for Biodiversity and Ecosystem Dynamics (IBED), Universiteit van
Amsterdam, The Netherlands.

Printed by: Ipskamp Printing, Amsterdam
ISBN: 978-94-91407-65-9

Cover design: Xinyu Zhong & Muhe Diao

Interactions between Microorganisms and
Oxic-Anoxic Transitions

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie,
in het openbaar te verdedigen in de Agnietenkapel
op woensdag 17 oktober 2018, te 14:00 uur

door
Muhe Diao
geboren te Shandong, China

Promotiecommissie
Promotores:

Overige leden:

Prof. dr. G. Muijzer

Universiteit van Amsterdam

Prof. dr. J. Huisman

Universiteit van Amsterdam

Prof. dr. A.M. de Roos

Universiteit van Amsterdam

Prof. dr. H.J. Laanbroek

Universiteit Utrecht

Prof. dr. S. Bertilsson

Uppsala University, Sweden

Prof. dr. ir. P.F.M. Verdonschot

Universiteit van Amsterdam

Dr. J.M.H. Verspagen

Universiteit van Amsterdam

Dr. R. de Wit

The National Center for
Scientific Research, France

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

Contents
Chapter 1

7

General Introduction

Chapter 2

21

Succession of bacterial communities in a seasonally stratified lake with an anoxic and
sulfidic hypolimnion
Chapter 3

55

Oxic-anoxic regime shifts mediated by feedbacks between biogeochemical processes
and microbial community dynamics

Chapter 4

81

Spatio-temporal dynamics of sulfur bacteria during oxic-anoxic regime shifts in a
seasonally stratified lake
Chapter 5

111

Seasonal succession of bacteria and archaea involved in the nitrogen cycle of a
seasonally stratified lake
Chapter 6

145

Synthesis and Outlook
References

160

Summary

184

Samenvatting

188

摘要

192

Author Contributions

195

Curriculum Vitae

196

Publications

197

Acknowledgements

198

Chapter 1 | General Introduction

1
General Introduction

7

Chapter 1 | General Introduction

Hypoxia and anoxia
Every summer, „dead zones‟ without fish, shrimp and crabs occur across vast areas
spanning thousands of km2 in the Gulf of Mexico, the Baltic Sea, the Arabian Sea,
the East China Sea, and many other coastal waters (Rabalais et al., 2002; Diaz and
Rosenberg, 2008). Similar dead zones are observed in Lake Erie and many smaller
inland waters (Conroy et al., 2011; Jenny et al., 2016). They are caused by oxygen
depletion (Diaz and Rosenberg, 2008). Oxygen is a critical component for aquatic
ecosystems. Many fish and aquatic invertebrates suffer from a lack of oxygen if
dissolved oxygen (DO) concentrations decline below 5 mg l-1, and further depletion
below 2 mg l-1 often leads to fish kills and mass mortalities of aquatic invertebrates.
For practical applications, when dissolved oxygen is still present, but decreases
below 2 mg l-1, one speaks of hypoxia (Rabalais et al., 2002; Vaquer-Sunyer and
Duarte, 2008). When oxygen levels have been fully depleted, it is termed anoxia
(Karlson et al., 2002). Anoxia stimulates the formation of hydrogen sulfide, which is
highly toxic for many organisms. The combination of anoxia and high sulfide
concentrations is called euxinia. Prolonged hypoxia, and especially anoxia and
euxinia, are detrimental for most aerobic organisms (Diaz and Rosenberg, 1995;
Vaquer-Sunyer and Duarte, 2008).
Hypoxia and anoxia have existed throughout geologic time (Rabalais et al.,
2002). However, during the past decades, the frequency, intensity and duration of
hypoxia and anoxia have increased in both lakes and coastal waters due to
eutrophication and global warming (Diaz and Rosenberg, 2008; Middelburg and
Levin, 2009; Jenny et al., 2016).
Eutrophication is caused by high nutrient (nitrogen and phosphorus) inputs from,
for instance, agriculture and urban wastewater (Conley et al., 2009; Chislock et al.,
2013). Nutrient enrichment stimulates dense phytoplankton blooms of cyanobacteria
and algae (Paerl and Huisman, 2008; Michalak et al., 2013). The subsequent
microbial degradation of senescent blooms and other sources of organic material
may deplete DO in waters, killing fish and other aquatic organisms. Rising
temperatures decrease the solubility of oxygen in water (Deutsch et al., 2011).
Furthermore, rising temperatures strengthen thermal stratification of lakes and seas,
which effectively suppresses oxygen exchange between the atmosphere and deeper
water layers (Rabalais et al., 2002; Livingstone, 2003; Thackeray et al., 2008).
8
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Rising temperatures and CO2 levels also promote phytoplankton blooms in eutrophic
waters (Paerl and Huisman, 2008; Verspagen et al., 2014), further increasing the risk
of hypoxia and anoxia when these blooms die off. Therefore, eutrophication and
climate change are main drivers of the expanding zones of hypoxia and anoxia in
lakes and coastal waters.
In many eutrophied lakes and seas in temperate latitudes, oxygen depletion is
an annually recurrent phenomenon in deeper water layers (a.k.a. the hypolimnion),
when the water column stratifies in summer. In case of mild oxygen depletion in the
hypolimnion, usually hypoxia rapidly disappears during fall turnover when the
hypolimnion mixes with oxygen-rich surface waters. In more severe situations with
anoxia and euxinia, however, low-oxygen conditions may spread out from the
hypolimnion throughout the entire water column in the fall and it may take several
days to weeks before the oxic conditions are restored (Ciglenečki et al., 2005;
Pjevac et al., 2015). Hence, oxic-anoxic transitions are frequently observed in
seasonally stratified ecosystems (Rabalais et al., 2007; Garcia et al., 2013; Yu et al.,
2014).
Although transitions between oxic and anoxic water are accompanied by major
changes in microbial community structure and biogeochemical processes, a
comprehensive understanding of the different biological and chemical feedbacks
involved in oxic-anoxic transitions is still lacking. Therefore, it is imperative to
investigate how microorganisms interact with oxic-anoxic transitions since hypoxia
and anoxia are increasingly threating aquatic ecosystems.

Microbial communities in freshwater lakes
It is well known that microorganisms drive the major biogeochemical cycles on Earth
(Azam and Worden, 2004; Falkowski et al., 2008; Fuhrman, 2009). Hence, aquatic
microorganisms, including bacteria and archaea, have been extensively studied for
decades (Blaauboer, 1982; Christensen and Sorensen, 1986; Eiler and Bertilsson,
2004; Kent et al., 2007; Salcher et al., 2008; Nelson, 2009; Auguet et al., 2011;
Auguet et al., 2012; Yang et al., 2017). Common bacterial groups in lakes are
Actinobacteria, Bacteroidetes, Chlorobi, Cyanobacteria, Firmicutes, Proteobacteria
(Alpha-, Beta-, Gamma-, and Delta-) and Verrucomicrobia (Newton et al., 2011;
Karhunen et al., 2013; Dai et al., 2016). The dominant archaeal groups in lakes are
9
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Crenarchaeota and Euryarchaeota (Lliros et al., 2008). To date, the ecological roles
of many of these microbial groups are still elusive because of the difficulties in
culturing and isolating them (Newton et al., 2011).
In recent years, high-throughput DNA and RNA sequencing has provided more
detailed and clear insights into the composition, dynamics and activities of microbial
communities (Lauro et al., 2011; Fortunato et al., 2013). Consequently, nowadays a
much higher taxonomic resolution of the composition and dynamics of lake bacteria
and archaea can be achieved than before (Eiler et al., 2012; Pester et al., 2012).
Furthermore, functional genes indicate the biogeochemical transformations in which
these microorganisms are potentially involved, and metatranscriptomic analysis
provides insights into the expression of these functional activities at the level of the
lake microbiome (Llorens-Marès et al., 2015; Steffen et al., 2015; Yang et al., 2016).
Hence, it has now become feasible to explore community dynamics of
microorganisms as well as their roles in ecosystem functioning with the help of
advanced molecular techniques and bioinformatics approaches (Fortunato et al.,
2013; Lima-Mendez et al., 2015; Harke et al., 2016).

Microbial sulfur cycle
The sulfur cycle is of paramount importance to aquatic microbial communities,
because sulfur compounds can be used as electron donors and/or acceptors by a
variety of different microorganisms. In addition, sulfur is an important component of
proteins. Sulfur oxidation states in aquatic environments span a wide range, from -2
(sulfide and reduced organic sulfur) to +6 (sulfate). Sulfate is the most commonly
used sulfur resource for plants and microbes, whereas sulfide is very toxic to most
multi-cellular organisms and some microorganisms (Lavik et al., 2009). Microbiallymediated transformations between sulfide and sulfate can occur via a variety of
pathways (Figure 1.1). Specifically, dissimilatory sulfur and sulfate reduction and
chemolithotrophic sulfur oxidation are ancient microbial metabolisms (Canfield and
Raiswell, 1999).

10
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Figure 1.1. Overview of the microbial sulfur cycle. This figure is adapted from Muyzer
and Stams (2008).

Sulfate-reducing bacteria
Sulfate-reducing bacteria (SRB) are anaerobic bacteria and archaea that respire
organic carbon compounds using sulfate as terminal electron acceptor (Muyzer and
Stams, 2008). SRB play important roles in carbon cycling since they can degrade
organic matter in anoxic environments (Jørgensen, 1982). Furthermore, SRB can coexist with methanogens and affect methane production (Sela-Adler et al., 2017). In
freshwater sediments, sulfate reduction is also a dominant force in iron cycling
(Hansel et al., 2015).
SRB mainly belong to the Deltaproteobacteria, Nitrospirae, Clostridia,
Thermodesulfobiaceae, Thermodesulfobacteria, Euryarchaeota and Crenarchaeota
(Muyzer and Stams, 2008). In the eutrophic meromictic Lake Harutori, SRB were
observed in anoxic water layers below the chemocline (Kubo et al., 2014). Seasonal
fluctuations in the populations of SRB and their sulfate-reducing activity were
reported in the sediment of Lake Kizaki in Japan (Li et al., 1999).
11
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Sulfur-oxidizing bacteria
Sulfur-oxidizing bacteria (SOB) oxidize reduced sulfur compounds, such as
hydrogen sulfide (H2S) to elemental sulfur (S°) or sulfate (SO42-). Based on the
energy source, SOB comprise 2 functional groups: phototrophic sulfur bacteria and
chemolithotrophic sulfur-oxidizing bacteria. Bacteria of the latter group are also
termed colorless sulfur bacteria (CSB) (Muyzer et al., 2013). Phototrophic sulfur
bacteria use light as energy source and sulfide, elemental sulfur or thiosulfate as
electron donor for anoxygenic photosynthesis (Frigaard and Dahl, 2009), whereas
CSB use reduced sulfur compounds as energy source (Muyzer et al., 2013; Ghosh
and Dam, 2009).
Phototrophic sulfur bacteria include green sulfur bacteria (GSB) and purple
sulfur bacteria (PSB) (Frigaard and Dahl, 2009; Gregersen et al., 2011). GSB belong
to the phylum Chlorobi, while PSB belong to the class Gammaproteobacteria within
the phylum Proteobacteria (Frigaard and Dahl, 2009). GSB and PSB can make
important contributions to primary production in several ecosystems (Takahashi and
Ichimura 1968; Storelli et al., 2013). Furthermore, many GSB and PSB can fix
atmospheric nitrogen, indicating their important roles in the nitrogen cycle (Madigan,
1995; Ohkouchi et al., 2005).
GSB and PSB contain specific pigments for photosynthesis, which can be used
for their detection by microscopic techniques (Tonolla et al., 2003; Decristophoris et
al., 2009). GSB (Chlorobiacea) dominated in the chemocline of Lake Suigetsu (Mori
et al., 2013) and anoxic water layers of Lake Mekkojärvi (Saarenheimo et al., 2016).
Similarly, PSB were observed in the chemocline of the meromictic Lake Shunet and
Mahoney Lake (Rogozin et al., 2012; Hamilton et al., 2014). Coexistence of GSB
and PSB in the metalimnion has been observed in several stratified lakes, for
instance in Lake Cadagno (Tonolla et al., 2005; Decristophoris et al., 2009).
CSB are taxonomically diverse, including bacteria from Alpha-, Beta-, Gamma-,
and Epsilonproteobacteria (Friedrich, 1998; Ghosh and Dam, 2009; Muyzer et al.,
2013). Accordingly, the metabolic pathways in CSB are quite diverse and versatile
(Ghosh and Dam, 2009). CSB are often the dominant primary producers in aphotic
environments (Grote et al., 2008; Noguerola et al., 2015). In seasonally stratified
lakes, it has been observed that phototrophic sulfur bacteria were replaced by CSB
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when the lake was mixed after stratification (Noguerola et al., 2015; Pjevac et al.,
2015).

Microbial nitrogen cycle
The element nitrogen (N) is an essential nutrient for all living organisms, as it is a
crucial constituent of proteins and nucleic acids. It is well known that microorganisms
play vital roles in transforming nitrogen compounds in both aquatic and terrestrial
environments (Falkowski et al., 2008; Nelson et al., 2016). These transformation
processes are of paramount importance for ecosystem functioning. Therefore,
numerous studies have been performed on the diversity, abundance and distribution
of nitrogen microorganisms in lakes (Hastings et al., 1998; Schubert et al., 2006;
Halm et al., 2009). Based on their functions in nitrogen transformations, the
microorganisms involved in nitrogen cycling are classified into different groups
(Figure 1.2).

Figure 1.2. Overview of the microbial nitrogen cycle. This figure was adapted from Rush
and Sinninghe Damsté (2017). PON: particulate organic nitrogen; DON: dissolved organic
nitrogen.
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Ammonia-oxidizing bacteria and archaea
Nitrification is the process in which ammonia (NH3) is oxidized to nitrite (NO2-) and
subsequently to nitrate (NO3-). The first and rate-limiting step of nitrification is
ammonia oxidation, which is catalyzed by the enzyme ammonia monooxygenase
(Rotthauwe et al., 1997). For a long time, it was believed that ammonia-oxidizing
bacteria (AOB) were the only microorganisms that could perform ammonia
oxidization, until the discovery of ammonia-oxidizing archaea (AOA) belonging to the
new phylum Thaumarchaeota (Konneke et al., 2005; Leininger et al., 2006). Recent
work shows that AOA and AOB coexist in various environments, including soils,
marine and freshwater ecosystems (Li et al., 2015; Lu et al., 2016; Ouyang et al.,
2017).
The relative abundance of AOA and AOB in lakes shows seasonal fluctuations
(Vissers et al., 2013; Lu et al., 2015; Yang et al., 2016) and is determined by
environmental conditions, such as oxygen (French et al., 2012; Lu et al., 2015),
trophic states (Hou et al., 2013; Bollmann et al., 2014), and ammonia availability
(Herrmann et al., 2009; French et al., 2012).

Nitrite-oxidizing bacteria
Nitrite-oxidizing bacteria (NOB) oxidize nitrite (NO2-) to nitrate (NO3-), providing
nutrient resources for primary production in aquatic environments (Yool et al., 2007).
Nitrobacter, Nitrococcus, Nitrospira and Nitrospina are the most well-known NOB
(Koch et al., 2014; Levipan et al., 2014). Nitrolancetus hollandicus, which belongs to
the phylum Chloroflexi, can also catalyze the oxidation of nitrite (Sorokin et al.,
2012). Previously, nitrite oxidization was believed to be a chemolithotrophic process
only. However, it has been recently discovered that the purple sulfur bacterium
Thiocapsa can perform phototrophic nitrite oxidation (Hemp et al., 2016). NOB often
live together with ammonia oxidizers, which facilitates the complete oxidization from
ammonium to nitrate (Gieseke et al., 2003; Matsumoto et al., 2010).

Comammox bacteria
For more than 100 years, nitrification was assumed to be carried out by the stepwise
activity of two groups of bacteria. That is, first ammonia is oxidized to nitrite by
14
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ammonia oxidizers, and subsequently nitrite is oxidized to nitrate by nitrite oxidizers
(Winogradsky, 1890; Costa et al., 2006). Recently, however, Nitrospira strains that
can conduct complete ammonium oxidation (comammox) have been discovered
(Daims et al., 2015; van Kessel et al., 2015). Isolated bacteria as well as
metagenomics analysis of an uncultivated bacterium proved that comammox
bacteria can oxidize ammonia completely to nitrate (Daims et al., 2015; van Kessel
et al., 2015; Pinto et al., 2016).
Comammox bacteria have been detected in drinking water systems and
wastewater treatment bioreactors (Gonzalez-Martinez et al., 2016; Pinto et al.,
2016). The isolated comammox strain, Nitrospira inopinata, exhibits a higher affinity
for ammonia, a lower maximum ammonia oxidation rate, and a higher growth yield
than most AOA (Kits et al., 2017). These results indicate that AOA are not
necessarily the dominant ammonia oxidizers in oligotrophic environments as
previously assumed (Stahl and de la Torre, 2012), whereas comammox bacteria
might have significant roles in nitrification in oligotrophic and dynamic environments.

Anammox bacteria
The discovery of anaerobic ammonia oxidizing (anammox) bacteria, which can
convert ammonium and nitrite into dinitrogen gas, has expanded our understanding
of the microbial nitrogen cycle (Strous et al., 1999). Increasing evidence shows that
anammox bacteria play significant roles in the nitrogen losses from marine and
freshwater habitats (Kuypers et al., 2003; Schubert et al., 2006).
The distribution and abundance of anammox bacteria in the water column and
sediment of lakes have been investigated before (Schubert et al., 2006; Yang et al.,
2017). In a permanently stratified lake, the abundance and activity of anammox
bacteria showed seasonal variations (Hamersley et al., 2009). Furthermore, it was
observed that the abundance of anammox bacteria was much higher in summer than
in spring in both eutrophic Dianchi Lake and mesotrophic Erhai Lake (Yang et al.,
2017).

Denitrifying bacteria
Denitrification is the process which reduces oxidized nitrogen compounds (NO3/NO2) to dinitrogen gas (Zumft, 1997), which can counterbalance the nitrogen input
15
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from biological nitrogen fixation and artificial nitrogen fertilizers produced for
agriculture (Schlesinger, 2009). The reduction from NO3- to N2 includes 4 steps which
are catalyzed by 4 functional enzymes, including nitrate reductases, NO-generating
nitrite reductases, N2O-generating nitric oxide reductases, and nitrous oxide
reductases (Zumft, 1997; Shapleigh, 2013). The reduction of nitrate to nitrite can be
performed by a taxonomically diverse set of bacteria, whereas the reduction of nitrite
to nitric oxide is solely carried out by denitrifying bacteria and archaea that contain
nitrite reductases (Zumft, 1997; Kandeler et al., 2006). Most denitrifying bacteria and
archaea are facultative anaerobes (Zumft, 1997).
Many denitrification studies were performed in marine environments (Mosier
and Francis, 2010; Lee and Francis, 2017; Marchant et al., 2017) whereas related
research in lakes has been relatively scarce (e.g., Christensen and Sorensen, 1986;
Sweerts et al., 1990).

Nitrogen-fixing bacteria
Biological nitrogen fixation converts atmospheric dinitrogen (N2) into ammonia, which
is an exclusively prokaryotic metabolic process only performed by bacteria and
archaea containing the enzyme nitrogenase (Turk et al., 2011; Gaby and Buckley,
2012). Nitrogen fixation is energetically expensive and it can only proceed in the
absence of oxygen. Furthermore, many microorganisms cease their nitrogen fixation
activity when other forms of nitrogen (especially ammonium) are available.
Previous research revealed that nitrogen-fixing bacteria are phylogenetically
diverse,

including

members

of

the

Cyanobacteria,

Alpha-

Gamma-

and

Deltaproteobacteria (Zani et al., 2000; Zehr et al., 2000). Furthermore, green sulfur
bacteria (Chlorobi) can also conduct nitrogen fixation (Madigan, 1995; Ohkouchi et
al., 2005). Long-term observations of biogeochemical processes in the North Pacific
Gyre have revealed that biological nitrogen fixation supplied up to half of the nitrogen
demand by planktonic production (Karl et al., 1997). In lakes and estuaries, nitrogenfixing Cyanobacteria may form dense blooms when other nitrogen compounds, such
as nitrate and ammonium, are limited (Hendzel et al., 1994; Bentzon-Tilia et al.,
2015). Furthermore, it has been reported that nitrogen-fixing bacteria can show high
activity at the chemocline of meromictic lakes (Halm et al., 2009).
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Lake Vechten
This thesis investigates how oxic-anoxic transitions affect the microbial nitrogen and
sulfur cycle in Lake Vechten (Figure 1.3), which is a eutrophic lake near the village
of Bunnik (52°04‟N, 5°05‟E) in the center of the Netherlands. As one of many artificial
lakes in the Netherlands, Lake Vechten was originally created by sand excavation
during 1938-1939 (Best et al., 1978). It has a total surface area of 4.7 ha, consisting
of a western basin and eastern basin. The maximum depth of Lake Vechten is 11.9
m and the average depth is 6.0 m.

Figure 1.3. Panorama view of Lake Vechten in summer (taken on July 19, 2013).

There are no surface in- or effluents of Lake Vechten and the water level is
determined by rainfall, evaporation and horizontal groundwater flow (Steenbergen
and Verdouw, 1982). Therefore, Lake Vechten can be considered a seepage lake.
Lake Vechten becomes stratified with an oxic epilimnion, a hypoxic metalimnion and
an anoxic, sulfidic hypolimnion during summer and autumn, whereas the lake is well
mixed during winter and early spring (Best et al., 1978; Blaauboer, 1982;
Steenbergen and Verdouw, 1982). Thus, oxic-anoxic regime shifts happen
seasonally in Lake Vechten.
Enclosed environments with strong seasonality are ideal systems to perform a
clear and detailed study of dynamic changes in microbial community structure as

17
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many potential sources of variability are limited (Nelson, 2009). Therefore, Lake
Vechten has been extensively investigated by scientists of the former Dutch
Limnological Institute (now part of the Netherlands Institute of Ecology) in the 1960s
and 1970s. The morphometry, hydrology, physicochemical conditions, and
organisms of Lake Vechten have been studied (Best et al., 1978; Blaauboer, 1982;
deGraaf and Cappenberg, 1996). The role of microorganisms in the biogeochemical
cycles of nitrogen (Verdouw and Dekkers, 1982), carbon and sulfur (Cappenberg,
1975) in Lake Vechten were investigated at a low taxonomic resolution because our
modern molecular techniques of DNA sequencing and bioinformatics were not yet
available at that time. Overall, the vertical gradient in physicochemical conditions
during summer stratification, relatively stable hydrological environment, and the
previous studies make Lake Vechten an ideal „model ecosystem‟ to investigate how
oxic-anoxic transitions interact with the dynamics of microbial communities in
seasonally stratified lakes.

Outline of this thesis
Climate change and eutrophication affect aquatic ecosystems at a global scale
(Walther et al., 2002; Conley et al., 2009; Pecl et al., 2017). In particular, global
warming can expand the anoxic zone and prolong the stratification period of
seasonally stratified lakes, altering the oxic-anoxic transitions (Arvola et al., 2010;
North et al., 2014). Meanwhile, human activities are increasingly disturbing the
nitrogen and sulfur cycle worldwide, especially in freshwater environments (Galloway
et al., 2004; Erisman et al., 2008; Finlay et al., 2013). However, our understanding of
how oxic-anoxic transitions affect the microbial nitrogen cycle and sulfur cycle in
seasonally stratified lakes is still limited.
Therefore, this thesis focuses on the interactions between microbial
communities and oxic-anoxic transitions in the seasonally stratified Lake Vechten.
The main purpose of the thesis is to: (a) detect the microbial diversity and dynamics
during oxic-anoxic transitions in the water column and sediment; (b) elucidate the
roles of microorganisms in these oxic-anoxic transitions; and (c) investigate the
microbial nitrogen and sulfur cycle during oxic-anoxic transitions.
Chapter 2 describes the dynamics of various bacterial groups in different water
layers and the sediment over one year. The bacterial community composition of
18

Chapter 1 | General Introduction

epilimnion, metalimnion and hypolimnion diverged during summer stratification and
converged when the lake was mixed. Conversely, bacterial communities in the
sediment remained relatively stable over the year. In general, the results show large
spatio-temporal changes in bacterial community composition, especially during
transitions from oxic to anoxic and from sulfidic to nonsulfidic conditions.
Regime shifts are defined as abrupt, large and persistent changes in the
structure and function of ecosystems triggered by gradual changes in environmental
conditions (Chavez et al., 2003; Scheffer and Carpenter 2003; Biggs et al., 2009). In
Chapter 3, the role of species interactions in microbial communities during oxicanoxic transitions was investigated by mathematical modelling and field observations.
We discovered that gradual environmental changes induced by, for example,
eutrophication or global warming can induce major oxic-anoxic regime shifts. In
particular, interactions between microbially-mediated biogeochemical processes and
dynamic changes in microbial community composition (Cyanobacteria, phototrophic
sulfur bacteria and SRB) can cause hysteresis during oxic-anoxic transitions.
Although sulfur bacteria play vital roles in biogeochemical cycles and oxicanoxic regime shifts, the succession of sulfur bacteria in seasonally stratified lakes is
still largely unresolved. Chapter 4 studies the diversity, dynamics and abundance of
SRB, GSB, PSB and CSB in Lake Vechten. We found that sulfur bacteria exclusively
inhabited the sediment during the mixing period in winter. After the water column
stratified, various SRB species expanded into the anoxic hypolimnion, while PSB
and GSB bloomed in the metalimnion and hypolimnion. During fall turnover, SRB
and GSB vanished from the water column, whereas CSB (mainly Arcobacter) and
PSB (Lamprocystis) became dominant and oxidized the accumulated sulfide under
micro-aerobic conditions.
Seasonal succession of bacteria and archaea involved in the nitrogen cycle is
studied in Chapter 5. AOA, AOB and anammox bacteria were abundantly present in
the sediment in winter. Nitrogen-fixing bacteria and denitrifying bacteria increased in
the water column in spring, when nitrate was gradually depleted and the hypolimnion
became anoxic. After the lake was mixed during fall turnover, AOA, AOB and
anammox bacteria increased to high abundances in the sediment again. Overall,
nitrogen bacteria and archaea in the water column and sediment displayed a
pronounced seasonal succession during the oxic-anoxic transitions induced by
seasonal stratification of the lake.
19
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In Chapter 6, the results from this thesis are synthesized, and future research
directions are discussed.

20

Chapter 2 | Succession of Bacterial Communities

2
Succession of bacterial communities in a seasonally
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Abstract
Although bacteria play key roles in aquatic food webs and biogeochemical cycles,
information on the seasonal succession of bacterial communities in lakes is still far
from complete. Here, we report results of an integrative study on the successional
trajectories of bacterial communities in a seasonally stratified lake with an anoxic
hypolimnion. The bacterial community composition of epilimnion, metalimnion and
hypolimnion diverged during summer stratification and converged when the lake was
mixed. In contrast, bacterial communities in the sediment remained relatively stable
over the year. Phototrophic Cyanobacteria and heterotrophic Actinobacteria,
Alphaproteobacteria and Planktomycetes were abundant in the aerobic epilimnion,
Gammaproteobacteria (mainly Chromatiaceae) dominated in the metalimnion, and
Chlorobi, Betaproteobacteria, Deltaproteobacteria and Firmicutes were abundant in
the anoxic sulfidic hypolimnion. Anoxic but nonsulfidic conditions expanded to the
surface layer during fall turnover, when the epilimnion, metalimnion and upper
hypolimnion mixed. During this period, phototrophic sulfur bacteria (Chromatiaceae
and

Chlorobi)

disappeared,

Polynucleobacter

(Betaproteobacteria)

and

Methylobacter (Gammaproteobacteria) spread out from the former meta- and
hypolimnion to the surface layer, and Epsilonproteobacteria dominated in the bottom
water layer. Cyanobacteria and Planktomycetes regained dominance in early spring,
after the oxygen concentration was restored by winter mixing. In total, these results
show large spatio-temporal changes in bacterial community composition, especially
during transitions from oxic to anoxic and from sulfidic to nonsulfidic conditions.
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Introduction
Freshwater lakes provide vital ecosystem services to human society. As key players
in biogeochemical cycles and water quality, bacteria in freshwater lakes have been
studied extensively (Eiler and Bertilsson, 2004; Kent et al., 2007; Nelson, 2009;
Shade et al., 2012). Many lakes in the temperate zone are stratified during the
summer period, with a warmer upper layer called the epilimnion, and a colder, darker
and sometimes anaerobic deeper layer known as the hypolimnion. Global warming
will extend the range and duration of seasonal stratification in many lakes, which is
likely to affect the abundances, species composition, and seasonal succession of
bacteria in these different water layers (Huisman et al., 2004; Paerl and Huisman,
2008; North et al., 2014; Visser et al., 2016).
As a central theme in ecology, community succession has attracted numerous
studies (Clements, 1916; Walker and Moral, 2003). One classic view, advocated by
Clements (1916), is that succession largely proceeds as a deterministic orderly
process and therefore successional trajectories should be highly predictable. An
alternative view, developed by Gleason (1926), is that succession is based on the
independent responses of a large number of individual organisms. Therefore,
Gleason attributed a much greater role to chance events, and argued that
succession is much less predictable than advocated by the Clementsian view. Both
viewpoints have been extensively debated over the years, particularly in studies of
succession of plants (Inouye and Tilman, 1995; Kreyling et al., 2011) and animals
(Chase, 2010). Seasonal succession of abundant bacterial taxa in lakes, such as
Cyanobacteria and Betaproteobacteria, has been investigated using fluorescence in
situ hybridization (FISH) and whole-community fingerprinting (Eiler and Bertilsson,
2004; Kent et al., 2007; Salcher et al., 2008; Nelson, 2009; Šimek et al., 2014). In
recent years, next generation sequencing of DNA provided enhanced taxonomic
resolution and hence further insight into community succession of bacteria in the
epilimnion of seasonally stratified lakes (e.g., Eiler et al., 2012; Okazaki and Nakano,
2016). Comparative studies of bacterial succession in different water layers are still
relatively rare (e.g., Shade et al., 2008; Garcia et al., 2013; Yu et al. 2014; Okazaki
and Nakano, 2016), but could shed more light on the impact of seasonal stratification
on successional trajectories.
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In this study, we present a comprehensive investigation of the trajectories of
bacterial succession in different water layers and the sediment of Lake Vechten in
the Netherlands. Lake Vechten is a eutrophic seepage lake that becomes stratified in
an aerobic epilimnion and an anaerobic, sulfidic hypolimnion during summer and
autumn, while it is well mixed during winter and early spring (Best et al., 1978;
Blaauboer, 1982; Steenbergen and Verdouw, 1982). There are no streams or rivers
connected to Lake Vechten, and hence bacterial succession in the lake is not
affected by changes in source populations upstream. The seasonal stratification and
relatively stable hydrological conditions therefore make Lake Vechten an excellent
model system to investigate bacterial succession.
The main objectives of this study were: (i) to compare the composition and
seasonal succession of bacterial communities in different layers of the water column
and in the sediment, (ii) to identify environmental variables that affect bacterial
succession, and (iii) to infer ecological relationships between community members
and environmental variables. For this purpose, samples from different water layers
and the sediment of Lake Vechten were collected monthly over one year, and 16S
rRNA gene amplicon sequencing was employed to determine the composition and
successional trajectories of the bacterial communities.

Materials and methods
Study site, sampling and general analyses
Lake Vechten (52°04‟N, 5°05‟E) is located in the center of the Netherlands, a few km
southeast of the city of Utrecht. It consists of two basins with a total surface area of
4.7 ha, and has a maximum depth of 11.9 m (Figure 2.1).
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Figure 2.1. Lake Vechten. (A) Photo of the lake (taken on July 19, 2013). (B) Depth map of
Lake Vechten and the sampling point (X). Updated from Steenbergen and Verdouw (1982).

Vertical profiles of temperature, dissolved oxygen (DO), chlorophyll a,
photosynthetically active radiation (PAR), specific conductivity and pH of lake water
were measured in situ using a multiprobe Hydrolab DataSonde 4a (Hydrolab
Corporation, Austin, TX, USA). Water samples from every meter depth were
collected monthly or biweekly from March 2013 to April 2014 from the Western basin.
Water was pumped via a hose connected to the Hydrolab Datasonde, so that the
water samples matched the conditions measured by the Hydrolab Datasonde at that
particular depth. Water samples were filtered through 0.20 µm nylon membrane
filters (Millipore, GNWP) to collect bacterial cells for DNA-based community analysis.
Filters were frozen immediately and stored at -20°C, until further processing.
Sediment samples (top 10 cm) were collected monthly with a box-corer from the
same location.
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Subsequent to previous filtration, dissolved organic carbon (DOC) was
measured by total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan), while
ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), total dissolved inorganic nitrogen
(DIN), sulfate (SO42-), phosphate (PO43-) and chloride (Cl-) were measured by an
auto-analyzer (SAN++, Skalar, The Netherlands). For sulfide measurements, lake
water was filtered through 0.20 µm polyethersulfone membrane filter and fixed by
zinc acetate (10% w/v) immediately in the field. Afterwards, sulfide was measured in
the laboratory according to methylene blue spectroscopic method (Trüper and
Schlegel, 1964). The data were visualized with Ocean Data View (version 4.6.5.;
Schlitzer, 2002).

DNA extraction
DNA was extracted from the bacterial cells on the filters by using the PowerSoil DNA
Isolation Kit according to manufacturer‟s instructions (Mo Bio, Laboratories Inc.,
USA). The concentration of extracted DNA was quantified with the Qubit dsDNA BR
Assay Kit (Invitrogen, USA).

16S rRNA gene amplicon sequencing and OTU assignments
We first profiled the PCR-amplified 16S rRNA genes of all 189 water samples and 11
sediment samples by denaturing gradient gel electrophoresis (DGGE). Based on the
DGGE profiles and measured vertical stratification pattern of Lake Vechten, we
selected 51 water samples and 4 sediment samples for 16S rRNA amplicon
sequencing (Supplementary Table S2.1). These 55 samples covered the complete
variation in microbial community composition detected by DGGE. Sequencing was
performed on an Illumina MiSeq system by Research and Testing Laboratory
(Lubbock,

Texas,

USA).

The

CCTACGGGNGGCWGCAG-3‟)

primer
and

pairs

S-D-Bact-0341-b-S-17

S-D-Bact-0785-a-A-21

(5‟(5‟-

GACTACHVGGGTATCTAATCC-3‟) were used to generate paired-end sequence
reads, covering the V3-V4 region of the 16S rRNA gene (Herlemann et al., 2011).
Data analysis started with a denoising step in which short sequences,
singletons, and noisy reads were removed, followed by a chimera check, in which
chimeric sequences were removed. In order to determine the taxonomic information
for each remaining sequence, the sequences were first quality checked and
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demultiplexed. Subsequently, the sequences were clustered into operational
taxonomic units (OTUs) using the UPARSE algorithm program (Edgar, 2013). The
centroid sequence from each cluster is then run against a database of high-quality
sequences derived from the NCBI database using the USEARCH global alignment
algorithm. The global search method uses a mixture of the USEARCH global search
algorithm along with a python program to determine the actual taxonomic
assignment that is assigned to each read. From the top 6 sequence matches a
confidence value was assigned to each taxonomic level (phylum, class, order, family,
genus and species). Once confidence values were assigned for each sequence an
RDP formatted output file was generated for the final analysis in USEARCH.
Subsequently, the data were entered in the diversity analysis program that takes the
OTU/dereplication table output from sequence clustering along with the output
generated during taxonomic identification and began the process of generating a
new OTU table with the taxonomic information tied to each cluster.
The 16S rRNA gene amplicon sequences have been deposited as dataset
SAMN06314865-SAMN06314918 in the Sequence Read Archive (SRA) of the
National Center for Biotechnology Information (NCBI).

Statistical Analysis
Non-metric multidimensional scaling (NMDS) analysis was used to ordinate data
using the software program PAST (Hammer et al., 2001). NMDS analysis was based
on Bray-Curtis similarities calculated between samples using the relative
abundances of bacterial species. The ordination was plotted as a two-dimensional
graph to enhance interpretability.
Environmental parameters, except for pH, were log (x+1)-transformed for
redundancy analysis. The data were fitted to the redundancy analysis (RDA) model
using the R software package (version 3.0.3). Environmental parameters were used
as explanatory variables and bacterial taxa were the response variables in the RDA
model. The explanatory variables were reduced by eliminating collinearity through
calculation of the variance inflation factors (VIF) using the R function VIF in the „car‟
package (Fox and Weisberg, 2011). Explanatory variables were analysed step-wise
until only those with a VIF < 10 remained. To further reduce the model to the most
significant explanatory variables, we used the Ordistep function in the R package
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„vegan‟ to apply forward selection permutation analysis and reveal those terms that
contributed significantly to the model (Oksanen et al., 2013). Significance was
determined using a permutation test with a multivariate pseudo-F statistical test and
9999 permutations (Zuur et al., 2009).

Co-occurrence network analysis
Taxon-taxon and taxon-environment co-occurrence networks were constructed with
the Cytoscape plug-in software program CoNet (Faust and Raes, 2012; Faust et al.,
2012). An ensemble of correlation measures of bootstrap and renormalization
approach, which can reduce false positive and compositionality biases, was
employed to identify co-occurrence and mutual exclusion interactions. Correlation or
dissimilarity

scores

were

calculated

using

Spearman

and

Kullback-Leibler

dissimilarity (Lima-Mendez et al., 2015). Potential false-positive correlations were
further controlled by using the ReBoot procedure with 4000 permutations (Faust and
Raes, 2012; Faust et al., 2012). The resulting distribution was run with 4000
bootstraps. Finally, a false discovery rate of 5% (q ≤ 0.05; Benjamini and Hochberg,
1995) was applied to the P-values of all correlations to control for multiple
comparisons. In each analysis, the P-value for correlations was combined across
Spearman and Kullback-Leibler dissimilarity measures.

Results
Seasonal variation of environmental conditions
Vertical profiles of physical and chemical parameters showed distinct seasonal
variation in Lake Vechten (Figure 2.2). Temperature was homogeneous over the
entire water column in winter and early spring. From April onwards temperature in
the surface layer increased, creating a typical stratified lake consisting of an
epilimnion, metalimnion and hypolimnion (Figure 2.2A). During the phytoplankton
spring bloom in April and May the epilimnion was supersaturated with oxygen
(Figure 2.2B). Subsequently, the epilimnion remained aerobic and maintained a
relatively high pH of 8 - 9 during the summer stratification, while the hypolimnion
became anaerobic and had a much lower pH of 6.5 - 7.2 from May onward (Figure
2.2B,C). Chlorophyll a in the top layer (0 - 4 m depth) was high in April and May,
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Figure 2.2. Spatio-temporal dynamics of environmental variables. (A) Temperature, (B)
dissolved oxygen (DO), (C) pH, (D) chlorophyll a, (E) nitrate, (F) ammonium, (G) sulfate, (H)
sulfide, (I) phosphate, (J) dissolved organic carbon (DOC). Environmental parameters were
measured for 189 water samples indicated by black and white dots, while microbial
community analysis was performed on 51 water samples indicated by the white dots. The
graphs were created with Ocean Data View, version 4.6.5.

decreased in June and stayed relatively low until the next spring (Figure 2.2D), while
a high concentration of chlorophyll a developed in the metalimnion from July until
October. Interestingly, the entire water column became low in dissolved oxygen and
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pH when the lake was mixed during the fall turnover in November and December
(Figure 2.2B,C). At 10 m depth the pH remained lower and the ammonium
concentration higher than at shallower depths, indicating that surface mixing by wind
action and convective cooling did not fully extend to the deepest parts of the lake
during fall turnover (Figure 2.2C,F). The oxygen concentration recovered to near
saturation throughout the entire water column in March, and also the other physicochemical parameters were essentially uniform over depth, indicating that mixing did
reach the deeper parts of the lake in early spring.
The nitrate concentration was <1 μM across the whole water column during the
stratification period, and increased to 15 μM in spring (Figure 2.2E). Nitrite was
hardly detected in the water column (data not shown). The ammonium concentration
remained low throughout the year in the top 5 m of the water column, but
accumulated in the deeper part of the hypolimnion during the stratification period
where it reached 635 μM in October (Figure 2.2F). Sulfate concentrations were
highest (~70 μM) in early spring, decreased to <10 μM in the hypolimnion from
August to October, and increased again after the stratification period (Figure 2.2G).
Sulfide was only detected in the hypolimnion from May to November, reaching
concentrations of >15 μM in August and September (Figure 2.2H). Phosphate was
at or below the detection limit for most of the time, except for a slightly higher
concentration (1 - 2 μM) just above the lake sediment during the stratification period
(Figure 2.2I). The DOC concentration was ~500 μM from March to May, and then
increased especially in the deeper part of the hypolimnion (Figure 2.2J).

Community composition
High-quality sequences were received for 54 of the 55 samples selected for 16S
rRNA gene amplicon sequencing, with a total of 4802 OTUs. The bacterial
community composition showed major variation in space and time (Supplementary
Figure S2.1). As a first step, we calculated average percentages of bacterial taxa in
the water column and sediment. In the water samples, most OTUs belonged to the
phyla

Proteobacteria

Bacteroidetes

(6.8%),

(31%),

Cyanobacteria

Verrucomicrobia

(4.0%),

(27%),

Actinobacteria

Planctomycetes

(18%),

(1.4%)

and

Firmicutes (1.3%) (Figure 2.3A; Supplementary Table S2.2). Within the
Proteobacteria, Betaproteobacteria formed the most abundant class, followed by
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Gammaproteobacteria,

Alphaproteobacteria,

Epsilonproteobacteria,

and

Deltaproteobacteria. The main genera of Cyanobacteria in Lake Vechten were
members

of

the

family

Oscillatoriales,

and

in

particular

the filamentous

cyanobacterium Planktothrix. The phylum Bacteroidetes consisted of members of the
classes

Flavobacteria,

Sphingobacteria,

Cytophagia

and

Bacteroidia,

while

Verrucomicrobia were composed of the Verrucomicrobiae and Opitutae. Other
bacterial phyla, such as Acidobacteria, Chlorobi, Chloroflexi, Lentisphaerae,
Spirochaetes and Fusobacteria were present at low average abundances (<0.5%).
However, taxa with a low average abundance could be more abundant in some
samples, for instance Firmicutes constituted up to almost 8% of the total bacterial
community in some samples, while their average percentage was only 1.3%
(Supplementary Table S2.2).
The composition of bacterial communities in the sediment was different from
the water column (Figure 2.3B). Proteobacteria (33%) and Bacteroidetes (18%)
were the most abundant phyla in the sediment. In particular, Deltaproteobacteria and
Cytophagia formed the main classes of Proteobacteria and Bacteroidetes,
respectively. Other phyla, such as the Firmicutes, Spirochaetes, Verrucomicrobia,
Cyanobacteria and Actinobacteria, were present at lower abundance (1 - 5%).
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Figure 2.3. Overall composition of the bacterial community based on all 16S rRNA
gene amplicon sequences. (A) Water column, (B) sediment. The smaller pie charts show
the taxonomic composition within the Proteobacteria, Bacteroidetes, and Cyanobacteria.

Seasonal succession of bacterial communities
From March to May 2013, a large bloom of Cyanobacteria (primarily Planktothrix spp.)
dominated the bacteria (Figure 2.4A; Supplementary Figure S2.1). In the spring of 2014,
Planktothrix bloomed again. Similarly, Planctomycetes reached highest abundances in early
spring, before the onset of summer stratification (Figure 2.4B). At the onset of stratification,
in May 2013, Alphaproteobacteria became abundant in the top meter of the water column
(Figure 2.4C), followed by a high abundance of Bacteroidetes in June 2013, which were in
turn replaced by Actinobacteria as the most dominant bacterial group (up to 80%) in the
33

Chapter 2 | Succession of Bacterial Communities
epilimnion during summer (Figure 2.4D,E). Betaproteobacteria (mainly Polynucleobacter)
dominated in the meta- and hypolimnion during summer stratification (Figure 2.4F; Figure
2.5A), while Gammaproteobacteria (mainly purple sulfur bacteria of the Chromatiaceae)
reached high abundances in the metalimnion in September and October (Figure 2.4G;
Figure 2.5B). Deltaproteobacteria, Firmicutes and Chlorobi (green sulfur bacteria) were
present in the hypolimnion during summer stratification, but largely disappeared during fall
turnover (Figure 2.4H-J). Verrucomicrobia were present in both the epilimnion and
hypolimnion, but not in the metalimnion, during the stratification period (Figure 2.4K).
Polynucleobacter (Betaproteobacteria) and Methylobacter (Gamma-proteobacteria) spread
out from the former metalimnion and hypolimnion into the surface layer during fall turnover in
November and December (Figure 2.5A,C). Epsilonproteobacteria became abundant in the
deeper water layers in November and December, but were rare (< 1%) otherwise (Figure
2.4L).
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Figure 2.4. Spatio-temporal dynamics of major bacterial taxa based on 16S rRNA gene
amplicon sequences. The graphs show relative abundance of (A) Cyanobacteria, (B)
Planctomycetes, (C) Alphaproteobacteria, (D) Bacteroidetes, (E) Actinobacteria, (F)
Betaproteobacteria, (G) Gammaproteobacteria, (H) Deltaproteobacteria, (I) Firmicutes, (J)
Chlorobi, (K) Verrucomicrobia, (L) Epsilonproteobacteria. Black dots indicate the sampling
points for the 16S rRNA gene sequences. The graphs were created with Ocean Data View,
version 4.6.5.
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Figure 2.5. Spatio-temporal dynamics of abundant genera and family within the Betaand Gammaproteobacteria based on 16S rRNA gene amplicon sequences. (A)
Polynucleobacter, (B) Chromatiaceae, (C) Methylobacter. Black dots indicate the sampling
points for the 16S rRNA gene sequences. The graphs were created with Ocean Data View,
version 4.6.5.

The bacterial community composition in the sediment showed much less
dramatic

changes

Deltaproteobacteria,

than

in

the

water

Betaproteobacteria

column.
and

Proteobacteria

Gammaproteobacteria)

(mainly
and

Bacteroidetes (mainly Cytophagia) dominated the sediment community throughout
the year (Supplementary Figure S2.1).
To visualize the succession of bacterial communities from different water layers,
the OTUs of the epilimnion (1 m), metalimnion (5 m), hypolimnion (10 m) and
sediment were classified at the species level and then used to compute a BrayCurtis similarity matrix that was subsequently ordinated into two dimensions using
NMDS (Figure 2.6A). The bacterial communities of the three water layers were very
similar in April 2013 (Figure 2.6A,B). As stratification started in May, bacterial
communities from the epilimnion, metalimnion and hypolimnion rapidly diverged and
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followed different successional trajectories. During late summer and fall, the bacterial
community composition at 10 m depth developed towards the community
composition of the sediment (Figure 2.6A,C). In particular, several bacterial genera
with high relative abundances in the sediment throughout the year also became
abundant at 10 m depth in late summer and fall (e.g., Cytophaga, Clostridium,
Smithella; Table 2.1). During fall turnover in November and December, bacterial
communities from 1 m and 5 m became similar, but still differed from the bacterial
community composition at 10 m depth (Figure 2.6A). Finally, in March 2014, the
bacterial communities of all three water layers converged back to those in the spring
of 2013. The NMDS further confirmed that, in contrast to the marked successional
changes in the water column, the bacterial community in the sediment remained very
stable during the seasons.
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Figure 2.6. Divergence and convergence of bacterial communities in different water
layers. (A) Non-metric multidimensional scaling (NMDS) plots of bacterial communities at 1
m, 5 m, 10 m depth and in the sediment throughout the year. Samples were grouped
according to depth (1, 5, 10 m and sediment) and connected by time sequence. Numbers
indicate months (e.g. 3 is March 2013 and 15 is March 2014). (B) Bray-Curtis dissimilarities
between bacterial communities from different water layers (1 m and 5 m, 1 m and 10 m). (C)
Bray-Curtis dissimilarities between bacterial communities from different water layers and the
sediment (1 m and sediment, 10 m and sediment).
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Table 2.1. Relative abundance (%) of bacterial genera in the sediment and in deeper
parts of the water column (10 m depth), prior to the onset of water column
stratification (March 6, 2013) and in the fall (November 7, 2013). Only bacterial genera
with a relative abundance >1% in the sediment are listed.

March, 2013

November, 2013

Genus
Sediment

10 m

Sediment

10 m

Cytophaga

10.93

0.02

10.76

1.26

Syntrophus

6.62

0.01

7.22

0.65

Rhodocyclaceae

3.69

0.70

5.49

0.28

Methylobacter

2.65

1.25

1.56

2.10

Geobacter

2.48

0.05

2.80

0.58

Spirochaeta

2.34

0.04

1.53

0.30

Verrucomicrobium

2.33

4.01

2.14

6.70

Anaerophaga

1.94

0.00

1.66

1.00

Smithella

1.50

0.00

1.11

2.27

Desulfobacterium

1.38

0.00

1.17

0.03

Clostridium

1.33

0.14

1.40

4.01

Acidobacterium

1.27

0.02

1.18

0.04

Haliea

1.19

0.01

1.51

0.00

Methanosaeta

1.08

0.01

0.56

0.00
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Environmental variables associated with bacterial succession
Redundancy analysis was applied to correlate the bacterial taxa with environmental
variables. In total, 11 explanatory variables had a VIF < 10 including temperature,
DO, PAR, pH, NH4+, NO3-, PO43-, SO42-, sulfide-, DOC and Cl-. Forward selection
revealed that 6 of these 11 variables were significant in the redundancy analysis: DO,
pH, NH4+, DOC, NO3- and temperature (Table 2.2).

Table 2.2. Significance of the selected explanatory variables in the RDA correlation
triplots (see Figure 2.7).

Explanatory

AIC

Pseudo-F

P

DO

118.36

15.47

0.005

pH

121.73

11.32

0.005

NH4+

122.23

10.73

0.005

DOC

122.64

10.25

0.005

NO3-

127.42

4.92

0.005

Temperature

127.08

5.29

0.005

Variable

The explanatory variables were selected by forward selection based on the pseudo-F statistic, using
9999 permutations to assess their significance. AIC = Akaike information criterion. Total variation
explained by the RDA model was 48%.

The first and second axis of the RDA plot explained 28.1% and 8.1% of the variation
in the data, respectively (Figure 2.7). The first axis was positively correlated with DO
and pH, but negatively correlated with NH4+, thus separating aerobic from anaerobic
conditions. Alphaproteobacteria were associated with high DO and pH, whereas
Betaproteobacteria,

Gammaproteobacteria,

Deltaproteobacteria,

Epsilonproteobacteria, Firmicutes, Chlorobi and Lentisphaerae were all associated
with anaerobic conditions. Along the second axis, Actinobacteria, Bacteroidetes and
Verrucomicrobia were associated with the high temperatures in summer, whereas
Cyanobacteria

and

Planctomycetes

were

associated

with

the

high

NO3-

concentrations in early spring. Finally, Chloroflexi were positively correlated with
DOC concentration.
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Figure 2.7. Redundancy analysis of the effect of environmental variables on bacterial
community composition. Taxonomic responses (red arrows) are shown at the class level
for Proteobacteria and at the phylum level for all other bacteria. Only taxa with a total
average abundance above 0.1% are shown. All explanatory variables (blue arrows) in this
triplot are significant (Table 2.2). Symbols represent the sampling points (yellow=spring;
orange=summer; cyan=fall; green=winter). Total variation explained by the RDA model was
48%.

Taxon-taxon and taxon-environment interactions
Co-occurrence network analysis of samples from the water column resulted in a
global network with 1931 taxon-taxon interactions and 335 taxon-environment
interactions (Supplementary Figure S2). To visualize the results, subnetworks of
the epilimnion, metalimnion and hypolimnion were extracted from the global network.
Bacterial species were assigned to a subnetwork only if they represented > 0.1% of
the OTUs in all samples of that subnetwork. Bacteria in the epilimnion were
positively correlated with temperature, DO and NO3- (Figure 2.8A). Most
Cyanobacteria species had positive correlations with other bacteria in the epilimnion
including species from Actinobacteria, Alpha- and Betaproteobacteria, Bacteroidetes,
Planctomycetes, and Verrucomicrobia. In the metalimnion, Cyanobacteria were
negatively correlated with Chlorobi (green sulfur bacteria), Chromatiaceae (purple
sulfur bacteria) and Deltaproteobacteria and positively correlated with DO (Figure
2.8B). In contrast, Chlorobi, Chromatiaceae and Deltaproteobacteria were positively
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correlated with each other, but negatively correlated with DO. In the hypolimnion,
extensive positive correlations were observed between members of the Firmicutes
(Clostridiaceae),
Geobacteraceae),

Deltaproteobacteria
Bacteroidetes,

(Syntrophaceae,
Spirochaetes,

Desulfobulbaceae
Betaproteobacteria

and
and

Verrucomicrobia (Figure 2.8C). Most of these species were negatively correlated
with DO and positively correlated with NH4+ and DOC.
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Figure 2.8. Co-occurrence subnetworks of bacterial species and environmental
variables. (A) Subnetwork in the epilimnion; (B) subnetwork in the metalimnion; (C)
subnetwork in the hypolimnion. Circles represent bacteria; red squares are environmental
parameters. The size of the symbol indicates the number of interactions ('degrees'). Green
lines indicate positive interactions (co-occurrence); red lines indicate negative interactions
(mutual exclusion).

Discussion
Mechanisms of bacterial succession
Our results point at a close coherence between seasonal stratification of the lake
and seasonal changes in biogeochemical processes and microbial community
structure.
In late winter and early spring, before the onset of stratification, nitrate
concentrations

were

high

throughout

the

water

column

while

phosphate

concentrations were low. The ratio of dissolved inorganic nitrogen to phosphorus
(DIN:DIP > 75) greatly exceeded the canonical Redfield ratio of 16:1, which indicates
that P was the major limiting factor for the phytoplankton spring bloom. During this
period, the bacterial community was dominated by Cyanobacteria and aerobic
heterotrophic bacteria of the phylum Planctomycetes, which were both dispersed
throughout the water column. The cyanobacterial community consisted largely of the
non-nitrogen-fixing Planktothrix agardhii, a filamentous species of eutrophic lakes
that often dominates in turbid and well-mixed waters with high N:P ratios (Mur et al.,
1999; Dokulil and Teubner, 2000).
During summer stratification, nitrate and phosphate concentrations were both
depleted in the epilimnion, indicating that phytoplankton growth was co-limited by
both nutrients during summer. Cyanobacteria had a much lower relative abundance
than in spring, and in the epilimnion they were replaced by Alphaproteobacteria,
Bacteroidetes and Actinobacteria. Stratification of the lake created anoxic conditions
in the hypolimnion, most likely caused by microbial degradation of organic matter,
which resulted in higher DOC and NH4+ concentrations and lower pH during the
stratification period. A wide variety of anaerobic heterotrophic bacteria, including
members of the Bacteroidetes, Betaproteobacteria, Deltaproteobacteria, Firmicutes
and Spirochaetes, were abundant in the anoxic hypolimnion. The decrease in sulfate
and concomitant increase in sulfide concentration is consistent with the activity of
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sulfate-reducing Deltaproteobacteria in the hypolimnion (e.g., Desulfobulbaceae,
Syntrophaceae; Figure 2.8C). The upward diffusion of sulfide and downward flux of
light provided suitable growth conditions for purple sulfur bacteria (Chromatiaceae,
dominant in the Gammaproteobacteria) in the metalimnion and green sulfur bacteria
(Chlorobi) in both the meta- and hypolimnion.
Mixing of the lake led to hypoxia throughout the entire water column during fall
turnover. Sulfide rapidly vanished from the deeper water layers during the fall,
indicative of the activity of sulfur-oxidizing bacteria (e.g., members of the
Epsilonbacteria;

Campbell

et

al.,

2006).

Chlorobi,

Chromatiaceae

(Gammaproteobacteria), Deltaproteobacteria and Firmicutes all disappeared during
fall turnover, whereas Polynucleobacter (Betaproteobacteria) and Methylobacter
(Gammaproteobacteria) spread out from the former meta- and hypolimnion into the
surface layer of the lake. These observations are quite similar to recent findings of
Pjevac et al. (2015), who studied a stratified seawater lake that also became
completely anoxic after mixing of the water column. Similar to our study, they also
observed

that

phototrophic

sulfur

bacteria

(Chlorobi

and

Chromatiaceae)

disappeared after holomixis. In their study, however, the anoxic water column
remained sulfidic and became dominated by gammaproteobacterial sulfur oxidizers.
In our study, the lake became nonsulfidic during fall turnover, which led to a
community dominated by Polynucleobacter and gammaproteobacterial methane
oxidizers (Methylobacter). Ammonium that had accumulated in the hypolimnion
during summer stratification was oxidized to nitrate during winter mixing, which
fueled a new bloom of non-nitrogen-fixing Cyanobacteria (Planktothrix spp.) in the
next early spring.
Overall, these synchronous trends indicate that the seasonal succession of
bacterial communities is closely associated with seasonal changes in environmental
variables and quite predictable, providing a Clementsian view on microbial
succession in stratified lakes.

Divergence and convergence of bacterial communities
In line with expectation, the bacterial community composition in epilimnion,
metalimnion and hypolimnion diverged during summer stratification. In the epilimnion,
Actinobacteria

became

dominant.

In

the

metalimnion,

a

community

of
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Betaproteobacteria, Gammaproteobacteria (mainly purple sulfur bacteria of the
Chromatiaceae)

and

Deltaproteobacteria

developed.

The

hypolimnion

was

dominated by members of the Betaproteobacteria, Deltaproteobacteria, Firmicutes
and Chlorobi (green sulfur bacteria). A similar divergence of bacterial communities in
the epilimnion and hypolimnion has been reported for several other seasonally
stratified lakes (Salcher et al., 2008; Shade et al., 2008; Garcia et al., 2013; Paganin
et al., 2013; Yu et al., 2014; Okazaki and Nakano, 2016; Schmidt et al., 2016).
Changes in bacterial community composition during fall turnover have received
far less attention, presumably because one would expect a straightforward
homogenization of the bacterial communities. Yet, two aspects are quite noteworthy
in this lake. First, the community composition that emerged upon fall turnover did not
mimic the average of the microbial communities that dominated the different water
layers in the preceding weeks. Instead, many of the bacterial taxa that were
abundant during summer stratification disappeared (e.g., Actinobacteria, Chlorobi,
Chromatiaceae, Deltaproteobacteria, Firmicutes), whereas other taxa already
present

in

the

hypolimnion

became

dominant

during

fall turnover

(e.g.,

Polynucleobacter, Methylobacter). Hence, mixing of the lake led to major shifts in
community composition.
Second, the bacterial community of Lake Vechten did not fully homogenize
across the entire depth of the water column during fall turnover. Instead,
Polynucleobacter and Methylobacter spread out to the upper half of the water
column, whereas Epsilonproteobacteria became dominant in remnants of the
hypolimnion. This spatial variation in bacterial community composition persisted in
November and December despite a nearly uniform temperature profile. Vertical
mixing in the surface layers of lakes is often relatively fast due to wind action and
convective cooling (Imberger, 1985; Tedford et al., 2014), but vertical mixing towards
deeper water layers of lakes can be a slow and incomplete process (MacIntyre, 1993;
Imboden and Wüest, 1995). The depth profiles of pH, ammonium and most other
physico-chemical parameters show that, in December, the surface mixed layer
spanned the upper 7-8 meters of the water column. The pH remained lower and
ammonium concentration was higher below 8 m depth, indicating that mixing of the
lake during the fall was not complete, which provided a distinct niche for
Epsilonproteobacteria in the deeper water layer. Epsilonproteobacteria often play a
key role in the oxidation of sulfur and other reduced compounds at low oxygen levels,
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and can occur in high abundances at oxic-anoxic interfaces (Campbell et al., 2006).
Only in early spring did mixing of oxygen-rich water reach to the deeper parts of the
lake and the bacterial community converged to a similar species composition across
almost the entire depth gradient.

Bacteria in the sediment
The bacterial composition in the sediment of Lake Vechten showed much less
seasonal variation than that in the water column. Yet, the sediment community was
quite diverse, consisting of Beta-, Gamma- and Deltaproteobacteria, Bacteroidetes,
Firmicutes, Verrucomicrobia, Spirochaetes, and a variety of other taxa. Dominant
bacterial phyla and classes in the sediment of Lake Vechten, such as Beta-,
Gamma- and Deltaproteobacteria, Bacteroidetes and Firmicutes, have also been
found in other freshwater lake sediments (e.g. Ding et al., 2015; Zhang et al., 2015;
Dai et al., 2016). Verrucomicrobia were relatively abundant in the sediment of Lake
Vechten whereas they had not been detected in Dianchi Lake and Erhai Lake (Dai et
al., 2016). In contrast, Actinobacteria only constituted 1% of the bacterial community
and Chlorobi were almost negligible in the sediment of Lake Vechten, whereas they
can be quite abundant in the sediments of other freshwater lakes (Zhang et al., 2015;
Dai et al., 2016; Zeng et al., 2016). Hence, the sediments of freshwater lakes have
several bacterial groups in common, yet the bacterial community composition still
varies considerably among lakes, possibly in association with differences in trophic
status, redox conditions, and a variety of other sediment characteristics (Ding et al,.
2015; Dai et al., 2016; Zeng et al., 2016).
While the bacterial community composition in the hypolimnion diverged from
the epilimnion community during the summer stratification, it became more similar to
the community composition in the sediment, especially in the fall. For instance,
proportions of Firmicutes and Verrucomicrobia were similar in the hypolimnion and
the sediment. Yet, there were still differences between hypolimnion and sediment, as
Betaproteobacteria and Gammaproteobacteria were dominant bacterial groups in the
hypolimnion, whereas Bacteroidetes and Deltaproteobacteria were the most
abundant bacterial groups in the sediment. Convergence of bacterial communities in
the hypolimnion to those in the sediment indicates that the sediment might serve as
a 'seed bank' (sensu Lennon and Jones, 2011) of anaerobic bacteria, such as
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Clostridium (Firmicutes) and Smithella (Deltaproteobacteria) (Table 2.1). These
anaerobic bacteria were confined to the sediment when the water column was oxic in
spring, increased in the anoxic hypolimnion during summer and fall, and again
withdrew to the sediment once the complete water column became oxic in winter.

Development of anoxia
Stratification of the lake led to anoxic conditions in the hypolimnion during the
summer period, similar to previous observations of Lake Vechten in the 1970s and
1980s (Blaauboer, 1982; Steenbergen, 1982; Steenbergen and Verdouw, 1982;
Verdouw and Dekkers, 1982).
However, we are not aware of earlier reports of anoxia spreading to the surface
layer of Lake Vechten during fall turnover. In the 1970s and 1980s, when the lake
was extensively monitored, the hypolimnion was usually anoxic and sulfidic from late
May till late October, and was subsequently oxygenated during fall turnover in midNovember (Steenbergen and Verdouw, 1982; Sweerts et al., 1991). We observed an
anoxic and sulfidic hypolimnion that lasted slightly longer, from early May till early
November 2013. Subsequently, the entire water column became anoxic when the
lake was mixed during fall turnover in early December (Figure 2.2B), although
sulfide largely vanished from the water column (Figure 2.2H).
Increases in the extent and duration of anoxia in aquatic ecosystems are
commonly attributed to eutrophication and enhanced stratification by global warming
(Diaz and Rosenberg, 2008; Meire et al., 2013; Jenny et al., 2016). Winter
concentrations of dissolved nitrogen and phosphorus measured during our 20132014 study were quite similar to the winter concentrations measured in the 1970s
(Steenbergen and Verdouw, 1982). Hence, there is no evidence for recent
eutrophication of the lake. The second half of October 2013 was exceptionally warm,
however, with maximum air temperatures above 20 °C during daytime and above
12 °C at night (which is 6 °C higher than the 30-year averages of both daytime and
nighttime temperature). These high autumn temperatures provide a plausible
explanation for the prolonged stratification period, well into November of 2013, which
may have led to a further lowering of the redox potential in the hypolimnion and to
subsequent anoxia during fall turnover (cf. Nürnberg, 1995). These results may offer
a glimpse of future lake responses to global warming, as an earlier onset and longer
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duration of the summer stratification is consistent with predictions of climate models
(Stefan et al., 1998; Peeters et al., 2002) and observations of other European lakes
(Livingstone, 2003; Thackeray et al., 2008; Arvola et al., 2010).
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Supplementary Figure S2.1. Composition of the bacterial community over time and
space in Lake Vechten. The lower row presents the bacterial community composition in the
sediment. Only bacterial phyla with an average relative abundance (sum of all relative
abundances divided by sample number) > 0.3% are shown.
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Supplementary Figure S2.2. Global co-occurrence network of bacterial species and
environmental variables. Circles represent bacteria; red squares are environmental
parameters. The size of the symbol indicates the number of interactions ('degrees'). Green
lines indicate positive interactions (co-occurrence); red lines indicate negative interactions
(mutual exclusion).
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Supplementary Table S2.1. List of DNA samples used for 16S amplicon sequencing.

Sample ID

Date

Depth (m)

Sample ID

Date

Depth (m)

A0301

2013-03-06

1

G0901

2013-09-02

1

A0305

5

G0903

3

A0310

10

G0904

4

A03S

Sediment

G0905

5

1

G0906

6

B0405

5

G0910

10

B0410

10

H0901

1

H0903

3

C0503

3

H0904

4

C0504

4

H0905

5

C0505

5

H0906

6

C0510

10

H0910

10

1

I1101

D0603

3

I1107

7

D0604

4

I1108

8

D0605

5

I1110

10

D0610

10

I11S

Sediment

1

J1201

E0703

3

J1205

5

E0704

4

J1210

10

E0705

5

K0201

E0710

10

K0205

5

E07S

Sediment

K0210

10

1

K02S

Sediment

F0703

3

L0301

F0704

4

L0305

5

F0705

5

L0310

10

F0710

10

B0401

C0501

D0601

E0701

F0701

2013-04-10

2013-05-08

2013-06-06

2013-07-01

2013-07-29

2013-09-30

2013-11-07

2013-12-03

2014-02-25

2014-03-31

1

1

1

1

1
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Supplementary Table S2.2. Relative abundances of major bacterial taxa in the water column and
sediment.

Water column

Sediment

Bacterial taxa
Average (%)

Max. (%)

Min. (%)

Average (%)

Max. (%)

Actinobacteria

18.2

79.9

0.4

1.0

1.1

0.5

Bacteroidetes

6.8

44.6

0

17.5

20.3

16.4

Cyanobacteria

26.9

98.0

0.8

1.9

2.9

0.8

Alphaproteobacteria

4.4

38.4

0.3

1.3

1.7

0.8

Betaproteobacteria

18.2

62.7

0.1

8.5

11.6

4.6

Gammaproteobacteria

6.0

28.9

0.2

5.9

7.4

3.4

Deltaproteobacteria

0.9

5.1

0

17.0

18.4

14.5

Epsilonproteobacteria

1.9

57.3

0

0

0

0

Verrucomicrobia

4.0

18.6

0.1

3.7

5.0

2.9

Firmicutes

1.3

7.9

0

4.4

4.8

4.2

Planctomycetes

1.4

7.4

0.1

0.2

0.2

0.1

Chloroflexi

0.4

2.9

0

1.4

2.0

1.0

Chlorobi

0.1

1.1

0

0.2

0.2

0.2

Lentisphaerae

0.2

2.0

0

0.3

0.4

0.2

Spirochaetes

0.1

0.6

0

2.7

3.5

2.0

Fusobacteria

0.1

0.8

0

0

0

0

The table shows the average over all samples, and the minimum and maximum relative abundance observed.
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Abstract
Although regime shifts are known from various ecosystems, the involvement of
microbial communities is poorly understood. Here we show that gradual
environmental changes induced by, for example, eutrophication or global warming
can induce major oxic-anoxic regime shifts. We first investigate a mathematical
model describing interactions between microbial communities and biogeochemical
oxidation-reduction reactions. In response to gradual changes in oxygen influx, this
model abruptly transitions between an oxic state dominated by cyanobacteria and an
anoxic state with sulfate-reducing bacteria and phototrophic sulfur bacteria. The
model predictions are consistent with observations from a seasonally stratified lake,
which shows hysteresis in the transition between oxic and anoxic states with similar
changes in microbial community composition. Our results suggest that hysteresis
loops and tipping points are a common feature of oxic-anoxic transitions, causing
rapid drops in oxygen levels that are not easily reversed, at scales ranging from
small ponds to global oceanic anoxic events.
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Introduction
Ecosystems may undergo sharp transitions in response to smooth environmental
changes (Beisner et al., 2003; Scheffer and Carpenter, 2003; Schröder et al., 2005;
Biggs et al., 2009). If these transitions lead to large and persistent changes in
ecosystem structure and functioning, they are generally referred to as regime shifts.
Regime shifts are often attributed to alternative stable states (where distinct
ecological states exist under the same external conditions) (Beisner et al., 2003;
Schröder et al., 2005) and have been documented in a wide range of terrestrial,
freshwater, and marine habitats (Scheffer and Carpenter, 2003; Biggs et al., 2009).
Theoretical work has contributed to understanding ecological regime shifts (Scheffer
and Carpenter, 2003) and has identified early warning signs that a regime shift may
be imminent (Biggs et al., 2009). However, so far the potential involvement of
microbial communities in regime shifts has been largely ignored, despite the fact that
microbial communities make a significant contribution to many ecological and
biogeochemical processes (Falkowski et al., 2008; Widder et al., 2016).
A small number of studies suggest that regime shifts may occur in microbial
communities. Recent work has pointed at the existence of alternative stable states in
the microbial community of the human gut (Dethlefsen and Relman, 2011; Lahti et al.,
2014) and in phytoplankton populations sensitive to high light (Gerla et al., 2011;
Veraart et al., 2012). Other studies have shown a regime shift from iron reduction to
sulfate reduction in an iron-rich groundwater flow (Blodau and Knorr, 2006) and
compositional regime shifts in a nitrifying batch reactor (Bürgmann et al., 2011).
However these examples are few, and furthermore, unlike in traditional macroecology, there is little theoretical work on regime shifts in microbial ecosystems
(Shade et al., 2012; Bush et al., 2015).
Microorganisms play an important role in the biogeochemical cycles of lakes
and oceans. Many waters in temperate climates become vertically stratified in
summer, when the sun heats up the surface layer while the temperature in the
deeper layers remains low. Seasonal stratification induces changes in microbial
community structure (Shade et al., 2008; Garcia et al., 2013; Yu et al., 2014). The
surface layer (epilimnion) is usually rich in oxygen and often dominated by oxygenic
phototrophic microorganisms such as cyanobacteria and eukaryotic algae.
Especially in productive waters, microbial degradation of organic matter can create
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anoxic conditions in the deeper layers (hypolimnion), which may shift the microbial
community to heterotrophic bacteria utilizing nitrate or sulfate as an electron
acceptor. In between these layers, in the metalimnion, oxygen diffusing down from
the epilimnion meets sulfide diffusing up from the hypolimnion, providing a niche for
photosynthetic and non-photosynthetic sulfur-oxidizing bacteria (Steenbergen and
Korthals, 1982; Casamayor et al., 2000). Because of surface cooling and wind action,
the stratification is broken in the fall when different water layers are mixed,
homogenizing the oxygen and temperature profiles.
In this paper, we combine a mathematical model and lake data, to show that
regime shifts in microbial community structure may be common in seasonally
stratified waters with an active microbial sulfur cycle. We first present a simple
mathematical model of a microbial ecosystem containing cyanobacteria, sulfatereducing bacteria and phototrophic sulfur bacteria. We show that this model can
undergo regime shifts between oxic and anoxic states in response to gradual
parameter variations that mimic changes in vertical stratification and hence oxygen
diffusivity across the thermocline. Subsequently, we compare the model predictions
with data from a seasonally stratified lake with an anoxic hypolimnion during summer,
and discuss the wider implications of oxic-anoxic regime shifts for other ecosystems.

Methods
Growth and inhibition functions
The microbial literature offers several different equations for the growth and inhibition
functions gj(X, Y) and hj(X). Here, we have chosen the Monod equation for growth,
with multiplicative Monod kinetics when the growth rate is determined by two
substrates (Bader, 1978):

 X
 Y 


g j ( X,Y ) = g max,j 
 K  X   K +Y 
 j,X
  j,Y


(1)

where gmax,j is the maximum specific growth rate of species j, and Kj,X and Kj,Y (μM)
are the half-saturation constants of species j on substrates X and Y. Inhibition of
microbial growth is described by the Haldane equation (Haldane 1930; Addrews
1968):
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hj ( X ) =

1
1+ ( X / H j,X )

(2)

where Hj,X can be interpreted as a „half-inhibition constant‟, i.e., it is the concentration
of inhibitory substance X at which the growth rate of species j is reduced by 50%.

Numerical simulation of the model
Our model comprises 7 ordinary differential equations, each consisting of multiple
nonlinear terms. We therefore relied on numerical analysis of the model behaviour.
The 1D-bifurcation diagram in Figure 3.3 was produced by numerical
simulation of the dynamics until steady state, at different values of the oxygen
diffusivity. We used a simple continuation approach to track the equilibria of the
system, where the steady state of the previous simulation at a given oxygen
diffusivity provided the initial conditions for the next simulation at a slightly higher (or
slightly lower) oxygen diffusivity. In this way, the equilibrium of the sulfur bacteria
was tracked by gradually increasing the oxygen diffusivity until the equilibrium of the
sulfur bacteria became unstable (i.e., until the trajectory diverged away from the
equilibrium). Likewise, the alternative equilibrium of the cyanobacteria was tracked
from the other side, by gradually decreasing the oxygen diffusivity, until the
cyanobacterial equilibrium became unstable. This continuation approach was
supplemented by additional numerical simulations sampling a broad range of initial
conditions to verify the results. Trajectories always converged to a stable point; we
did not observe stable periodic orbits or chaotic dynamics.
The 2D-bifurcation diagram in Figure 3.4 was produced in a similar way. We
first generated 1D-bifurcation diagrams as function of oxygen diffusivity, for a fixed
value of the background phosphorus (as in Figure 3.3). This was repeated at many
different values of the background phosphorus to produce the 2D-bifurcation
diagram. In total, the graph in Figure 3.4 is based on a grid of 400 × 400 numerical
simulations.
All numerical simulations were run twice for consistency using two different
methods of numerical integration: the integrate.odeint function from the widely used
Python library Scipy, and a custom script in C for integrating systems of ordinary
differential equations using the classic fourth order Runge-Kutta Method.
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Study site and sampling
Lake Vechten (52°04‟N, 5°05‟E) has a maximum depth of 11.9 m, mean depth of 6.0
m and surface area of 4.7 ha (Steenbergen and Verdouw, 1982). The lake was
sampled at biweekly to monthly intervals at every meter depth (0 - 10 m) from March
2013 to April 2014. Water temperature and dissolved oxygen (DO) were measured
on site using a Hydrolab DataSonde 4a (Hydrolab Corporation, Austin, TX, USA) and
these data were visualized with Ocean Data View (version 4.6.5). Sulfate was
measured by an auto-analyzer (SAN++, Skalar, The Netherlands) based on the
methylthymol blue method (Adamski and Villard 1975). Sulfide was fixed with zinc
acetate (10% w/v) immediately in the field, and subsequently measured
spectroscopically in the laboratory using methylene blue (Trüper and Schlegel, 1964).
Water samples were filtered through 0.2 μm nylon membrane filters (Millipore,
GNWP) to collect bacterial cells. Filters were frozen immediately and stored at -20°C
until further processing.

Buoyancy frequency
The density of water, ρ (kg m-3), was calculated from temperature, T (°C), using the
Thiesen-Scheel-Diesselhorst equation (McCutcheon et al., 1993). We quantified the
strength of stratification as the square of the buoyancy frequency (Denman and
Gargett, 1983; MacIntyre et al., 1999):
N2 =

g dρ
ρ dz

(3)

where z is depth (m), g is the gravitational constant (9.8 m s-2), and dρ/dz is the
density gradient at the thermocline.
The flux of oxygen across the thermocline can be calculated as F = Kz (∂O2/∂z),
where Kz is the vertical eddy diffusivity. The eddy diffusivity depends on the
buoyancy frequency according to Kz = Γε/N2, where Γ is the mixing efficiency and ε is
the rate of turbulent kinetic energy dissipation (Osborn, 1980; MacIntyre et al., 1999).
Hence, the inverse of the squared buoyancy frequency (1/N2) can be used as a
simple proxy of the oxygen diffusivity across the thermocline.
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DNA extraction and 16S rRNA gene amplicon sequencing
DNA was extracted from bacteria on the filters using the PowerSoil DNA Isolation Kit
according to the manufacturer‟s instructions (Mo Bio, Laboratories Inc.). Extracted
DNA concentrations were quantified with the Qubit dsDNA BR Assay Kit (Invitrogen).
Sequencing was performed on an Illumina MiSeq system by the Research and
Testing Laboratory (Lubbock, Texas, USA). The primer pair S-D-Bact-0341-b-S-17
(5‟-CCTA

CGGGNGGCWGCAG-3‟)

and

S-D-Bact-0785-a-A-21

(5‟-

GACTACHVGGGTATCTAATCC-3‟) was used to generate paired-end sequence
reads covering the V3-V4 region of the 16S rRNA gene (Herlemann et al., 2011).
After quality filtering, a total of 2,934,111 sequences were obtained with an average
sequence length of 420 bp.

Co-occurrence network analysis
16S rRNA gene sequences were assigned to three functional groups: (1) Bacteria of
the phylum Cyanobacteria (CB). (2) Phototrophic sulfur bacteria (PB) consisting of
the phylum Chlorobi (green sulfur bacteria) and the order Chromatiales from the
class Gammaproteobacteria (purple sulfur bacteria). (3) Sulfate-reducing bacteria
(SB) consisting of

the orders

Desulfobacterales,

Desulfuromonadales

and

Desulfovibrionales from the class Deltaproteobacteria, as these were the only known
sulfate-reducing bacteria present in the sequence data.
Co-occurrence networks were constructed with the Cytoscape plugin software
program CoNet (Faust and Raes, 2016). We used an ensemble approach to identify
co-occurrence based on the Spearman rank correlation and Kullback-Leibler
dissimilarity (Faust and Raes, 2016). The ReBoot procedure with 4,000 permutations
was used to control for false-positive correlations. A false discovery rate (FDR) of 5%
was applied to control for multiple comparisons (Benjamini and Hochberg, 1995).

Data availability
The 16S rRNA gene amplicon sequences have been deposited in the Sequence
Read Archive (SRA) of the National Center for Biotechnology Information (NCBI), as
dataset SAMN06314865-SAMN06314918. All other relevant data are available from
the corresponding author on request.
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Results
Bringing microbial dynamics into a biogeochemical model

Figure 3.1. Schematic diagram of the microbial ecosystem model. The model consists
of three bacterial functional groups (CB cyanobacteria, PB phototrophic sulfur bacteria, SB
sulfate-reducing bacteria) and four chemical substrates (P phosphorus, O oxygen, SR
reduced sulfur, SO oxidized sulfur). Arrows denote the consumption (blue arrows) and
production (magenta arrows) of chemicals by the microbial populations. Orange lines
represent growth inhibition of the microbial populations. Green arrows indicate abiotic
oxidation of reduced sulfur to oxidized sulfur.

We consider a simple model that integrates microbial community dynamics with
biogeochemical processes. The microbial community consists of three functional
groups: oxygen-producing cyanobacteria (CB), phototrophic sulfur bacteria (PB)
such as purple or green sulfur bacteria, and sulfate-reducing bacteria (SB) (Figure
3.1). Growth of each microbial population is assumed to depend on the availability of
phosphorus (P), a key limiting resource for many aquatic ecosystems (Elser et al.,
2007). Furthermore, the growth of phototrophic sulfur bacteria depends on sulfide
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(SR, representing reduced sulfur), whereas that of sulfate-reducing bacteria depends
on sulfate (SO, representing oxidized sulfur). Sulfide produced by sulfate-reducing
bacteria inhibits the growth of cyanobacteria (Miller and Bebout, 2004). Conversely,
oxygen (O) produced by cyanobacteria is assumed to be inhibitory to both sulfatereducing bacteria (Cypionka et al., 1985) and phototrophic sulfur bacteria (Imhoff
2004).
Hence, changes in the population densities of cyanobacteria (NCB),
phototrophic sulfur bacteria (NPB) and sulfate-reducing bacteria (NSB) can be
described as:
dNCB
= g CB ( P) hCB ( S R ) N CB  mCB N CB
dt

(4)

dN P B
= g P B ( P, S R ) hP B (O) N PB  mPB N P B
dt

(5)

dNSB
= gSB ( P, SO )hSB (O) N SB  mSB NSB
dt

(6)

where the functions gj(X,Y) and hj(X) describe growth and inhibition, respectively, of
microbe j on substrates X and Y, and mj is the mortality rate of microbe j (e.g., due to
grazing or viral lysis). The growth and inhibition functions are detailed in the Methods
section.
Reduced sulfur is oxidized by phototrophic sulfur bacteria, whereas oxidized
sulfur is reduced by sulfate-reducing bacteria, connecting these species in a
biogeochemical cycle as they pass the sulfur back and forth (Figure 3.1). In addition,
oxidation of reduced sulfur can be mediated by chemolithotrophic sulfur-oxidizing
bacteria and may also occur abiotically (Luther et al., 2011), which we have modeled
here as a simple first-order process. Furthermore, we assume a small diffusive flux
of oxidized and reduced sulfur into or out of the system, depending on their
concentration gradients and a substrate-specific diffusivity αS. Accordingly, changes
in the oxidized and reduced sulfur concentrations can be described as:
dSO
1
1
= S g PB( P,SR ) hPB(O ) N PB  S gSB ( P,SO ) hSB (O ) NSB + cOSR + αS SO,b  SO  (7)
dt
yPB
ySB
dSR
1
1
=  S g PB ( P,S R ) hPB (O) N PB + S gSB ( P,SO ) hSB (O) NSB  cOSR + αS S R,b  S R  (8)
dt
yPB
ySB

where yjk is the yield (in cells per μmole of substrate) of microbe j on substrate k, c is
the oxidation rate of reduced sulfur, and SO,b and SR,b are the background
concentrations of oxidized and reduced sulfur, respectively.
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Oxygen is produced by cyanobacteria, reacts with reduced sulfur, and diffuses
into or out of the system depending on the concentration gradient. Finally,
phosphorus is consumed by all three microbial groups, and also has a diffusive flux
across the system boundary. Hence, the oxygen and phosphorus dynamics can be
written as:
dO
= pCB g CB ( P) hCB ( S R ) N CB  cOSR + αO Ob  O 
dt

(9)

dP
1
1
1
=  P g CB ( P)hCB ( S R ) N CB  P g PB ( P,S R )hPB (O) N PB  P gSB ( P,SO )hSB (O) NSB + αP ( Pb  P)
dt
yCB
yPB
ySB
(10)

where PCB is the oxygen production per cyanobacterial cell. Parameter values were
based

on

microbial

communities

of

freshwater

lakes,

where

available

(Supplementary Table 1). We note, however, that the model results are quite robust,
since we obtained qualitatively similar results when using parameter values
representative of marine environments (Sievert et al., 2007) or microbial mats (Dewit
et al., 1995).

Oxic-anoxic regime shifts
Ecological regime shifts can be identified by certain behaviors (Scheffer and
Carpenter, 2003; Shade et al., 2012). First, models with regime shifts often contain
alternative stable states, such that they may develop in different directions
depending on the initial conditions. Second, environmental changes can cause
ecosystems containing alternative stable states to become stuck in an ecosystem
state, such that simply reversing the environmental change is not sufficient to return
the ecosystem to its original state: a phenomenon known as hysteresis. For example,
overfishing can cause collapses in coral reef structure that cannot be recovered
simply by returning to earlier, lower fishing rates (Blackwood et al., 2012). Here, we
demonstrate that our model displays these two characteristic signs of regime shifts
by investigating its response to parameter changes designed to mimic seasonal
variation in lake stratification.
First, we investigate the sensitivity of the model to the initial composition of the
microbial community. Figure 3.2 compares how the ecosystem develops over time
for different initial bacterial population densities. The results show that the model is
sensitive to the initial community composition, demonstrating the existence of
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alternative stable states. If sulfate-reducing and phototrophic sulfur bacteria are
initially dominant, the oxygen concentration remains low, the concentration of
reduced sulfur becomes sufficiently high to suppress cyanobacterial growth, and the
system develops an anoxic state (Figure 3.2A,B). Conversely, if cyanobacteria are
dominant first, their photosynthetic oxygen production is sufficiently high to suppress
the growth of sulfate-reducing bacteria and phototrophic sulfur bacteria, generating
an oxic state (Figure 3.2C,D).

Figure 3.2. Illustration of the two alternative stable states. (A, B) When the model starts
with a low initial population density of cyanobacteria (CB), it develops towards an anoxic
ecosystem with, A, high abundances of phototrophic sulfur bacteria (PB) and sulfatereducing bacteria (SB) and, B, a high concentration of reduced sulfur (SR) but low oxygen
concentration (O). (C, D) When the model starts with a high initial population density of
cyanobacteria, it develops towards an oxic ecosystem with, C, high abundances of
cyanobacteria and, D, high concentrations of oxygen and oxidized sulfur (SO). Parameter
values are given in Supplementary Table S3.1, with Pb = 9.5 μM, αO = 8×10-4 h-1. Initial
conditions: A, B NPB=NSB=1×107 cells L-1, NCB = 5×101 cells L-1, SO = 300 μM, SR = 300 μM, O
= 10 μM, P = 10 μM ; C, D NPB=NSB=1×102 cells L-1, NCB = 1×108 cells L-1, SO = 500 μM, SR =
50 μM, O = 300 μM, P = 4 μM.
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Second, to determine whether the model displays hysteresis, we investigate
how it responds to changes in oxygen influx. We vary the parameter αO as a proxy
for the turbulent diffusion of oxygen across the thermocline of a seasonally stratified
lake. A low value of the oxygen diffusivity αO represents the case where stratification
restricts turbulent diffusion of oxygen across the thermocline, and a high value of
oxygen diffusivity represents the case where the lake is completely mixed and
oxygenated. The results confirm the existence of two alternative stable states for a
wide range of oxygen diffusivities: one with a stable cyanobacterial population at
steady state (blue line) and another where the cyanobacterial population has
collapsed (red line) (Figure 3.3A). Towards which of these two states the system
develops depends on whether the initial population density of cyanobacteria is above
or below the separatrix (orange dashed line).

Figure 3.3. Regime shifts between oxic and anoxic states. (A), Cyanobacterial
population density and, (B), oxygen concentration predicted at steady state, as function of
the oxygen diffusivity. Blue lines indicate the oxic state and red lines the anoxic state. In A,
the blue and red arrows indicate the basins of attraction of the oxic and anoxic state,
respectively, and the dashed orange line is the separatrix between these two basins of
attraction. In B, T1 and T2 indicate the two tipping points of the system and black arrows
illustrate the hysteresis loop. Parameter values are given in Supplementary Table S3.1, with
Pb=9.5 μM. The initial cyanobacterial density varies, while the other initial conditions are set
at NPB = NSB = 1×108 cells L-1, SO = 250 μM, SR = 350 μM, O = 150 μM, P = 9.5 μM.

The two alternative stable states are also visible in the steady-state
concentration of dissolved oxygen: the ecosystem becomes either oxic or anoxic
(Figure 3.3B). Starting from the anoxic state, the ecosystem undergoes a regime
shift when the oxygen diffusivity increases to high levels. That is, at the tipping point
T1 it abruptly transitions from the anoxic to the oxic state. Conversely, once the
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ecosystem is oxic, it remains oxic when the oxygen diffusivity decreases, and flips
back to the anoxic state only when oxygen diffusivity has become very low at tipping
point T2. Hence, the system displays hysteresis (as indicated by black arrows in
Figure 3.3B). The underlying mechanism for the existence of this hysteresis loop is
that the microbial community composition differs between the oxic and anoxic states.
The anoxic state is characterized by dense populations of phototrophic sulfur
bacteria and sulfate-reducing bacteria and high sulfide concentrations, which prevent
cyanobacterial invasion over a wide range of oxygen diffusivities. Only when the
oxygen influx becomes high enough to suppress the phototrophic sulfur and sulfatereducing bacteria, can the cyanobacteria invade. Conversely, the oxic state is
dominated by cyanobacteria whose photosynthetic oxygen production contributes to
the persistence of the oxic state, thereby suppressing invasion of the anaerobic
sulfur bacteria. Thus, only at a very low oxygen diffusivity can the anaerobic sulfur
bacteria become established.
The anoxic state of our model can take two different forms depending on the
oxygen input. At low oxygen diffusivity, the model predicts coexistence of sulfatereducing bacteria and phototrophic sulfur bacteria which pass the sulfur back and
forth (orange and gray areas in Figure 3.4). At intermediate oxygen diffusivity, the
anoxic state consists of sulfate-reducing bacteria only (green and pink area). In this
case, oxidation of reduced sulfur by sulfur-oxidizing bacteria and direct chemical
oxidation diverts reduced sulfur from the phototrophic sulfur bacteria, while
resupplying sulfate-reducing bacteria with oxidized sulfur. Hence, sulfate-reducing
bacteria obtain a selective advantage, and can displace the phototrophic sulfur
bacteria during competition for phosphorus.
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Figure 3.4. Two-parameter bifurcation diagram. The diagram illustrates how the model
predictions vary with phosphorus availability and oxygen diffusivity. Blue region = oxic state
with cyanobacteria. Pink region = alternative stable states, with either cyanobacteria in the
oxic state or sulfate-reducing bacteria in the anoxic state. Gray region = alternative stable
states, with either cyanobacteria in the oxic state or coexistence of sulfate-reducing bacteria
and phototrophic sulfur bacteria in the anoxic state. Green region = anoxic state with sulfatereducing bacteria. Orange region = anoxic state with coexistence of sulfate-reducing
bacteria and phototrophic sulfur bacteria. Parameter values are given in Supplementary
Table S3.1.

Phosphorus enrichment has a profound effect on oxic-anoxic regime shifts. As
phosphorus availability increases, the model predicts that the region with alternative
stable states spreads out over a larger range of oxygen diffusivities (gray and pink
area in Figure 3.4). The reason is that, in the oxic state, the population density of
cyanobacteria increases with phosphorus enrichment. High cyanobacterial densities
can sustain the oxic state by their own photosynthetic oxygen production even when
the diffusive oxygen influx into the system becomes very low. Conversely, in the
anoxic state, population densities of the anaerobic sulfur bacteria increase with
phosphorus enrichment, and hence they can maintain anoxic conditions up to higher
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oxygen diffusivities. Thus, the region with alternative stable states widens with
phosphorus enrichment, suggesting that particularly eutrophic waters will be very
sensitive to oxic-anoxic regime shifts.

Comparison with lake data
Our model is a simplification of reality, in which we have reduced the highly diverse
microbial communities and plethora of biogeochemical reactions in aquatic
ecosystems to only a few interacting processes (Figure 3.1). It is therefore
interesting to assess whether we can find signatures for oxic-anoxic regime shifts in
lakes that are consistent with the model results.
We investigated microbial community dynamics and water quality parameters in
the seasonally stratified Lake Vechten (Steenbergen and Korthals, 1982;
Steenbergen and Verdouw, 1982), a small lake in the Netherlands. In early spring,
the lake was well mixed and oxygenated (Figure 3.5A,B). Subsequently, a
temperature stratification developed, with warm oxygen-saturated waters in the
epilimnion whereas the hypolimnion became anoxic during summer. Nitrate
concentrations (not shown) were < 1 μM in the hypolimnion, providing favorable
conditions for sulfate reduction. Sulfate concentrations were highest in early spring,
and decreased to low concentrations in the anoxic hypolimnion (Figure 3.5C).
Conversely,

sulfide

accumulated

in

the

anoxic

hypolimnion,

concentrations in late summer and early fall (Figure 3.5D).
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Figure 3.5. Data from the seasonally stratified Lake Vechten. Contour plots of seasonal
changes in, (A), temperature; (B), dissolved oxygen; (C), sulfate; (D), sulfide. The plots are
based on 189 water samples (black dots) taken from March 2013 to early April 2014. (E),
Seasonal changes of the strength of stratification (black line, quantified by the squared
buoyancy frequency N2 at the thermocline) and oxygen saturation just below the thermocline
(blue line, measured at 6 m depth). (F), Seasonal changes in relative abundances of
cyanobacteria (green line), phototrophic sulfur bacteria (magenta line) and sulfate-reducing
bacteria (light blue line) in the metalimnion (at 6 m depth), based on 16S rRNA gene
sequence data.

Interestingly, when the lake became mixed again in November and December,
it did not return to the oxic state but became anoxic throughout (Figure 3.5B).
Apparently, mixing during fall turnover was insufficient to bring the lake back into the
oxic state; a behavior that looks remarkably similar to the hysteresis predicted by our
model. To study this pattern in further detail, we first calculated the squared
buoyancy frequency, N2, at the thermocline as a measure of the strength of
stratification (Denman and Gargett, 1983; MacIntyre et al., 1999). The buoyancy
frequency confirms that Lake Vechten is strongly stratified during the summer period,
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but well mixed during late fall and winter (Figure 3.5E). The inverse of the squared
buoyancy frequency (1/N2) provides a simple proxy of the oxygen diffusivity across
the thermocline (see Methods). Plotting the dissolved oxygen concentration in the
hypolimnion against 1/N2 reveals a clear hysteresis loop (Figure 3.6A), which is
remarkably similar to the hysteresis loop predicted by the model (Figure 3.3B). That
is, intense mixing (high 1/N2) produced oxic conditions in Lake Vechten during the
spring period, whereas the lake was anoxic at the same intensity of mixing during fall
turnover. We note that this result is robust, irrespective of the exact depth at which
the oxygen concentration is measured (Supplementary Figure S3.1).

Figure 3.6. Evidence for regime shifts between oxic and anoxic states in Lake
Vechten. (A), Hysteresis loop of oxygen saturation in the hypolimnion (7 m depth) plotted
against the inverse of the stratification strength (1/N2, where N2 is the squared buoyancy
frequency). The inverse of the stratification strength provides a simple proxy of oxygen
diffusivity across the thermocline (see Methods). Data points are from March 2013 to March
2014; red arrows indicate the direction of time. (B), Co-occurrence network of bacteria in the
metalimnion, based on 16S rRNA gene sequence data. Green lines represent positive
interactions (co-occurrence), whereas magenta lines represent negative interactions (mutual
exclusion).

We used 16S rRNA gene amplicon sequencing data to assess whether
changes in microbial community structure were consistent with the model predictions.
Cyanobacteria dominated when the lake was well mixed and oxygenated in winter
and early spring (Figure 3.5F). Conversely, as the lake became stratified in summer,
both sulfate-reducing bacteria and phototrophic sulfur bacteria increased in the
anoxic hypolimnion whereas cyanobacteria decreased dramatically. Co-occurrence
network analysis of microbial taxa in the metalimnion confirms this pattern:
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phototrophic sulfur bacteria coexisted with sulfate-reducing bacteria, while both
groups were absent when cyanobacteria were present (Figure 3.6B). Hence, the
microbial community composition alternated between two distinct states, in
agreement with the model predictions.
Interestingly, Lake Vechten did not turn anoxic during fall turnover every year
(Steenbergen and Verdouw, 1982). In several earlier years, the entire water column
became fully oxygenated in the fall and the sulfur bacteria disappeared. This
matches our model predictions, which indicate that when a stratified lake with an oxic
epilimnion and anoxic hypolimnion is mixed it may become either oxic or anoxic
depending on the initial conditions (Figure 3.2). That is, subtle differences in the
mixing of these two water layers may determine whether the system develops
towards an oxic or anoxic state. This bistable behavior is a typical feature of systems
with alternative stable states.

Discussion
Our model and lake data show that the interplay between microbial communities and
oxidation-reduction processes creates systems with hysteresis loops and tipping
points, in which gradual changes in oxygen influx, vertical stratification or nutrient
levels can induce abrupt transitions between oxic and anoxic states. Other
ecosystems with microbial communities similar to our model may undergo similar
oxic-anoxic regime shifts. An interesting example is Lake Rogoznica, a marine lake
along the Croatian coast filled with seawater (Ciglenečki et al., 2005; Pjevac et al.,
2015). Similar to Lake Vechten, this enclosed marine ecosystem is stratified during
summer, with an oxic epilimnion containing cyanobacteria and eukaryotic
phytoplankton and an anoxic sulfidic hypolimnion dominated by phototrophic sulfur
bacteria. In some years, but not all, the entire water column of Lake Rogoznica
became anoxic during fall turnover (Ciglenečki et al., 2005), in agreement with the
bistability predicted by our model. Furthermore, during anoxic holomixis, the
phototrophic sulfur bacteria were replaced by sulfur-oxidizing chemotrophs (Pjevac
et al., 2015), supporting one of the other model predictions, i.e., that environmental
changes may alter the species composition of the sulfur bacteria in the anoxic state
(Figure 3.4).
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In recent decades, hypoxia has spread across many eutrophied coastal waters
(Diaz and Rosenberg, 2008; Middelburg and Levin, 2009). Prolonged hypoxia may
develop into anoxic conditions with high sulfide concentrations, causing mass
mortalities of fish and benthic organisms (Diaz and Rosenberg, 2008). These coastal
waters often show strong fluctuations in oxygen saturation, triggered by small
changes in density stratification or coastal upwelling rates (Ulloa et al., 2012). It is
possible that the coastal waters in these highly dynamic regions are poised between
the oxic and anoxic alternative stable states represented in our model. Our model
results and field data support earlier suggestions that accumulation of sulfide and
other reduced compounds and elimination of the aerobic community may produce a
hysteresis loop, delaying recovery from coastal hypoxia (Middelburg and Levin, 2009;
Zhang et al., 2010).
We speculate that similar oxic-anoxic regime shifts may have occurred at a
global scale in the Earth‟s geological past, when vast areas of the ocean became
oxygen-depleted during oceanic anoxic events (OAEs) (Jenkyns, 2010). Many OAEs
were associated with periods of global warming and high atmospheric CO 2
concentrations. High temperatures caused intense continental weathering, enhanced
phosphorus discharge into the oceans, lowered oxygen solubility and increased
thermohaline stratification suppressing oxygen input into the deeper water layers
(Erbacher et al., 2001; Jenkyns, 2010). As our results indicate, these changes may
trigger a regime shift to anoxic conditions. During OAEs, the oceans developed high
sulfide concentrations (Kump et al., 2005; Jenkyns, 2010) and molecular biomarkers
indicate that green sulfur bacteria were common in the photic zone (Sinninghe
Damsté and Koster, 1998; Kuypers et al., 2002; Pancost et al., 2004). These
fascinating findings are all consistent with our model results, suggesting that OAEs
are characterized by hysteresis effects and tipping points. If so, environmental
changes that push the Earth‟s climate beyond a critical tipping point may cause
large-scale transitions from oxic to anoxic conditions in the oceans that are not easily
reversed.
Our model is only an abstract representation of the real world, providing a
highly simplified picture of the complexity of oxic-anoxic transitions. We have
specifically focused on microbially-mediated oxidation-reduction reactions in the
sulfur cycle. Various other physical, chemical, and biological processes that may
also affect whether ecosystems become oxic or anoxic have been conveniently
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ignored. Furthermore, the species composition of natural communities plays a key
role not only in the sulfur cycle but also in several other biogeochemical cycles (e.g.,
in the nitrogen and carbon cycle), which may again lead to unexpected nonlinear
feedback mechanisms. Hence, our findings may provide an interesting starting point
for further integration of ecological community dynamics in biogeochemical process
studies, and further analysis of its implications.
In conclusion, our model results and field data indicate that the well-known
transition from oxic to anoxic conditions in aquatic environments is not a gradual
process, but may occur in the form of a regime shift. This regime shift is mediated by
nonlinear feedbacks between biogeochemical processes and microbial community
dynamics, which can produce hysteresis. Once water becomes anoxic, a large
oxygen influx is required before an aerobic community can become re-established,
because the anaerobic sulfur cycle has to be overcome. Given the continued
eutrophication of many lakes and coastal waters in combination with enhanced
stratification by global warming, an improved understanding and prediction of oxicanoxic regime shifts is essential if we are to mitigate the negative environmental
effects of these phenomena.
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Supplementary Figure S3.1. Hysteresis loops for different depths in Lake Vechten.
The graphs plot the oxygen saturation level against the inverse of the stratification strength
(1/N2, where N2 is the squared buoyancy frequency). The inverse of the stratification
strength provides a simple proxy of oxygen diffusivity across the thermocline (see Methods).
A hysteresis loop is found irrespective of whether oxygen saturation is measured at a depth
of (A), 2 m; (B), 5 m; (C), 6 m; (D), 7 m; (E), 9 m. Data points are from March 2013 to March
2014; arrows indicate the direction of time.
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Supplementary Table S3.1. Parameter values of the model.
Parameter

Meaning

Value

gmax,CB

Maximum specific growth rate of CB

0.05 hr

-1

1

gmax,PB

Maximum specific growth rate of PB

0.07 hr

-1

2

gmax,SB

Maximum specific growth rate of SB

0.1 hr

KPB,SR

Half-saturation constant of PB on reduced sulfur

10 μM

5

KSB,SO

Half-saturation constant of SB on oxidized sulfur

5 μM

6

KCB,P

Half-saturation constant of CB on phosphorus

0.2 μM

7

KPB,P

Half-saturation constant of PB on phosphorus

0.5 μM

8

KSB,P

Half-saturation constant of SB on phosphorus

0.5 μM

-

HCB,SR

Half-inhibition constant of CB on reduced sulfur

300 μM

9

HPB,O

Half-inhibition constant of PB on oxygen

100 μM

10

HSB,O

Half-inhibition constant of SB on oxygen

100 μM

10

SO

Yield of SB on oxidized sulfur

3.3310 cells μM

7

-1

11

SR

Yield of PB on reduced sulfur

1.2510 cells μM

7

-1

9

P

Yield of CB on phosphorus

1.6710 cells μM

8

-1

12

P

Yield of PB on phosphorus

1.67108 cells μM

-1

-

P
ySB

Yield of SB on phosphorus

8

pCB

Production of oxygen per cyanobacterial cell

610 μM cell

mCB

Mortality rate of CB

0.020 hr

-1

-

mPB

Mortality rate of PB

0.028 hr

-1

-

0.040 hr

-1

-

-1

-

ySB
yPB

yCB
yPB

mSB

Mortality rate of SB

Reference

3,4

-1

1.6710 cells μM
-9

αS

Diffusivity of sulfur

0.001 hr

αO

Diffusivity of oxygen

10 − 10 hr

αP

Diffusivity of phosphorus*

0.01 hr

-6

-2

-1

-1

-1

-1

13

-

SR,b

Background concentration of reduced sulfur

300 μM

14

SO,b

Background concentration of oxidized sulfur

300 μM

14

Ob

Background concentration of oxygen

300 μM

15

Pb

Background concentration of phosphorus

2 − 10 μM

16

c

Oxidation rate of reduced sulfur

410-5 μM-1 hr-1

17,18

CB = cyanobacteria; PB = phototrophic sulfur bacteria; SB = sulfate-reducing bacteria
*We assumed a higher diffusive influx for phosphorus than for sulfur and oxygen, because the
phosphorus influx also includes phosphorus release from the sediment and remineralization from
dead biomass.
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Abstract
Sulfate-reducing bacteria (SRB) and sulfur-oxidizing bacteria (SOB) drive major
transformations in the sulfur cycle, and play vital roles in oxic-anoxic transitions in
lakes and coastal waters. However, information on the succession of these sulfur
bacteria in seasonally stratified lakes using molecular biological techniques is scarce.
Here, we used 16S rRNA gene amplicon sequencing to study the spatio-temporal
dynamics of sulfur bacteria during oxic-anoxic regime shifts in Lake Vechten.
Oxygen and sulfate were mixed throughout the water column in winter and early
spring. Meanwhile, SRB, green sulfur bacteria (GSB), purple sulfur bacteria (PSB),
and colorless sulfur bacteria (CSB) exclusively inhabited the sediment. After the
water column stratified, oxygen and nitrate concentrations decreased in the
hypolimnion and various SRB species expanded into the anoxic hypolimnion.
Consequently, sulfate was reduced to sulfide, stimulating the growth of PSB and
GSB in the metalimnion and hypolimnion during summer stratification. When hypoxia
spread throughout the water column during fall turnover, SRB and GSB vanished
from the water column, whereas CSB (mainly Arcobacter) and PSB (Lamprocystis)
became dominant and oxidized the accumulated sulfide under micro-aerobic
conditions. Our results support the view that, once ecosystems have become anoxic
and sulfidic, a large oxygen influx is needed to overcome the anaerobic sulfur cycle
and bring the ecosystems back into their oxic state.
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Introduction
Oxygen depletion may lead to hypoxia and anoxia in lakes, coastal waters and the
open ocean, which is detrimental to many aquatic organisms (Diaz and Rosenberg,
1995; Vaquer-Sunyer and Duarte, 2008; Breitburg et al., 2018). During the past
decades, the frequency, intensity and duration of hypoxia and anoxia seem to have
increased due to combined effects of eutrophication and global warming, resulting in
an expanding area of „dead zones‟ in eutrophied waters across the globe (Diaz and
Rosenberg, 2008; Middelburg and Levin, 2009; Jenny et al., 2016). The transition
from oxic to anoxic water is accompanied by major changes in microbial community
structure and biogeochemical processes. However, a detailed understanding of the
different biological and chemical feedbacks involved in oxic-anoxic transitions is still
lacking.
Recently, Bush et al. (2017) developed a mathematical model to investigate
interactions between microbial community composition and the dissolved oxygen
concentration. The model predicts that the transition from oxic to anoxic water may
occur in the form of a regime shift. Regime shifts are defined as abrupt, large and
persistent changes in the structure and function of ecosystems triggered by gradual
changes in environmental conditions (Chavez et al., 2003; Scheffer and Carpenter,
2003; Biggs et al., 2009). When the oxygen influx is gradually reduced, at first
oxygen-producing cyanobacteria and algae still persist and the lake remains in an
oxic state. Once the oxygen concentration is suppressed below a critical threshold,
sulfate-reducing bacteria (SRB) and photosynthetic sulfur bacteria take over. The
SRB cause an increase in sulfide concentration, which suppresses cyanobacterial
growth, and hence the lake rapidly shifts from an oxic into an anoxic state. One of
the implications predicted by the model is that this oxic-anoxic regime shift displays
hysteresis. Once the water has turned anoxic, high sulfide concentrations maintained
by SRB stabilize the anoxic conditions. As a consequence, a large oxygen influx is
needed to bring the system back into its oxic state. These model predictions are
supported by observations from a seasonally stratified lake, which shows hysteresis
in the transition between oxic and anoxic states with similar changes in microbial
community composition as predicted by the model (Bush et al., 2017). Hysteresis
effects have also been reported for anoxia in coastal ecosystems (e.g. Conley et al.,
2009; Middelburg and Levin, 2009; Zhang et al., 2010).
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SRB and sulfur-oxidizing bacteria (SOB) thus play important roles in oxicanoxic regime shifts, as they drive major transformations in the sulfur cycle (Muyzer
and Stams, 2008; Frigaard and Dahl, 2009; Ghosh and Dam, 2009; Muyzer et al.,
2013). SRB use sulfate as electron acceptor to degrade organic compounds,
producing sulfide as end product (Muyzer and Stams, 2008). SOB comprise several
groups, including colorless sulfur bacteria (CSB), green sulfur bacteria (GSB) and
purple sulfur bacteria (PSB). CSB oxidize reduced sulfur compounds with oxygen or
nitrate as electron acceptor (Sweerts et al., 1990; Muyzer et al., 2013). GSB and
PSB can use sulfide, elemental sulfur and thiosulfate as electron donors in
anoxygenic photosynthesis (Pfennig and Trüper, 1989; Frigaard and Dahl, 2009;
Gregersen et al., 2011).
In the past, several excellent attempts at an overarching appraisal of sulfuretum
communities have been made (Guerrero et al., 1985; Camacho et al., 2000; Tonolla
et al. 2003), but these studies were to some extent hampered by the inherent
limitations of classic microscopic observations. With the advancement of modern
molecular-genetic techniques, a much deeper understanding of the dynamics,
structure and functioning of microbial communities can be obtained. Yet, although
some bacterial groups have been studied in detail (Llorens-Marès et al., 2017;
Edwardson and Hollibaugh, 2017), comprehensive studies of the overall community
dynamics of sulfur bacteria in stratified lakes have received less attention in recent
years. For instance, Bush et al. (2017) provided data on the seasonal succession of
cyanobacteria, phototrophic sulfur bacteria and SRB in the metalimnion, but a
detailed analysis of the sulfur bacteria at a higher taxonomic resolution and across
the entire depth range of the lake is lacking. Other studies have analyzed the overall
composition of lake bacteria at a coarse taxonomic resolution, but do not specifically
zoom in at the spatio-temporal dynamics of the different genera involved in the sulfur
cycle (Eiler et al., 2012; Diao et al., 2017). As a consequence, the diversity,
abundance and seasonal dynamics of sulfur bacteria during oxic-anoxic transitions in
seasonally stratified lakes are not yet well understood.
Here, we investigated the spatio-temporal dynamics of different functional
groups of sulfur bacteria (including SRB, GSB, PSB and CSB) in Lake Vechten, a
seasonally stratified lake that is well mixed during winter, while it develops an anoxic
and sulfidic hypolimnion during summer stratification (Steenbergen and Korthals,
1982; Steenbergen and Verdouw, 1982; Bush et al., 2017). Specific objectives of our
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study were (i) to determine the taxonomic composition, at the genus level, of the
SRB, GSB, PSB and CSB in this seasonally stratified lake, (ii) to determine seasonal
changes in their diversity, distribution and relative abundances, and (iii) to investigate
how their successional trajectories are related to seasonal changes between oxic
and anoxic conditions. For this purpose, samples from different water layers were
collected monthly over a period of 1 year, and 16S rRNA gene amplicon sequencing
was applied to identify the diversity and composition of the sulfur bacteria. These
results were correlated to seasonal changes in environmental parameters.

Materials and methods
Lake, sampling and general analysis
Lake Vechten (52°04‟N, 5°05‟E) is a small eutrophic lake near the city of Utrecht, in
the center of The Netherlands. It consists of two connected basins with a total
surface area of 4.7 ha, and has a maximum depth of 11.9 m (Steenbergen and
Verdouw, 1982). Temperature, dissolved oxygen (DO), photosynthetically active
radiation (PAR) and pH of lake water were measured with a multiprobe Hydrolab
DataSonde 4a (Hydrolab Corporation, Austin, TX, USA). Water samples were
collected biweekly to monthly from every meter in the western basin from March
2013 to April 2014. Water was pumped via a hose connected to the Hydrolab to
make sure the samples matched the conditions measured at that particular depth.
The samples were filtered through 0.20 µm nylon membrane filters (Millipore, GNWP)
to collect bacterial cells. The filters were frozen immediately and preserved in a 20 °C freezer until further processing. Sediment samples (0 - 10 cm) were collected
monthly with a box-corer from the same location, transported to the laboratory in a
dry shipper and stored at -20°C until further analysis. Dry weight of sediment was
determined after drying for 2 days in a 60°C oven.
Concentrations of sulfate (SO42-), ammonium (NH4+), and nitrate (NO3-) in the
filtered water samples were measured by an auto-analyzer (SAN++, Skalar, The
Netherlands). For sulfide, lake water was filtered through 0.20 µm polyethersulfone
membrane filters and fixed with zinc acetate (at a final concentration of 2% w/v) in
the field. Afterwards, sulfide was measured in the laboratory according to the
methylene blue method (Trüper and Schlegel 1964). Dissolved organic carbon (DOC)
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was measured by a total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan).
The data were visualized with Ocean Data View 4.7.8 (Schlitzer 2002).

DNA extraction
DNA was extracted from the collected bacterial cells using the PowerSoil DNA
Isolation Kit according to the manufacturer‟s instructions (Mo Bio, Laboratories Inc.,
USA). The concentration of extracted DNA was quantified with the Qubit dsDNA BR
Assay Kit (Invitrogen, USA).

Amplicon sequencing and OTU assignments
The PCR-amplified 16S rRNA genes of 189 water samples and 11 sediment
samples were profiled by denaturing gradient gel electrophoresis (DGGE). Based on
the DGGE profiles and measured vertical stratification pattern of Lake Vechten, we
selected 51 samples from the water column and 4 samples from the sediment for
16S rRNA gene amplicon sequencing (Supplementary Table S4.1). Sequencing
was performed on an Illumina MiSeq system by Research and Testing Laboratory
(Lubbock,

Texas,

USA).

CCTACGGGNGGCWGCAG-3‟)

The

primer
and

pair

S-D-Bact-0341-b-S-17

S-D-Bact-0785-a-A-21

(5‟(5‟-

GACTACHVGGGTATCTAATCC-3‟) was used to generate paired-end sequence
reads, covering the V3-V4 region of the 16S rRNA gene (Herlemann et al., 2011).
The forward and reverse reads were taken in FASTQ format and were merged
using the PEAR Illumina paired-end read merger (Zhang et al., 2014). Reads were
run through an internally developed quality trimming algorithm. Prefix dereplication
was performed using the USEARCH dereplication algorithm (Edgar, 2010).
Clustering at a 4% divergence was applied using the USEARCH clustering algorithm
(Edgar, 2010). Operational taxonomic units (OTUs, 97% similarity) were selected
using the UPARSE OTU selection algorithm (Edgar, 2013). Chimera checking was
performed on the selected OTUs using the UCHIME chimera detection software
executed in de novo mode (Edgar et al., 2011). All chimeric sequences were
removed and the corrected sequences were then written to the output file. After
quality filtering a total of 2,934,111 sequences were obtained with an average
sequence length of 420 bp.
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The sequences were run through the USEARCH global alignment program
along with a python program to determine the taxonomic information for each
sequence (Bokulich et al., 2015), using a database of high-quality sequences
derived from the NCBI database up to May 2014. From the top 6 sequence matches
a confidence value was estimated at each taxonomic level (phylum, class, order,
family, genus and species). Once confidence values were assigned for each
sequence an RDP formatted output file was generated for the final analysis in
USEARCH. Subsequently, the data were entered into the diversity analysis program
that takes the OTU/dereplication table output from sequence clustering along with
the output generated during taxonomic identification and generates a new OTU table
with the taxonomic information tied to each cluster.
The

16S

amplicon

sequences

have

been

deposited

as

dataset

SAMN06314865-SAMN06314918 in the Sequence Read Archive (SRA, NCBI).

Statistical analysis
We applied redundancy analysis (RDA; Zuur et al., 2009; Oksanen et al., 2013) to
investigate associations between environmental parameters and the taxonomic
composition of the sulfur bacteria. To avoid data with many zeroes, we selected only
those bacterial genera that were present in at least 15 water samples. The analysis
was performed using R (version 3.0.3), with the measured environmental parameters
as explanatory variables and the 16S-based relative abundances of the bacterial
genera as response variables. All environmental parameters, except pH, were log
(x+1)-transferred prior to the analysis. Subsequently, the number of explanatory
variables was reduced by stepwise removal of variables with a high variance inflation
factor (VIF) using the R function VIF in the car package (Fox and Weisberg, 2011),
until only variables with a VIF < 10 remained. Finally, RDA was applied using forward
selection with the Ordistep function in the R package vegan to select those
explanatory variables that contributed significantly to the RDA model, while removing
nonsignificant terms (Oksanen et al., 2013). Significance was based on a
permutation test using the multivariate pseudo-F statistic and 9999 permutations
(Zuur et al., 2009).
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Results
Environmental conditions
The temperature in Lake Vechten was almost uniform over the entire depth in early
spring, and the water column was saturated with oxygen (Figure 4.1A,B). When the
surface temperature increased in April, the water column stratified. The epilimnion
remained oxic, whereas the hypolimnion became anoxic during summer stratification.
The stratification persisted until the water column was mixed during fall turnover. The
oxygen concentration in the surface layer decreased during fall turnover, creating
hypoxia throughout the water column in November. This was followed by reoxygenation of the water column during the winter period (Figure. 4.1B).
The sulfate concentration was 60-90 μM throughout the water column in early
spring, while the sulfide concentration was negligible during this period (Figure
4.1C,D). When the lake stratified, the sulfate concentration in the anoxic hypolimnion
decreased to less than 10 μM, whereas sulfide increased to 10-20 μM. Interestingly,
the relatively high sulfide concentration of the hypolimnion did not expand into the
surface layer when hypoxia spread throughout the water column during fall turnover.
Instead, sulfide vanished during fall turnover, while the sulfate concentration
increased to 30 - 50 µM (Figure 4.1D).
The nitrate concentration was relatively high in early spring, was depleted
throughout the entire water column from May until December, and increased again
when the lake was mixed during the winter period (Supplementary Figure S4.1A).
Conversely, both ammonium and DOC had low concentrations in the winter period,
but

accumulated

in

the

anoxic

hypolimnion

during

summer

stratification

(Supplementary Figure S4.1B,C).
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Figure 4.1. Spatio-temporal dynamics of environmental variables in Lake Vechten. (A)
Temperature; (B) dissolved oxygen; (C) sulfate; (D) sulfide.
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Figure 4.2. Dynamics of euphotic depth (Zeu) and bacterial euphotic depth (Beu) in Lake
Vechten.

To investigate light penetration in Lake Vechten, we measured the euphotic
depth (i.e., the depth at which irradiance in the PAR range is 1% of the surface
irradiance), which indicates the maximum depth of the light zone suitable for
oxygenic photosynthesis by cyanobacteria and eukaryotic phytoplankton. Because
anoxygenic phototrophs (in particular GSB) can grow at lower light levels than
phytoplankton species (Overmann et al., 1992; Manske et al., 2005), we introduce
the term „bacterial euphotic depth‟ (which we define as the depth at which the
irradiance is 0.1% of the surface irradiance). Light penetrated quite deep into the
water column in March 2013, but the euphotic depth and bacterial euphotic depth
shifted upwards to <2.5 m and <3.5 m, respectively, during the phytoplankton spring
bloom in April (Figure 4.2). When the phytoplankton bloom in the surface layer
declined in June, presumably because of nutrient limitation (Diao et al., 2017), light
could enter into the deeper water layers again and bacterial euphotic depth reached
10.6 m in July. In the subsequent spring, the euphotic depth and bacterial euphotic
depth shallowed again during the phytoplankton spring bloom.
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Microbial community composition
Amplicon sequencing of bacterial 16S rRNA genes showed that SRB were
represented

by

Deltaproteobacteria,

Desulfobulbaceae,

including

Desulfovibrionaceae,

members

of

the

families

Desulfobacteraceae,

Desulfuromonadaceae and Syntrophaceae (Table 4.1). Desulfobulbus was the most
abundant SRB genus in the water column, while Desulfobacterium was the dominant
SRB genus in the sediment. GSB belonged to the family Chlorobiaceae of the
phylum Chlorobi, while PSB belonged to the family Chromatiaceae of the class
Gammaproteobacteria. CSB in the water column were mainly from the class
Epsilonproteobacteria (with Arcobacter as the most abundant genus), whereas CSB
in the sediment were dominated by Betaproteobacteria (mostly Thiobacillus). In total,
the number of genera belonging to the sulfur bacteria was higher in the water column
than in the sediment.
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Table 4.1. Diversity of sulfur bacteria in Lake Vechtena.

Group

SRB

GSB

PSB

CSB

Phylum/Class

Family

Genus

Water column
Desulfobulbus

Sediment
Desulfobulbus

unknown

n.d.

Desulfovibrionaceae

Desulfovibrio

n.d.

Desulfobacteraceae

Desulfobacterium

Desulfobacterium

n.d.

unknown

Desulfuromonadaceae

n.d.

Desulfuromonas

Syntrophaceae

Desulfomonile

n.d.

Epsilonproteobacteria

Campylobacteraceae

Sulfurospirillumb

n.d.

Chlorobi

Chlorobiaceae

unknown

n.d.

Chlorobium

Chlorobium

Thiodictyon

Thiodictyon

Lamprocystis

Lamprocystis

Thiocystis

n.d.

Thiorhodococcus

n.d.

Arcobacter

n.d.

Sulfurospirillumb

n.d.

Deltaproteobacteria

Desulfobulbaceae

Gammaproteobacteria Chromatiaceae

Epsilonproteobacteria

Betaproteobacteria

Campylobacteraceae

Helicobacteraceae

Sulfurimonas

n.d.

Hydrogenophilaceae

n.d.

Thiobacillus

a

Only genera representing > 0.1% of the total bacterial community in at least one of the samples are shown; n.d. =
not detected
b
Sulfurospirillum can reduce elemental sulfur (Sorokin et al., 2013) and it can also oxidize sulfide with nitrate
(Eisenmann et al., 1995). Therefore, it is listed in both the SRB and CSB.

93

Chapter 4 | Microbial Sulfur Cycle

Spatio-temporal dynamics of the most abundant genera of sulfur bacteria are
shown in Figure 4.3. Members belonging to the SRB genera Desulfobulbus and
Desulfovibrio were present in the metalimnion and hypolimnion when the lake
became stratified (Figure 4.3A,B). Similar distributions were observed for the SRB
genera Desulfobacterium and Desulfomonile (Supplementary Figure S4.2). GSB of
the genus Chlorobium and other unknown genera were present in the metalimnion
and hypolimnion only when the lake was stratified (Figure 4.3C,D). PSB of the
genus Thiodictyon reached high relative abundances in the metalimnion (Figure
4.3E), where it accounted for more than 20% of the total bacterial community in late
summer. Furthermore, Thiocystis was found in the hypolimnion in late spring,
Thiorhodococcus in the metalimnion in the summer and hypolimnion in the fall, and
Lamprocystis in the hypolimnion in the fall (Figure 4.3F, Supplementary Figure
S4.3). The CSB genera Arcobacter and Sulfurimonas were prevalent at 7-10 m
depth in November and December (Figure 4.3G,H). Especially Arcobacter was
highly abundant, constituting almost 60% of the total bacterial community in the
bottom water layer in December.
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Figure 4.3. Spatio-temporal dynamics of sulfur bacteria (genus level) in the water
column of Lake Vechten, based on 16S rRNA gene amplicon sequences. The graphs
show the relative abundances and distributions of the sulfate-reducing bacteria (A)
Desulfobulbus and (B) Desulfovibrio, the green sulfur bacteria (C) unknown Chlorobiaceae
and (D) Chlorobium, the purple sulfur bacteria (E) Thiodictyon and (F) Lamprocystis, and the
colorless sulfur bacteria (G) Arcobacter and (H) Sulfurimonas.
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Figure 4.4. Spatio-temporal dynamics of the relative abundances of sulfur bacteria in
the sediment of Lake Vechten, based on 16S rRNA gene amplicon sequences.

In the sediment, SRB were by far the most abundant sulfur bacteria throughout
the seasons (Figure 4.4). The relative abundance of PSB was quite high in spring,
decreased sharply during summer stratification, and increased again after fall
turnover. There were no clear seasonal changes in the relative abundances of GSB
and CSB in the sediment (Figure 4.4).

Linking sulfur bacteria with environmental drivers
Redundancy analysis was applied to correlate the relative abundances of sulfur
bacteria (at genus level) in the water column with environmental variables. In total 9
explanatory variables had a VIF <10, including temperature, DO, PAR, NH4+, NO3-,
PO43-, SO42-, DOC and

sulfide. Forward selection revealed that 4 of these 9

variables were significant in the redundancy analysis: sulfide, DO, SO42- and NH4+
(Supplementary Table S4.2).
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Figure 4.5. Redundancy analysis of the effect of environmental variables on the
taxonomic composition of sulfur bacteria in the water column. The response variables
(red arrows) were the relative abundances of sulfur bacteria. To avoid many zeroes in the
data, we used only genera that were present in at least 15 water samples. Squares
represent the sampling points (yellow = spring; orange = summer; cyan = fall; green =
winter). Total variation explained by the RDA model was 35.1%.

The first and second axis of the RDA plot explained 27.5% and 4.8% of the
variation in the composition of sulfur bacteria, respectively (Figure 4.5). Relative
abundances of SRB (Desulfobulbus, Desulfovibrio, Desulfomonile, unknown
Desulfobulbacaea) and GSB (Chlorobium, unknown Chlorobiaceae) were positively
correlated with the sulfide concentration, and negatively correlated with DO.
Furthermore, some PSB (Thiodictyon), GSB (unknown Chlorobiaceae) and SRB
(unknown

Desulfobulbacaea)

were

negatively

correlated

with

the

sulfate

concentration, whereas other PSB (Lamprocystis) were positively correlated with the
ammonium concentration.

Discussion
Our results show that Lake Vechten is characterized by distinct seasonal changes in
the oxygen, sulfate and sulfide concentrations and a marked seasonal succession of
a wide diversity of sulfur bacteria. For a proper interpretation of these results, it is
important to realize that sulfur bacteria do not only track changes in oxygen and
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sulfur availability, but are also important drivers of these changes as they play key
roles in oxidation-reduction reactions of the sulfur cycle. We will first discuss our
observations on the taxonomic composition and dynamics of different functional
groups of sulfur bacteria, and then summarize these results into a conceptual model
of the seasonal succession of sulfur bacteria during oxic-anoxic regime shifts in
seasonally stratified lakes.

Sulfate-reducing bacteria (SRB)
SRB are anaerobic bacteria that oxidize organic matter (and hydrogen) using sulfate
as terminal electron acceptor (Muyzer and Stams, 2008). During seasonal
succession in Lake Vechten, SRB were preceded by denitrifying bacteria, which
reached peak abundances in the hypolimnion at the onset of lake stratification in
May (data not shown). Sulfate reduction has a lower energy yield than nitrate
reduction. Hence, as expected, SRB replaced the denitrifying bacteria in the
hypolimnion and metalimnion of the lake during the summer months, after nitrate had
been depleted. SRB produced sulfide, and their presence coincided with the
observed decline of the sulfate concentration and accumulation of sulfide in the
hypolimnion of the lake.
Based on bacterial 16S rRNA gene amplicon sequencing, Desulfobulbus,
Desulfovibrio, Desulfobacterium, Desulfomonile and Desulfuromonas were the
dominant SRB genera in the metalimnion and hypolimnion of Lake Vechten, which
was also found in previous studies for other freshwater lakes (Kondo et al., 2006;
Kubo et al., 2014).
Although we did not detect SRB in the water column in winter, SRB were
present in the sediment during the winter period, when an influx of sulfate from the
water column into the sediment may have stimulated their activity. Desulfobulbus
and Desulfobacterium were found in the sediment throughout the year and in the
anoxic hypolimnion during summer. Hence, most likely the sediment acted as a seed
bank (sensu Lennon and Jones, 2011) for these SRB, which initiated the succession
of SRB in the anoxic hypolimnion during summer stratification.
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Green sulfur bacteria (GSB)
GSB are commonly found in the anoxic water layers of stratified lakes and marine
ecosystems (Mori et al., 2013; Saarenheimo et al., 2016). They are often found
below a layer of PSB, presumably because GSB are better adapted to very low light
levels than PSB (Biebl and Pfennig, 1978; Guerrero et al., 1985; Vila and Abella,
1994). For instance, a strain isolated from the chemocline of the Black Sea, at 100 m
depth, could still photosynthesize at 0.015 µmol quanta m -2 s-1 and its photosynthetic
rate reached light saturation at 1 µmol quanta m -2 s-1 (Overmann et al., 1992;
Manske et al., 2005), which is 0.05 - 0.10% of the surface irradiance on a sunny day.
Furthermore, GSB are obligate anaerobes, whereas many purple sulfur bacteria can
tolerate and sometimes even utilize oxygen. Hence, the anoxic hypolimnion of Lake
Vechten provided suitable conditions for GSB during the summer period.
Interestingly, GSB reached peak abundances in the hypolimnion from July onwards
(Figure 4.3C,D). At this time, light levels reaching the hypolimnion may have been
sufficient for GSB photosynthesis, just after the development of the phytoplankton
spring bloom that prevented light from reaching the hypolimnion in April and May
(Figure 4.2).
The GSB in our study showed a similar spatio-temporal distribution as the SRB.
This may indicate that sulfide produced by SRB stimulated the proliferation of GSB,
as has been observed in mixed laboratory cultures (Biebl and Pfennig, 1978).
Conversely, the photosynthetic activity of GSB and PSB produces oxidized sulfur
species that can be utilized as terminal electron acceptor by SRB. This mutual
reciprocity may result in a tight sulfur cycle in which sulfur is shuttled back and forth
between the different functional groups, fueled by the photosynthetic activity of GSB
and PSB and the degradation of organic matter by SRB (Hamilton et al., 2014; Bush
et al., 2017).

Purple sulfur bacteria (PSB)
Bacterial 16S rRNA sequencing data revealed 4 different PSB genera in the metaand hypolimnion of Lake Vechten. Thiocystis peaked just above the sediment in
early May, soon after the onset of lake stratification. At that time, a dense
phytoplankton spring bloom absorbed most of the incident light, and although the
spectral distribution of the underwater light field was not measured, light penetration
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to 10 m depth was less than 0.1 µmol photons m -2 s-1 in the PAR range (cf. Figure
4.2), which seems too low to support photoautotrophic growth of PSB. However, it is
known that several PSB are not obligate photoautotrophs, but can also grow in the
dark as chemolithoautotrophs oxidizing reduced sulfur compounds under microaerobic and sometimes even oxic conditions (Schaub and van Gemerden, 1994;
Camacho et al., 2000; Casamayor et al., 2008). Chemolithoautotrophic and
chemoheterotrophic growth has been reported for several Thiocystis spp. (Kämpf
and Pfennig, 1980; Peduzzi et al., 2011), and offers a plausible explanation for the
peak abundance of Thiocystis just above the sediment when the lake started to
develop a sulfidic hypolimnion.
Thiodictyon and to a lesser extent also Thiorhodococcus reached high relative
abundances in the metalimnion during the summer months. Light levels reaching the
metalimnion in the period July-September were roughly ~1% of the surface light
intensity, providing suitable light conditions for photoautotrophic growth of PSB.
Thiodictyon cells are non-motile, but often form aggregates and contain large gas
vesicles (Cohen-Bazire et al., 1969; Walsby, 1994). Hence, Thiodictyon probably
reached high relative abundances in the metalimnion through buoyancy regulation
provided by its gas vesicles. Thiorhodococcus is a motile bacterium (Guyoneaud et
al., 2015), which may have enabled its aggregation in the metalimnion.
Lamprocystis became dominant in the deeper parts of the lake in November. It
is possible that it could benefit from the very low light levels at these depths, but
some Lamprocystis species can also grow in the dark as chemolithoautotrophs
under micro-aerobic conditions (Imhoff, 2001). Hence, Lamprocystis may have
contributed to the chemotrophic oxidation of sulfide when deep mixing brought low
oxygen levels into the former hypolimnion during fall turnover.

Colorless sulfur bacteria (CSB)
CSB are key players in the oxidation of reduced sulfur compounds, and often thrive
under micro-aerobic and aerobic conditions. In Lake Vechten they were represented
by Epsilonpreoteobacteria and Betaproteobacteria, similar to several other
freshwater lakes (Biderre-Petit et al., 2011; Yang et al., 2013; Hamilton et al., 2014).
The CSB genera Arcobacter and Sulfurimonas became abundant in deep water
layers during the fall, where they most likely were involved in oxidation of the
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accumulated sulfide using the low oxygen levels that were mixed into the former
hypolimnion during fall turnover. Arcobacter is a highly motile bacterium that can
form swarms at the oxic-anoxic interface, and is able to grow at very low oxygen
concentrations in comparison to other CSB (Sievert et al., 2007). Similar seasonal
shifts from phototrophic sulfur bacteria to CSB have been reported in the chemocline
of a meromictic lake in winter (Noguerola et al., 2015) and in a seasonally stratified
marine lake after fall turnover (Pjevac et al., 2015), most likely because the
increasing oxygen levels suppress GSB and to a lesser extent also PSB while
favoring the oxidation activities of CSB.
Previous studies have reported that sulfur-oxidizing Beggiatoa were abundant
in the mats on the sediment of Lake Vechten (Sweerts et al., 1990), but we have not
detected Beggiatoa or close relatives in the water column or sediment of Lake
Vechten. Instead, Thiobacillus was the dominant CSB in the sediment, particularly
during the winter period.

Seasonal succession of sulfur bacteria
Our observations and those from previous studies can be summarized in a simple
conceptual model of the seasonal succession of sulfur bacteria in eutrophic lakes
(Figure 4.6). In winter and early spring, the water column is oxic and rich in sulfate.
At this time, the sediment contains various sulfur bacteria including SRB using
sulfate as terminal electron acceptor, and CSB and PSB oxidizing the upward flux of
sulfide. After the water column stratifies in spring, oxygen and nitrate in the
hypolimnion are depleted and subsequently a variety of SRB species expand into the
anoxic hypolimnion, reducing sulfate to sulfide. During the summer period,
photosynthetically active PSB bloom in the metalimnion and GSB thrive in the
hypolimnion underneath, stimulated by high sulfide concentrations. When the lake is
mixed during fall turnover, low oxygen concentrations are brought into the former
hypolimnion, and SRB and GSB disappear from the water column because they are
inhibited by oxygen. A combination of CSB and chemolithoautotrophic PSB flourish
under these micro-aerobic conditions, oxidizing sulfide into sulfate. In winter, when
all sulfide in the water column has been removed and oxic conditions in the water
column are fully restored, sulfur bacteria disappear from the water column, but
remain active in the sediment.
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Figure 4.6. Conceptual model of the seasonal dynamics of sulfur bacteria in the water
column and sediment of Lake Vechten. The model shows the seasonal stratification and
oxygen conditions. Line indicates the bacterial euphotic depth. The circles represent the
different functional groups (colors) and genera (numbers). Grey circles represent sulfatereducing bacteria (1, Desulfobulbus; 2, Desulfovibrio; 3, Desulfobacterium; 4, unknown
Desulfobacteraceae; 5, Desulfuromonas; 6, Desulfomonile), purple circles represent purple
sulfur bacteria (7, Thiodyction; 8, Lamprocystis; 9, Thiocystis; 10, Thiorhodococcus), green
circles represent green sulfur bacteria (11, unknown Chlorobiaceae; 12, Chlorobium), and
white circles represent colorless sulfur bacteria (13, Arcobacter; 14, Sulfurimonas; 15,
Thiobacillus). The size of the circles gives a rough indication of the relative abundances of
the different bacteria.

To the best of our knowledge, this is the first study that investigates the
succession of SRB, GSB, PSB and CSB during oxic-anoxic transitions at a high
taxonomic resolution (genus level) and summarizes the succession into a conceptual
model. Admittedly, this simple conceptual model can still be improved in many ways.
In particular, it will be an interesting challenge to assess in future studies which of
these aspects are specific for Lake Vechten and which will apply to the seasonal
succession of sulfur bacteria in other aquatic ecosystems. As discussed above, the
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similarities with other lake studies are promising (e.g., Noguerola et al., 2015; Pjevac
et al., 2015).
Similarly, dynamics of nitrate and ammonium also showed seasonal patterns
associated with the oxic-anoxic transitions (Supplementary Figure S4.1A,B). A
closer look at the 16S rRNA gene sequencing data revealed an increased relative
abundance of denitrifiers during the first month of stratification in May (data not
shown), when the hypolimnion became anoxic and nitrate concentrations in the
hypolimnion were depleted. Furthermore, ammonium-oxidizing bacteria were
detected in the sediment during fall turnover, accompanied by the accumulation of
nitrate and decrease of ammonium. Meanwhile, methane-oxidizing bacteria
(Methylobacter) flourished in the water column during fall turn-over (see Figure 2.5C
in Chapter 2), indicative of methane oxidation.
Recently, we showed that the interplay between microbial community dynamics
and oxidation-reduction processes result in oxic-anoxic regime shifts characterized
by tipping point and hysteresis effects (Bush et al., 2017). More specifically,
degradation of organic matter by SRB creates anoxic and sulfidic conditions (also
known as euxinia), and once ecosystems have become euxinic a large oxygen influx
will be required to suppress the SRB, to overcome the low reduction potential that
they have generated, and to bring the ecosystems back into their oxic state. Our
results support and extend these findings. We observed that SRB were involved in
the development of euxinia, that SRB remained abundant and euxinia was sustained
throughout the summer period, and that the hypolimnion did not return to its oxic
state immediately after fall turnover. Instead, hypoxia developed throughout the
water column in the fall, presumably because oxidation of the accumulated sulfide by
CSB (e.g. Arcobacter) and chemolithotrophic PSB (e.g. Lamprocystis) consumed
oxygen and thereby kept the dissolved oxygen concentrations low. Similarly,
microbial oxidation of ammonium and other reduced compounds (e.g. methane)
accumulated in the hypolimnion will also have consumed part of the oxygen influx.
These results indicate that once ecosystems have become anoxic, the former oxic
conditions are not easily restored.
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Supplementary Information

Spatio-temporal dynamics of sulfur bacteria during
oxic-anoxic regime shifts in a
seasonally stratified lake
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Figure S4.1 Spatio-temporal dynamics of nutrients in Lake Vechten. (A) Nitrate; (B)
ammonium; (C) dissolved organic carbon.
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Figure S4.2 Spatio-temporal dynamics of sulfate-reducing bacteria based on 16S
rRNA gene amplicon sequences. The graphs show relative abundances (%) and
distributions of (A) Desulfobacterium; (B) Desulfomonile.
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Figure S4.3 Spatio-temporal dynamics of purple sulfur bacteria based on 16S rRNA
gene amplicon sequences. The graphs show relative abundances (%) and distributions of
(A) Thiocystis; (B) Thiorhodococcus.
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Table S4.1. List of DNA samples for 16S rRNA gene amplicon sequencing.
Sample ID

Date

Depth (m)

Sample ID

Date

Depth (m)

A0301

2013-03-06

1

G0901

2013-09-02

1

A0305

5

G0903

3

A0310

10

G0904

4

A03S

Sediment

G0905

5

1

G0906

6

B0405

5

G0910

10

B0410

10

H0901

1

H0903

3

C0503

3

H0904

4

C0504

4

H0905

5

C0505

5

H0906

6

C0510

10

H0910

10

1

I1101

D0603

3

I1107

7

D0604

4

I1108

8

D0605

5

I1110

10

D0610

10

I11S

Sediment

1

J1201

E0703

3

J1205

5

E0704

4

J1210

10

E0705

5

K0201

E0710

10

K0205

5

E07S

Sediment

K0210

10

1

K02S

Sediment

F0703

3

L0301

F0704

4

L0305

5

F0705

5

L0310

10

F0710

10

B0401

C0501

D0601

E0701

F0701

2013-04-10

2013-05-08

2013-06-06

2013-07-01

2013-07-29

2013-09-30

2013-11-07

2013-12-03

2014-02-25

2014-03-31

1

1

1

1

1

109

Chapter 4 | Microbial Sulfur Cycle
Table S4.2. Significance of the selected explanatory variables in the RDA correlation
triplots (see Figure 4.5).

Explanatory

AIC

Pseudo-F

P

Sulfide

100.34

17.46

0.005

DO

103.53

13.40

0.005

SO42-

107.03

9.23

0.005

NH4+

107.83

8.32

0.005

Variable

The explanatory variables were selected by forward selection based on the pseudo-F statistic, using
9999 permutations to assess their significance. AIC = Akaike information criterion. Total variation
explained by the RDA model was 35.1%.
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5
Seasonal succession of bacteria and archaea
involved in the nitrogen cycle of a
seasonally stratified lake
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Abstract
Microorganisms involved in the nitrogen cycle („nitrogen microorganisms‟) play
important roles in the transformation of nitrogen compounds in aquatic ecosystems.
Yet, information on the succession of nitrogen microorganisms in seasonally
stratified lakes is far from complete. Here, we used functional marker genes to
investigate the seasonal succession of nitrogen microorganisms in the water column
and sediment of freshwater Lake Vechten over a period of 19 months. Ammoniaoxidizing archaea (AOA), ammonia-oxidizing bacteria (AOB) and anaerobic
ammonium-oxidizing (anammox) bacteria were abundantly present in the sediment
during the winter period, accompanied by relatively high nitrate concentrations in the
water column. The abundance of AOA was one order of magnitude higher than AOB,
indicating a dominance of archaea in ammonia oxidation. Nitrogen-fixing bacteria
and denitrifying bacteria increased in the water column in spring, when nitrate was
gradually depleted and the hypolimnion became anoxic. Denitrifying bacteria
containing nirS genes were exclusively present in the anoxic hypolimnion. During
summer stratification, abundances of AOA, AOB and anammox bacteria decreased
sharply in the sediment, and ammonium accumulated in the anoxic hypolimnion.
After the lake was mixed during fall turnover, AOA, AOB and anammox bacteria
increased to high abundances again, and ammonium was oxidized to nitrate. In
general, nitrogen microorganisms in the water column and sediment displayed a
pronounced seasonal succession, which was closely linked with a seasonal shift
from nitrate to ammonium as dominant nitrogen source during the transition from
oxic to anoxic conditions induced by seasonal stratification of the lake.
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Importance
Although microorganisms play vital roles in the nitrogen cycle, an integrative view on
the dynamics of nitrogen bacteria and archaea in seasonally stratified lakes is still
missing. This study followed the dynamics of nitrogen bacteria and archaea in the
water column and sediment of a seasonally stratified lake over a period of 19
months. Ammonia-oxidizing bacteria, archaea and anaerobic ammonium-oxidizing
bacteria were abundant in the sediment when the lake was mixed in winter, but
diminished when the hypolimnion became anoxic during summer stratification. These
changes were accompanied by pronounced seasonality in the nitrate and ammonium
concentrations, with high numbers of nitrogen-fixing and denitrifying bacteria in
spring when nitrate was gradually depleted. This information will be conducive for a
better understanding of how environmental changes (e.g., eutrophication, global
warming) may affect the nitrogen cycle in seasonally stratified lakes.
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Introduction
Human activities are increasingly disturbing the nitrogen cycle worldwide (Galloway
et al., 2004; Erisman et al., 2008; Finlay et al., 2013). Elevated nitrogen discharge
contributes to the eutrophication of lakes and coastal waters, leading to blooms of
harmful algae and cyanobacteria, expansion of hypoxia, and disruption of aquatic
food webs (Huisman et al., 2005; Paerl and Huisman, 2008). Therefore, it is
increasingly important to gain a better understanding of the nitrogen cycle in aquatic
ecosystems, and how it can be affected by environmental stressors.
Microorganisms play important roles in the transformation of nitrogen
compounds in various ecosystems (Falkowski et al., 2008; Nelson et al., 2016). They
consume nitrate and ammonium or fix molecular nitrogen to build proteins and
nucleic acids, and some microorganisms also gain energy from the transformation of
nitrogen compounds. Biological nitrogen fixation reduces atmospheric dinitrogen to
ammonia for assimilation, which is performed by nitrogen-fixing bacteria (NFB)
containing nitrogenase (encoded by the nif genes) (Turk et al., 2011; Gaby and
Buckley, 2012). Ammonia-oxidizing archaea (AOA) and bacteria (AOB) can oxidize
ammonia to nitrite, which is catalyzed by the enzyme ammonia monooxygenase
(amoA) (Könneke et al., 2005; Li et al., 2015). Subsequently, nitrite is oxidized to
nitrate by nitrite-oxidizing bacteria. Under anaerobic conditions, anammox bacteria
use hydrazine synthase (hzsA) to convert ammonium and nitrite to dinitrogen gas
(Strous et al., 1999; Harhangi et al., 2012). Increasing evidence shows that
anammox bacteria play significant roles in the nitrogen loss from marine and
freshwater habitats (Kuypers et al., 2003; Schubert et al., 2006). Denitrifying bacteria
(DNB) perform the reduction of nitrate to dinitrogen gas. In this process they use
either cytochrome cd1 nitrite reductase (nirS) or copper-containing nitrite reductase
(nirK) to catalyze the reduction of nitrite to nitric oxide (Zumft, 1997). Nitrous oxide
(N2O), which is produced in the denitrification process, is a potent greenhouse gas
and a dominant ozone-depleting substance (Ravishankara et al., 2009; Harter et al.,
2014). Hence, different transformations in the nitrogen cycle tend to be carried out by
different microorganisms.
Numerous studies have been performed on the diversity, abundance and
distribution of microorganisms involved in the nitrogen cycle, the „nitrogen
microorganisms‟ (Halm et al., 2009; Nelson et al., 2016; Yang et al., 2017). The
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activity and growth of these organisms depends on redox status, availability of the
different nitrogen species, and a myriad of other factors including temperature and
pH (Erguder et al., 2009; Dang et al., 2010; Santos et al., 2014). Therefore, the
population dynamics of different microorganisms involved in the nitrogen cycle are
likely to be sensitive to changes in environmental conditions, and different nitrogen
transformations may be carried out at different times of the year. However,
comparative studies that investigate the seasonal succession of different functional
groups of nitrogen microorganisms are scarce (Auguet et al., 2011; Lipsewers et al.,
2014; Lu et al., 2015).
Here, we studied the seasonal succession of several important functional
groups of nitrogen microorganisms in Lake Vechten, a seasonally stratified lake in
the center of the Netherlands (Steenbergen and Verdouw, 1982). The main
objectives of our study were: (i) to elucidate seasonal changes in the distribution and
abundance of different nitrogen microorganisms and the processes they catalyze,
and (ii) to identify environmental variables that affect the seasonal succession of
these nitrogen microorganisms. For these purposes, samples from different water
layers and from the sediment of Lake Vechten were collected monthly over a period
of 19 months. Quantitative real-time PCR (qPCR) of different N-cycling marker genes
was applied to determine the abundance and distribution of nitrogen-fixing bacteria
using nifH, ammonia-oxidizing bacteria and archaea using amoA, anammox bacteria
using hzsA, and denitrifiers using nirS and nirK. These results were correlated with
environmental parameters, such as temperature, pH, and concentrations of oxygen,
nitrate and ammonium. In addition, amplification products of these genes were
cloned and sequenced to validate specificity of the PCR and to determine
representative members of these functional groups.

Materials and methods
Study site, sampling and general analyses
Lake Vechten (52°04‟N, 5°05‟E) is located in the center of The Netherlands, near the
city of Utrecht (Steenbergen and Verdouw, 1982). It consists of two basins with a
total surface area of 4.7 ha, and has a maximum depth of 11.9 m. Vertical profiles of
temperature, dissolved oxygen (DO), chlorophyll a, photosynthetically active
radiation (PAR), specific conductivity, and pH of the lake water were measured in
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situ using a multiprobe Hydrolab DataSonde 4a (Hydrolab Corporation, Austin, TX,
USA). From every meter depth in the Western basin, water samples were collected
monthly or biweekly from March 2013 to September 2014. Water was pumped via a
hose connected to the Hydrolab Datasonde to make sure the water samples
matched the conditions measured by the Hydrolab Datasonde at that particular
depth. Water samples were filtered through 0.20 µm nylon membrane filters
(Millipore, GNWP) to collect microorganisms. The filters were frozen immediately
and stored at -20°C until further analysis. Sediment samples (0 - 10 cm) were
collected monthly with a box-corer from the same location, transported to the
laboratory in a dry shipper and stored at -20°C until further analysis. Dry weight of
sediment was determined after drying for 2 days in a 60°C oven.
Subsequent to filtration, ammonium (NH4+), nitrite (NO2-), nitrate (NO3-), total
dissolved inorganic nitrogen (DIN), sulfate (SO42-), phosphorus (PO43-) and chloride
(Cl-) were measured with an auto-analyzer (SAN++, Skalar, The Netherlands), while
dissolved organic carbon (DOC) was measured with a total organic carbon analyzer
(TOC-VCPH, Shimadzu, Japan). For sulfide measurements, lake water was filtered
through 0.20 µm polyethersulfone membrane filter and fixed with zinc acetate (10%
w/v) immediately in the field. Afterwards, sulfide was measured in the laboratory
according to the methylene blue spectroscopic method (Trüeper and Schlegel, 1964).
The data were visualized with Ocean Data View version 4.7.8 (Schlitzer, 2002).

DNA extraction
DNA was extracted from the biomass-containing filters using the PowerSoil DNA
Isolation Kit according to the manufacturer‟s instructions (Mo Bio, Laboratories Inc.,
USA). The concentration of extracted DNA was quantified with the Qubit dsDNA BR
Assay Kit (Invitrogen, USA).

PCR and cloning
Six functional marker genes that are commonly used to detect and characterize
nitrogen microorganisms were amplified by PCR (Table 5.1). The archaeal amoA
gene was amplified with primers Arch-amoAF and Arch-amoAR (Francis et al., 2005),
while the bacterial amoA gene was amplified with primes amoA-1F and amoA-2R
(Rotthauwe et al., 1997). The hzsA gene of anammox bacteria was targeted with
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primers hzsA 1597F and hzsA 1857R (Harhangi et al., 2012). For denitrifying
bacteria, primers nirS1F and nirS-q-R were used to amplify the nirS gene, while the
nirK gene was amplified with primers nirK-q-F and nirK1040 (Mosier and Francis,
2010). Primers IGK3F and DVVR were used to target the nifH gene of nitrogen-fixing
bacteria (Gaby and Buckley, 2012). Details on PCR primers and PCR programs can
be found in Supplementary Table S5.1.

Table 5.1. Target gene, specificity, sequence and annealing temperature of primers used in
this study.
Target

Specificity

Primers

Primers sequences (5'-> 3')

Ref

AOA

Arch-amoAF

(STAATGGTCTGGCTTAGACG)

Francis et al.,

Arch-amoAR

(GCGGCCATCCATCTGTATGT)

2005

amoA-1F

(GGGG TTTCTACTGGTGGT)

amoA-2R

(CCCCTCKGSAAAGCCTTCTTC)

hzsA_1597F

(WTYGGKTATCARTATGTAG)

hzsA_1857R

(AAABGGYGAATCATARTGGC)

nirS

nirS1F

(CCTAYTGGCCGCCRCART)

DNB

nirS-q-R

(TCCMAGCCRCCRTCRTGCAG)

nirK

nirK-q-F

(TCATGGTGCTGCCGCGYGA)

Mosier and

DNB

nirK1040

(GCCTCGATCAGRTTRTGGTT)

Francis, 2010

NFB

IGK3

(GCIWTHTAYGGIAARGGIGGIATHGGIAA)

DVVR

(ATIGCRAAICCICCRCAIACIACRTC)

gene
amoA

amoA

hzsA

nirS

nirK

nifH

AOB

Anammox

Rotthauwe et
al., 1997
Harhangi et
al., 2012
Mosier and
Francis, 2010

Gaby and
Buckley, 2012

AOA, ammonium-oxidizing archaea; AOB, ammonium-oxidizing bacteria; Anammox, anaerobic ammoniumoxidizing bacteria; nirS DNB, denitrifying bacteria with the nirS gene; nirK DNB, denitrifying bacteria with the
nirK gene; NFB, nitrogen-fixing bacteria.

PCR products were checked by electrophoresis in 1.5% (w/v) agarose gels.
Products with the expected fragment length were purified using Zymoclean Gel DNA
Recovery Kit (Zymo Research, USA). Subsequently, purified PCR products were
used for cloning with TOPO TA Cloning Kit for Sequencing (Invitrogen, USA)
according to the manufacturer‟s instructions. Cloning of PCR products was
conducted in triplicate. Transformants were selected on LB plates containing 50
µg/mL ampicillin. 5 colonies from each plate were transferred into 10 mL liquid LB
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medium (50 µg/mL Ampicillin) and cultivated at 37 °C in a shaking incubator
(Edmund Bühler, Germany). Plasmid DNA from 2 mL liquid culture was isolated with
the QIAprep Spin Miniprep Kit (Qiagen, Germany). The DNA of plasmid inserts was
sequenced by the company Baseclear (Leiden, The Netherlands). The samples
selected for cloning are listed in Table S2 in the Supplemental Material.

Phylogenetic analysis
The DNA sequences were first translated into protein sequences and subsequently
aligned to published sequences using Cluster Omega with standard parameters.
Phylogenetic analysis of the functional genes was performed using MEGA version 7
(Kumar et al., 2016) with the Maximum Likelihood method based on the JonesTaylor-Thornton (JTT) matrix-based model (Jones et al., 1992). The robustness of
the tree topology was tested with bootstrap analysis (1000 replicates).

qPCR
qPCR assays of functional genes were run in 96 well white qPCR plates (Bio-Rad,
Hercules, CA, USA) with adhesive seals in a Real-Time PCR Detection System (BioRad). DNA of all samples was diluted to the same concentration (5 ng/µL). In qPCR,
2 µL template DNA, 5 µL of SYBR Green Supermix (Bio-Rad) and 0.75 µL of each
primer (5 µM) were added in a total qPCR reaction volume of 10 µL. qPCRs
consisted of 40 cycles, with each cycle consisting of denaturation, annealing,
elongation and melting curve detection. Standard curves were made with plasmid
DNA containing the respective gene insert. The concentration of plasmid DNA was
measured by the Qubit dsDNA BR Assay Kit (Invitrogen, USA). A seven-serial
dilution series was prepared from 1.0 x 108 to 1.0 x 102 gene copy µL-1. All samples
and standards reactions were performed in triplicate and an average value was
calculated. Melting curve analysis was performed at the end of each qPCR run.
Furthermore, agarose gel electrophoresis was performed to verify the fragment sizes
of qPCR products. The primers, thermal programs, efficiencies and R 2 and other
information of the qPCR assays are listed in Table S3 in the Supplemental Material.
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Redundancy analysis
Possible relationships between the seasonal succession of functional marker genes
and environmental variables in the water column were investigated using
redundancy analysis (RDA) (Zuur et al., 2009). The analysis was performed using
the software package R (version 3.0.3) supplemented by the „vegan‟ package
(Oksanen et al., 2013). All environmental parameters, except pH, were log(x+1)transformed and used as explanatory variables, the abundances of functional marker
genes were response variables in the RDA model. First, the number of explanatory
variables was reduced by eliminating variables with a high collinearity through
calculation of the variance inflation factors (VIF) using the R function VIF in the „car‟
package (Fox and Weisberg, 2011). Explanatory variables were analyzed step-wise
until only those with a VIF < 10 remained. Subsequently, RDA was applied using
forward selection with the Ordistep function in the R package „vegan‟ to select only
those explanatory variables that contributed significantly to the RDA model, while
removing nonsignificant terms (Oksanen et al., 2013). Significance was determined
using a permutation test with a multivariate pseudo-F statistical test and 9999
permutations (Zuur et al., 2009).

Accession numbers. The sequences obtained in this study were deposited in the
GenBank database under accession numbers MF993366 - MF993424.

Results
Environmental conditions
The temperature in Lake Vechten was approximately uniform over depth in early
spring, when deep mixing resulted in oxic conditions throughout the water column
(Figure 5.1A,B). From April onwards, the temperature in the surface layer increased,
creating a typical stratified lake consisting of an epilimnion, metalimnion, and
hypolimnion. During summer stratification, the epilimnion remained oxic whereas the
hypolimnion turned anoxic. The stratification persisted until late fall when mixing of
the water column resulted in a uniform temperature of ca. 7 °C. It is noteworthy that
the oxygen concentration in the surface layer decreased during fall turnover, creating
hypoxia throughout the water column in November (Figure 5.1B).
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The nitrate concentration in the lake was 2 - 7 μM in early spring of 2013
(Figure 5.1C). From May onward, nitrate was depleted throughout the water column
and remained < 1 μM until the end of October. After fall turnover, nitrate
concentrations increased from 2 μM in December to ~ 14 μM at the end of February
2014. Once the lake became stratified in April 2014, nitrate disappeared from the
water column again. There was nearly no ammonium detected in the water column
in early spring 2013 (Figure 5.1D). Ammonium accumulated in the anoxic
hypolimnion when the lake became stratified and reached a maximum of 636 μM in
October. After fall turnover, ammonium dispersed throughout the water column with
a relatively low concentration of 30 - 60 μM at the end of February. When the water
column became stratified in April 2014, ammonium was depleted in the epilimnion
and again started to accumulate in the hypolimnion. The concentration of nitrite
remained below the detection limit (0.5 μM) during the entire study period.
The sulfate concentration was ~ 70 µM throughout the water column in early
spring, but diminished to < 10 µM in the hypolimnion during summer stratification
(Supplementary Figure S5.1A). Conversely, sulfide was not detectible in the water
column during winter and early spring, but accumulated to almost 20 µM in the
hypolimnion during summer stratification (Figure S5.1B). DOC concentration
increased from ~ 500 µM in early spring to > 1500 µM in the hypolimnion during
summer stratification (Figure S5.1C). Inorganic phosphate was < 2 µM throughout
the year (Figure S5.1D), and pH varied between 7.5 and 9 in the epilimnion and
between 6.2 and 7 in the anoxic sulfidic hypolimnion (Figure S5.1E).
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Figure 5.1. Spatio-temporal dynamics of environmental parameters in Lake Vechten
over a period of 19 months. (A) Temperature, (B) dissolved oxygen (DO), (C) nitrate, and
(D) ammonium.
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Abundance and distribution of functional marker genes
We did not find significant amplification of functional marker genes involved in
ammonium oxidation (archaeal amoA, bacterial amoA) and the anammox reaction
(hzsA genes) in samples from the water column, indicating that these genes and the
corresponding microorganisms were rare or absent in the water column. Instead,
qPCR showed that archaeal amoA, bacterial amoA and hzsA genes were mainly
present in the sediment. The abundance of these three functional marker genes
changed synchronically during the seasons, with a relatively high abundance during
winter and early spring, when the water column was oxic (Figure 5.2A,B,C). The
abundance of archaeal amoA, bacterial amoA and hzsA genes in the sediment
decreased when the lake stratified and the hypolimnion became anoxic, and reached
a minimum between August and October 2013. After fall turnover, when the lake was
mixed, the abundance of these three functional marker genes increased again.
Compared to the bacterial amoA genes, the abundance of archaeal amoA genes
was one order of magnitude higher.
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Figure 5.2. Dynamics of (A) archaeal amoA genes (ammonia-oxidizing archaea), (B)
bacterial amoA genes (ammonia-oxidizing bacteria), and (C) hzsA genes (anammox
bacteria) in the sediment of Lake Vechten.
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Figure 5.3. Spatio-temporal dynamics of (A) nirS genes (denitrifying bacteria), (B) nirK
genes (denitrifying bacteria), and (C) nifH genes (nitrogen-fixing bacteria) in the water
column of Lake Vechten.
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Denitrification genes (nirS, nirK) had low abundances in the water column
during winter and early spring, but especially nirS reached high abundances in the
metalimnion and hypolimnion after the onset of lake stratification in late spring and
early summer (Figure 5.3A,B). Later in summer, before fall turnover, their
abundances declined again. In addition, nirK had a relatively high concentration at 1
m depth in spring of 2014. In the sediment, abundances of nirS and nirK genes
varied irregularly over the sampling period (Supplementary Figure S5.2A,B),
without any clear seasonality. The abundance of nirS genes exceeded that of nirK
genes by one order of magnitude during most of the study period.
Copy numbers of the nitrogen-fixation gene (nifH) were relatively high in the top
layer of the water column in April and May of both years (Figure 5.3C). The nifH
gene was also abundant in the bottom layer (10 m) from July to December of 2013,
whereas it peaked in the meta- and hypolimnion during late spring of 2014. In the
sediment, the abundance of nifH genes was relatively high during winter and early
spring (Supplementary Figure S5.2C), and decreased to a minimum during the
stratification period.

Sequence analysis of functional marker genes
To confirm the specificity of the PCR and qPCR, and to identify the nitrogen
microorganisms, representative amplified fragments of all functional marker genes
were cloned and sequenced. Subsequently, the sequences of clones were analyzed
and phylogenetic trees were calculated. Results of clone libraries showed that AOA
in Lake Vechten were similar to their counterparts from other freshwater habitats
while some were close to Nitrosopumulus maritimus (Supplementary Figure S5.3A).
Nine of the ten AOB sequences clustered with members of the genus Nitrosomonas,
while one clone was affiliated to the genus Nitrosospira (Supplementary Figure
S5.3B). Sequences of anammox bacteria were very similar to bacterial sequences
from a constructed wetland (Coban et al., 2015), which were close to Brocadia
fulgida (Supplementary Figure S5.4A). NifH sequences from Lake Vechten were
very diverse, including Deltaproteobacteria, Epsilonproteobacteria, Cyanobacteria,
Chlorobi and Euryarchaeota (Supplementary Figure S5.4B). NirS sequences were
similar

to

sequences

from

other

freshwater

environments,

and

included

Pseudomonas spp. and Thauera spp. (Supplementary Figure S5.5A). The nirK
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sequences were similar to Ruegeria mobilis and Oceanicola nanhaiensis, belonging
to the Alphaproteobacteria (Supplementary Figure S5.5B).

Redundancy analysis
Redundancy analysis was applied to correlate the abundances of nirS, nirK and nifH
genes in the water column with associated environmental variables. In total, 10
explanatory variables had a VIF < 10 including temperature, DO, PAR, pH, NH4+,
NO3-, PO43-, SO42-, sulfide and DOC. Forward selection revealed that 5 of these 10
variables were significant in the redundancy analysis: DO, pH, PO43-, SO42- and NH4+
(Table 5.2).
Table 5.2 Significance of the selected explanatory variables in the RDA correlation
triplots (see Figure 5.4).

Explanatory

AIC

Pseudo-F

P

DO

124.52

10.58

0.005

PO43-

128.26

6.63

0.005

NH4+

129.70

5.15

0.005

pH

130.52

4.32

0.005

SO42-

133.26

1.55

0.005

Variable

The explanatory variables were selected by forward selection based on the pseudo-F statistic, using
9999 permutations to assess their significance. AIC = Akaike information criterion. Total variation
explained by the RDA model was 29.4%.

The first and second axis of the RDA plot explained 20.1% and 8.5% of the
variation in the qPCR data, respectively (Figure 5.4). NirS genes were positively
correlated with NH4+ and negatively correlated with DO. NirK and nifH genes were
positively associated with the PO43- and SO42- concentration.
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Figure 5.4 Redundancy analysis of the influence of environmental variables in the
water column (explanatory variables, blue arrows) on the abundance of nirS, nirK and
nifH genes (response variables, red arrows). Symbols represent sampling points (yellow,
spring; orange, summer; cyan, fall; green, winter). All explanatory variables in the triplot are
significant (see Table 2). Total variation explained by the RDA model was 29.4%.

Discussion
Our results show conspicuous seasonal changes in ammonium and nitrate
concentrations, oxygen availability and the abundances of functional marker genes
representing different microorganisms involved in the nitrogen cycle. Different
nitrogen transformations took place at different depths in the lake and during
different times of the year. We will first discuss our observations on the functional
groups involved in these nitrogen transformations, and then summarize these results
into

a

comprehensive

scheme

of

the

seasonal

succession

of

nitrogen

microorganisms in seasonally stratified lakes with anoxic hypolimnia.

Spatio-temporal dynamics of nitrogen bacteria and archaea
AOA and AOB
AOA and AOB have been detected in different water layers in freshwater lakes
(Auguet et al., 2012; Yang et al., 2016). Theoretically, one might expect ammonia
oxidizers to thrive at the oxic-anoxic interface where ammonium and oxygen meet.
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However, our findings are only partially in agreement with this expectation. AOA and
AOB were abundant in the sediment of Lake Vechten during winter and early spring,
when deep mixing of the lake provided oxygen to the bottom water layers. Yet,
almost no amoA genes were detected in the water column when the oxic-anoxic
interface shifted to the metalimnion during summer stratification. Similar results have
been reported by other studies, which also found that abundances and activities of
ammonia oxidizers were very low in the water column (Hastings et al., 1998; Pauer
and Auer, 2000), but high in the sediments (Wu et al., 2013; Bollmann et al., 2014).
The abundance of archaeal amoA genes exceeded those from bacteria by one
order of magnitude, suggesting a predominant role for archaea in ammonia
oxidization. Similar results have been found for freshwater aquaculture ponds (Lu et
al., 2015; Lu et al., 2016). Possibly AOA dominated over AOB, because of their
higher affinity for ammonia and oxygen (Martens-Habbena et al., 2009; Park et al.,
2010; Stahl and de la Torre, 2012). Abundances of AOA and AOB in the sediment of
Lake Vechten were high in winter and early spring, but low in summer. A similar
seasonal succession of AOA and AOB has been observed in the sediment of an
aquaculture pond (Lu et al., 2015), and it was speculated that AOA and AOB also
responded similarly to environmental changes in intertidal sediments (Smith et al.,
2015).
In line with previous results (Lu et al., 2015), oxygen appears to be a key
limiting factor for ammonia oxidizers in the sediments of Lake Vechten, as AOA and
AOB declined when the hypolimnion became anoxic during summer stratification. In
general, stratification of eutrophic lakes often leads to a decrease of DO in bottom
waters, which limits the diffusion of oxygen into sediments (Neubacher et al., 2011).
The accumulation of sulfide in the anoxic hypolimnion might be another factor that
inhibits the activities of AOA and AOB (Joye and Hollibaugh, 1995; Berg et al., 2015).
Because AOA can tolerate periodic exposure to anoxic and sulfidic environments to
a certain extent (Berg et al., 2015), the inhibitory effects of sulfide on AOB are likely
to be more severe than on AOA (Erguder et al., 2009).

Anammox bacteria
Anammox bacteria have been detected in both the water column and sediment
of freshwater lakes (Schubert et al., 2006; Yang et al., 2017). Our qPCR result of
hzsA genes, however, indicates that anammox bacteria were exclusively present in
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the sediment of Lake Vechten. In Dianchi Lake and Erhai Lake, the abundance of
anammox bacteria was higher in summer than in spring (Yang et al., 2017). Similarly,
anammox rates were undetectable during the mixing period in winter and increased
during summer stratification in the monomictic Lake Lugano (Wenk et al., 2014).
Contrary to these results, we observed a relatively high abundance of hzsA genes in
winter and early spring but a low abundance during summer stratification in Lake
Vechten.
Coexistence of AOA, AOB, and anammox bacteria has also been observed in
other freshwater lakes (Yang et al., 2016; Yang et al., 2017), in coastal sediments
(Lipsewers et al., 2014) and in wastewater treatment systems (Gao et al., 2014).
Lagostina et al. (2015) reported that AOA and AOB were present at different depths
in the sediment (Lagostina et al., 2015). Since AOA and AOB need oxygen to oxidize
ammonia, while anammox bacteria favor anoxic conditions, they might be present at
different depths in the sediment. However, because we used a box corer to sample
the sediment, we could not investigate the vertical distribution of these bacteria in the
sediment of Lake Vechten.
Nitrite produced by AOA and AOB appears to be a key regulator of anammox
bacteria abundance (Third et al., 2001; Dang et al., 2010). Thus, ammonium
oxidation by AOA and AOB may facilitate the activity and abundance of anammox
bacteria by providing nitrite and creating anoxic microenvironments in the sediment,
which would explain why the dynamics of hzsA genes, archaeal and bacterial amoA
genes followed similar patterns (Figure 5.2). For instance, when the abundance of
AOA and AOB decreased during summer stratification, hzsA genes also dropped to
a relatively low abundance. Consistent with these observations, abundances of AOA
and anammox bacteria peaked at the same depth in the Black Sea (Kuypers et al.,
2003; Coolen et al., 2007), while stable cooperation between AOB and anammox
bacteria has been exploited in wastewater bioreactors (Third et al., 2001).

Denitrifying bacteria
In a previous study performed in the late 1980s, mats of sulfur-oxidizing
Beggiatoa spp. on the sediment were identified to play vital roles in the denitrification
process of Lake Vechten (Sweerts et al., 1990). However, although we identified
several denitrifying microorganisms, Beggiatoa or close relatives were not retrieved
from the cloning results of nirS and nirK genes in our study. The distributions of nirS
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and nirK denitrifying bacteria were quite different in the water column of Lake
Vechten. Specifically, nirS denitrifying bacteria were restricted to the metalimnion
and hypolimnion, whereas nirK denitrifying bacteria were also found in the epilimnion
and did not show a clear habitat preference. NirS and nirK denitrifying bacteria also
occupied different niches and responded differently to environmental variables in the
South China Sea and a variety of other ecosystems (Jones and Hallin et al., 2010; Li
et al., 2013). NirS genes were far more abundant than nirK genes in both the water
column and sediment of Lake Vechten, indicating a predominant role for nirS genes
in the denitrification process. Similarly, it was reported that nirS genes were
consistently more abundant and more diverse than nirK genes in San Francisco Bay
and in marine sediment (Li et al., 2013; Lee and Francis, 2017).
Our results show that nirS denitrifying bacteria reached their highest
abundances in the anoxic hypolimnion in late spring and early summer. This
seasonal pattern is quite comparable to observations of denitrifying bacteria in other
lake studies. In the monomictic Lake Lugano, denitrification rates were highest in the
sediment during fully oxic bottom water conditions and shifted to the water column
when the bottom water became anoxic during lake stratification (Wenk et al., 2014).
In permanently stratified Lake Rassnitzer, anammox bacteria were abundant in the
anoxic bottom waters in January and October, while denitrifying bacteria dominated
N2 production in May (Hamersley et al., 2009). In our study in Lake Vechten,
denitrifying bacteria were replaced by sulfate-reducing bacteria in the anoxic
hypolimnion after nitrate was completely consumed in late summer (Bush et al.,
2017). This successional sequence is in agreement with common expectation,
because nitrate reduction results in a higher energy yield than sulfate reduction, and
hence denitrifying bacteria have a competitive advantage over sulfate-reducing
bacteria as long as nitrate is available as terminal electron acceptor.

Nitrogen-fixing bacteria
NifH genes were present in both the water column and sediment of Lake
Vechten. Although there was no distinct seasonality of nifH genes, their abundance
increased markedly in spring when the nitrate concentration in the water column was
gradually depleted. Nitrogen-fixing bacteria were taxonomically very diverse,
including

Cyanobacteria,

Alphaproteobacteria,

Gammaproteobacteria

and

phototrophic sulfur bacteria (e.g. Chlorobi), in line with previous studies (Raymond et
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al., 2004; Turk et al., 2011). The RDA results show that the abundance of nifH genes
was positively correlated with phosphate, which is consistent with observations that
the growth of nitrogen-fixing cyanobacteria is stimulated by high phosphate levels
(Lehtimäki et al., 1997; Sañudo-Wilhelmy et al., 2001).
Interestingly, there was pronounced overlap in the spatio-temporal distributions
of nifH, nirK and nirS genes in Lake Vechten. In the conventional view of nitrogen
cycling, nitrogen fixation and denitrification are temporally and/or spatially
segregated. In contrast, we observed co-occurrence of denitrifying and nitrogenfixing bacteria, which is in line with observations in the meromictic Lake Cadagno
(Halm et al., 2009).

Seasonal succession of nitrogen microorganisms
Based on our findings and the preceding discussion, we propose a simple schematic
model that depicts the seasonal succession of nitrogen microorganisms in eutrophic
and seasonally stratified lakes (Figure 5.5). In winter and early spring, the entire
water column is mixed, providing oxygen-rich water to the sediment-water interface.
The sediment is inhabited by a consortium of AOA, AOB and anammox bacteria.
AOA and AOB oxidize ammonium into nitrite and nitrate. In spring, the nitrate
concentration in the surface layer is gradually depleted by an increasing biological
activity, favoring the growth of nitrogen-fixing bacteria and, at least in Lake Vechten,
apparently also nirK-containing denitrifying bacteria. Meanwhile, the water column
stratifies and the hypolimnion becomes anoxic. The anoxic hypolimnion favors a
temporary rise of denitrifying bacteria (both nirS and nirK strains), which disappear
again once the nitrate concentration in the hypolimnion has been fully depleted.
Furthermore, the anoxic and sulfidic hypolimnion prevents ammonium oxidation by
AOA, AOB and anammox bacteria in the sediment, and their abundances strongly
decline during summer stratification while ammonium accumulates in the
hypolimnion during summer and early fall. After fall turnover, the entire water column
is mixed again, AOA, AOB and anammox bacteria reappear in the sediment and
ammonium is oxidized to nitrate (Figure 5.5).
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Figure 5.5 Conceptual model of the seasonal succession of nitrogen microorganisms
and seasonal transition of inorganic nitrogen (NO3−, NH4+) in the sediment and water
column of Lake Vechten over one year. AOA, ammonium-oxidizing archaea; AOB,
ammonium-oxidizing bacteria; Anammox, anaerobic ammonium-oxidizing bacteria; NFB,
nitrogen-fixing bacteria; nirK DNB, denitrifying bacteria with the nirK gene; nirS DNB,
denitrifying bacteria with the nirS gene.

Of course, this simple model is only a first attempt to capture the seasonal
succession of different functional groups of microorganisms involved in the nitrogen
cycle of seasonally stratified lakes. It may be modified by future studies of other
lakes in other environmental settings. Furthermore, it may be refined by more
detailed process-based studies at a higher spatio-temporal and taxonomic resolution.
Nevertheless, we believe that such simple schematic models will provide a very
useful benchmark in our efforts to understand and possibly predict how the nitrogen
cycle is likely to be affected by the increasing environmental pressures on our
freshwater ecosystems through eutrophication, aquatic pollution and climate change.
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Figure S5.1. Spatio-temporal
dynamics of environmental
parameters in Lake Vechten
over a period of 19 months.
(A) Sulfate, (B) Sulfide, (C)
DOC, (D) Phosphate, and (E)
pH.
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Figure S5.2. Dynamics of (A) nirS genes (denitrifying bacteria), (B) nirK genes
(denitrifying bacteria), and (C) nifH genes (nitrogen-fixing bacteria) in the sediment of
Lake Vechten.
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Figure S5.3. Maximum likelihood trees based on protein sequences of (A) archaeal
amoA genes (ammonia-oxidizing archaea), and (B) bacterial amoA genes (ammoniaoxidizing bacteria) of Lake Vechten. Names in boldface are sequences determined in our
study. The scale bars indicate the number of amino acid substitutions per site. Black dots on
the branches indicate bootstrap values between 90 and 100%.
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Figure S5.4. Maximum likelihood trees based on protein sequences of (A) hzsA genes
(anammox bacteria), and (B) nifH genes (nitrogen-fixing bacteria) of Lake Vechten.
Names in boldface are sequences determined in our study. The scale bars indicate the
number of amino acid substitutions per site. Black dots on the branches indicate bootstrap
values between 90 and 100%.
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Figure S5.5. Maximum likelihood trees based on protein sequences of (A) nirS genes
(denitrifying bacteria), and (B) nirK genes (denitrifying bacteria) of Lake Vechten.
Names in boldface are sequences determined in our study. The scale bars indicate the
number of amino acid substitutions per site. Black dots on the branches indicate bootstrap
values between 90 and 100%.
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Table S5.1. Fragment length and thermal programs of PCR primers used in this study.
Primers

Target gene

Fragment

PCR program

(bp)
Arch-amoAF

Arc amoA

635

Arch-amoAR
amoA-1F

53.0ºC, 45 s at 72.0ºC; 5 min at 72.0ºC.
Bac amoA

491

amoA-2R
hzsA_1597F

hzsA

260

nirS

265

DVVR

3 min at 95.0ºC; 35 cycles of: 30 s at 95.0ºC, 30 s at
56.0ºC, 30 s at 72.0ºC; 5 min at 72.0ºC.

nirK

472

nirK1040
IGK3

3 min at 95.0ºC; 35 cycles of: 30 s at 95.0ºC, 30 s at
50.0ºC, 30 s at 72.0ºC; 5 min at 72.0ºC.

nirS-q-R
nirK-q-F

3 min at 95.0ºC; 35 cycles of: 40 s at 95.0ºC, 40 s at
48.0ºC, 40 s at 72.0ºC; 5 min at 72.0ºC.

hzsA_1857R
nirS1F

3 min at 95.0ºC; 35 cycles of: 45 s at 95.0ºC, 45 s at

3 min at 95.0ºC; 35 cycles of: 30 s at 95.0ºC, 30 s at
56.0ºC, 30 s at 72.0ºC; 5 min at 72.0ºC.

nifH

395

3 min at 95.0ºC; 35 cycles of: 30 s at 95.0ºC, 30 s at
50.0ºC, 30 s at 72.0ºC; 5 min at 72.0ºC.
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Table S5.2. List of samples for cloning.
Functional
gene

Date

Depth (m)

Fragment
(bp)

Cloning ID

Arc amoA

2013-03-06

Sediment

635

Arc amoA

2014-02-25

Sediment

635

Bac amoA

2013-03-06

Sediment

491

Bac amoA

2014-02-25

Sediment

491

hzsA

2013-03-06

Sediment

260

hzsA

2014-02-25

Sediment

260

nifH

2013-06-06

3

395

nifH

2014-06-02

6

395

nirS

2013-05-08

10

265

nirS

2014-06-02

5

265

nirS

2014-06-02

9

265

nirK

2013-06-06

3

472

nirK

2014-03-31

1

472

nirK

2014-06-02

6

472

nirK

2014-06-02

9

472

arc_amoA_20130306_sed1
arc_amoA_20130306_sed5
arc_amoA_20140225_sed1
arc_amoA_20140225_sed4
bac_amoA_20130306_sed1
bac_amoA_20130306_sed5
bac_amoA_20140225_sed1
bac_amoA_20140225_sed5
hzsA_20130306_sed1
hzsA_20130306_sed4
hzsA_20140225_sed1
hzsA_20140225_sed3
nifH_20130606_3m1
nifH_20130606_3m4
nifH_20140602_6m1
nifH_20140602_6m4
nirS_20130508_10m1
nirS_20130508_10m3
nirS_20140602_5m1
nirS_20140602_5m5
nirS_20140602_9m1
nirS_20140602_9m5
nirK_20130606_3m1
nirK_20130606_3m5
nirK_20140331_1m1
nirK_20140331_1m3
nirK_20140602_6m1
nirK_20140602_6m2
nirK_20140602_9m1
nirK_20140602_9m2
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Table S5.3. qPCR programs, efficiency and R2 of functional marker genes.
Primers

Arch-amoAF

Target

Fragment

gene

(bp)

Arc amoA

635

Arch-amoAR

qPCR program

qPCR

R

2

efficiency
3 min at 95.0ºC; 40 cycles of: 45 s at

95.1-99.2%

95.0ºC, 45 s at 59.0ºC, 45 s at

0.9910.994

72.0ºC; 5 min at 72.0ºC.
amoA-1F

Bac amoA

491

amoA-2R

3 min at 95.0ºC; 40 cycles of: 30 s at

90.1-92.7%

95.0ºC, 30 s at 59.0ºC, 30 s at

0.9970.999

72.0ºC; 5 min at 72.0ºC.
hzsA_1597F

hzsA

260

hzsA_1857R

3 min at 95.0ºC; 40 cycles of: 30 s at

83.8-86.4%

95.0ºC, 30 s at 50.0ºC, 30 s at

0.9980.999

72.0ºC; 5 min at 72.0ºC.
nirS1F

nirS

265

nirS-q-R

3 min at 95.0ºC; 40 cycles of: 30 s at

92.6- 95.5%

95.0ºC, 30 s at 60.0ºC, 30 s at

0.9960.998

72.0ºC; 5 min at 72.0ºC.
nirK-q-F

nirK

472

nirK1040

3 min at 95.0ºC; 40 cycles of: 30 s at

95.4-99.8%

95.0ºC, 30 s at 62.5ºC, 30 s at

0.9950.997

72.0ºC; 5 min at 72.0ºC.
IGK3
DVVR

nifH

395

3 min at 95.0ºC; 40 cycles of: 30 s at
95.0ºC, 30 s at 55.0ºC, 30 s at

81.9- 83.4%

0.9980.999

72.0ºC; 5 min at 72.0ºC.
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Synthesis and Outlook
This thesis described the diversity, dynamics, and community assembly of
microorganisms in a seasonally stratified lake. Within the project, we have studied
the spatio-temporal dynamics of bacterial communities and the interactions between
microorganisms and oxic-anoxic transitions (Chapter 2). Combining microbial
community dynamics, mathematical models, and biogeochemical processes, oxicanoxic regime shifts and hysteresis were investigated in Chapter 3. Sulfur bacteria
proved to play vital roles during oxic-anoxic regime shifts, therefore the diversity and
dynamics of sulfate-reducing bacteria (SRB), green sulfur bacteria (GSB), purple
sulfur bacteria (PSB) and colorless sulfur bacteria (CSB) have been surveyed
(Chapter 4). Nitrogen compounds are of paramount importance to lake ecosystems,
hence the diversity, abundance and dynamics of bacteria and archaea involved in
the nitrogen cycle were investigated and the results were described in Chapter 5.
Results in this thesis emphasize that oxic-anoxic transitions have substantial
influences on the diversity, dynamics and functional roles of microbial communities,
and in particular on microorganisms involved in sulfur and nitrogen cycling.
Furthermore,

interactions

between

cyanobacteria,

SRB,

GSB,

PSB

and

biogeochemical processes may induce hysteresis during oxic-anoxic regime shifts.
This thesis has provided novel information on the seasonal variation of microbial
communities involved in the microbial sulfur and nitrogen cycle of seasonally
stratified lakes. The thesis has also led to several new questions on the functioning
of these microbial communities that will be of interest for future research.

Links between the microbial sulfur and nitrogen cycle
The results in this thesis show that the microbial communities involved in the sulfur
cycle (Chapter 4) and nitrogen cycle (Chapter 5) both displayed striking seasonal
patterns, which were strongly influenced by oxic-anoxic transitions in the lake
(Figure 6.1). Most of the microorganisms involved in the oxidation-reduction
reactions of the sulfur and nitrogen cycle were present in the deeper parts of the lake,
i.e., in the metalimnion, hypolimnion or sediment of Lake Vechten. Ammonium
oxidizers and anammox bacteria were mainly present in the sediment. Similar
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microbial distributions have also been observed in other lakes (Hastings et al., 1998;
Bollmann et al., 2014).
In spring, at the onset of lake stratification, oxygen was depleted in the
hypolimnion and the microbial community shifted towards alternative electron
acceptors for the degradation of organic matter. At first, denitrifying bacteria became
abundant in the hypolimnion, prior to the appearance of SRB (Figure 6.1), which is
likely because nitrate reduction yields more energy than sulfate reduction. Once
nitrate was depleted and the hypolimnion became sulfidic in summer, the abundance
of nitrogen bacteria (i.e. denitrifying bacteria and nitrogen-fixing bacteria) decreased
sharply and diverse sulfur bacteria (SRB, PSB, GSB) bloomed in the metalimnion
and hypolimnion of Lake Vechten. During fall turnover, CSB (mainly Arcobacter)
dominated bacterial communities in the bottom water, which can oxidize the
accumulated sulfide using oxygen and sometimes also nitrate (Gevertz et al., 2000).
Furthermore, ammonium-oxidizing bacteria and archaea increased in abundance in
the sediment during late fall, and the ammonium that had accumulated in the bottom
water was oxidized to nitrate. At first, these oxygen-consuming processes
maintained a low dissolved oxygen concentration, creating hypoxia throughout the
water column. This was followed by a period with relatively high dissolved oxygen,
nitrate and sulfate concentrations throughout the water column during the winter
months.
We note that several SRB (e.g. Desulfobulbus propionicus) can use nitrate
instead of sulfate as alternative terminal electron acceptors (Marietou 2016), and
some bacteria that are commonly regarded as SRB (e.g. Sulfurospirillum) can also
oxidize sulfide with nitrate (Eisenmann et al., 2000). Therefore, several of the sulfur
bacteria can also become active as denitrifying bacteria. Conversely, nitrogen
bacteria such as Nitrospinae and Nitrospirae were discovered to have a potential
contribution in sulfur oxidation (Anantharaman et al., 2018). Thus, it can be seen that
the microbial sulfur and nitrogen cycle are closely intertwined and can interact
through species that play a role in both cycles. It would be interesting to further
explore interrelationships between the microbial sulfur and nitrogen cycle in future
studies.
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Figure 6.1. Conceptual model of the seasonal succession of (A) oxygen, nitrogen
(stippled areas) and sulfur compounds; (B) nitrogen bacteria, archaea, and sulfur
bacteria in the water column and sediment of Lake Vechten. AOA, ammonium-oxidizing
archaea; AOB, ammonium-oxidizing bacteria; Anammox, anaerobic ammonium-oxidizing
bacteria; NFB, nitrogen-fixing bacteria; nirK DNB, denitrifying bacteria with the nirK gene;
nirS DNB, denitrifying bacteria with the nirS gene; CSB, colorless sulfur bacteria; PSB,
purple sulfur bacteria; GSB, green sulfur bacteria; SRB, sulfate-reducing bacteria.
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Activity and diversity of microorganisms in the sulfur and nitrogen
cycle
In our study, we described the relative abundances of sulfur bacteria by 16S rRNA
gene amplicon sequencing (Chapter 4), and quantified the abundances of various
functional genes (e.g. amoA and nifH genes) involved in the nitrogen cycle by qPCR
(Chapter 5). However, relative abundances of different functional groups do not
necessarily reflect their activity in the sulfur and nitrogen cycle. For instance, it has
been reported that SRB were low in abundance in peat soil, but were the main
drivers of sulfate reduction by enhancing their ribosome content (Hausmann et al.,
2016). In a study of microbial communities in grassland soil, it was discovered that
AOA were more abundant than AOB, whereas AOB dominated the nitrification
process (Sterngren et al., 2015). Therefore, quantifying the expression of functional
genes and measuring the activities of specific microbial groups (e.g. Mosier and
Francis, 2010; Turk et al., 2011) can provide more comprehensive insights into the
contributions of different microorganisms to the sulfur and nitrogen cycle.
Members of Acidobacteria were recently identified as SRB (Hausmann et al.,
2018). Another recent study discovered that 13 bacterial and archaeal phyla which
had not previously been recognized as SRB actually have the genetic capacity for
sulfate/sulfite reduction (Anantharaman et al., 2018). Eight of these newly identified
SRB are candidate phyla without isolated representatives. Thus, it seems that the
diversity of sulfur bacteria has been underestimated for a long time despite their vital
ecological roles.
Previous studies showed that nitrogen-fixing bacteria and denitrifying bacteria
were phylogenetically diverse (Zumft, 1997; Raymond et al., 2004). In this thesis, the
diversity of nitrogen-fixing bacteria and denitrifying bacteria was detected by cloning
of the corresponding functional genes (nifH, nirS and nirK) (Chapter 5). However,
the number of sequenced clones was limited and therefore the bacterial diversity
may not be fully covered. Furthermore, several archaeal groups can also perform
nitrogen fixation and denitrification (Zumft, 1997; Raymond et al., 2004), but were not
investigated in this thesis. Metagenomics and metatranscriptomics techniques now
can detect the genetic capacities and expressions of organisms directly, which will
provide more comprehensive information on the diversity and functional roles of
microorganisms involved in nitrogen fixation and denitrification.
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Other processes in the microbial nitrogen cycle
Some functional groups that might play important roles in the nitrogen cycle were not
included in this research. For instance, we did not investigate the newly discovered
comammox bacteria, which have high affinity for ammonia and high growth yield
compared to canonical nitrifiers (Kits et al., 2017), and appear to be widely
distributed in freshwater environments (van Kessel et al., 2015; Gonzalez-Martinez
et al., 2016; Pinto et al., 2016). Therefore, comammox bacteria may play significant
roles in the nitrification process of freshwater lakes and their ecological functions
should be explored in the future.
Furthermore, bacteria performing dissimilatory nitrate reduction to ammonium
(DNRA) can compete with denitrifying bacteria for nitrate as electron acceptor (Kraft
et al., 2014; van den Berg et al., 2015). DNRA has been observed in estuarine,
marine and freshwater lake sediments (Brunet and GarciaGil, 1996; Giblin et al.,
2013), and it can be stimulated in sulfidic environments (Jones et al., 2017). The
hypolimnion of Lake Vechten becomes sulfidic during the stratification period, and
hence the role of DNRA and the DNRA/denitrification ratio should be evaluated in
future studies.

The carbon cycle and other biogeochemical cycles
As this thesis has emphasized the sulfur and nitrogen cycle, information on the
carbon and other elemental cycles (e.g., the iron cycle) in Lake Vechten is still
elusive. Yet, these biogeochemical cycles are also essential to lake ecosystems.
For instance, methane (CH4) produced in the carbon cycle is a potent
greenhouse gas which has substantial influence on global warming (IPCC, 2013).
Freshwater environments contribute a large part of the global methane emission
(Bastviken et al., 2011; Aben et al., 2017), and the involvement of microbial
communities has been studied extensively (Costello and Lidstrom, 1999; He et al.,
2015; Samad and Bertilsson, 2017). Aerobic and anaerobic oxidation of methane by
methanotrophic bacteria and archaea are critical processes in controlling the flux of
methane from lakes to the atmosphere (Hanson and Hanson, 1996; Haroon et al.,
2013; Yang et al., 2016). Nitrate/nitrite-dependent anaerobic methane oxidation was
discovered to be a significant methane sink in Lake Constance (Deutzmann et al.,
2014) and also in three freshwater wetlands in China (Hu et al., 2014). Previous
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studies in Lake Vechten revealed commensalistic relations between SRB and
methanogens, although SRB produced sulfide which can limit vertical distributions of
methanogens (Cappenberg, 1974; Cappenberg, 1975). Since oxic-anoxic transitions
can determine the distribution and dynamics of SRB (Chapter 4), it may also
influence the distribution and dynamics of methanogens. The dynamics of nitrate
were also strongly affected by oxic-anoxic transitions in Lake Vechten (Chapter 5),
which consequently can influence nitrate/nitrite-dependent anaerobic methane
oxidation process. Bacterial 16S rRNA gene amplicon sequencing showed that
Methylobacter bloomed after fall turnover (Chapter 2, Figure 2.5C). Since
Methylobacter oxidizes methane and consumes oxygen, it is very likely that
Methylobacter plays an important role in the carbon cycle during oxic-anoxic
transitions.
It has been reported that GSB and PSB had great contributions to the primary
production of Lake Vechten (Steenbergen, 1982) and other lakes (Takahashi and
Ichimura, 1968; Storelli et al., 2013). Sulfur-oxidizing Arcobacter could dominate
carbon fixation in the chemocline of freshwater lakes (Noguerola et al., 2015).
Chemoautotrophic Nitrospinae can oxidize nitrite into nitrate, and fix 15-45% of the
inorganic carbon in the dark ocean (Pachiadaki et al., 2017). Methanogens were
reported to be the major nitrogen fixers in a freshwater wetland (Bae et al. 2018).
Furthermore, anaerobic oxidation of methane can be coupled to the reduction of iron,
manganese, sulfate and nitrate (Boetius et al., 2000; Beal et al., 2009; Haroon et al.,
2013). The iron cycle is closely coupled with the sulfur cycle as sulfide can
precipitate with iron at the water-sediment interface (Riera et al., 1988). In the
sediment of Lake Vechten, iron-oxidizing Geobacter had a relatively high abundance
(Chapter 2), and may have played an important role in both the carbon and iron
cycle and possibly the sulfur cycle. Thus, it can be seen that the biogeochemical
cycles of sulfur, nitrogen, carbon and other elements are highly interrelated and
further research on these interactions should be conducted.

Mechanisms of oxic-anoxic regime shifts
Although oxic-anoxic transitions are common phenomena in many lakes, coastal
waters and open oceans (Diaz and Rosenberg, 2008; Jenny et al., 2016; Breitburg et
al., 2018), the detailed mechanisms underlying oxic-anoxic regime shifts are still
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largely unknown. Our results indicate that hysteresis loops and tipping points are
common features of oxic-anoxic regime shifts, causing rapid drops in oxygen levels
that are not easily reversed (Chapter 3). Moreover, our results also show that
microorganisms play a major role in these oxic-anoxic regime shifts, as they mediate
many of the oxidation-reduction reactions in aquatic ecosystems.
It is well known that several factors can influence oxic-anoxic regime shifts in
seasonally stratified lakes. As the main force of thermal stratification, temperature
has a major effect on oxic-anoxic transitions and microbial succession in temperate
lakes (Lindstrom et al., 2005; Kara et al., 2013; Yu et al., 2014). For instance,
increasing temperature will decrease oxygen solubility and enhanced thermal
stratification will suppress the mixing of O2-rich surface water into deeper layers
(Deutsch et al., 2011). Hence, global warming is likely to extend the duration and
expansion of hypoxia in seasonally stratified lakes (Livingstone, 2003; North et al.,
2014), which may delay the transition to oxic conditions during fall turnover (Chapter
2). Eutrophication, which is caused by elevated nutrient discharge, can also expand
hypoxia and anoxia in lakes and coastal waters (Jenny et al., 2016, Breitburg et al.,
2018). However, the models of oxic-anoxic transitions that have been developed so
far, including our own work (Chapter 3), are still a major simplification of reality. For
instance, realistic quantification of many of the microbially-mediated oxidationreduction reactions taking place during oxic-anoxic transitions is a major challenge,
and accurate predictions of the tipping points in lakes and coastal waters are
therefore not yet feasible. Further elucidation and quantification of the underlying
mechanisms of oxic-anoxic regime shifts and hysteresis loops will help us to better
understand and predict how increasing temperature and eutrophication will affect the
spread of hypoxia and anoxia. In particular, comparative studies on lakes and
coastal waters with different thermal and eutrophic conditions may improve
quantification of the key microbiological and biogeochemical processes involved in
oxic-anoxic transitions.

Meta-omics analysis of microbial communities
Isolating microorganisms from environments is pivotal to explore their ecophysiology
and functional roles in ecosystems (Gevertz et al., 2000; Könneke et al., 2005). In
this project, we tried to isolate AOA and AOB from Lake Vechten to investigate their
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ecophysiology. Although we enriched AOA and AOB in the laboratory for more than
1 year, we did not succeed in isolating representatives of these microorganisms. It
has been reported before that isolating microorganisms from environments,
especially from freshwater lakes, is particularly difficult (Rappé and Giovannoni,
2003; Newton et al., 2011). Over the last decade, technical improvements in nucleic
acid sequencing and mass spectrometry have advanced the study of non-culturable
microorganisms through the development of metagenomics, metatranscriptomic,
metaproteomic, and metabolomic analysis. Applications of meta-omics techniques
have largely expanded our understanding of microbial diversity, for instance, the
recent discoveries of comammox bacteria (Daims et al., 2015; van Kessel et al.,
2015) and the Candidate Phyla Radiation (Brown et al., 2015).
Metagenomics can provide detailed insights into the diversity and functional
potential of microbial communities in lakes, especially for microbial groups involved
in the carbon, nitrogen and sulfur cycles (Llorens-Mares et al., 2015). Metagenomeassembled genomes of
(poly)saccharide

Verrucomicrobia revealed that they are potential

degraders

in

freshwater

lakes

(He

et

al.,

2017).

Metatranscriptomics analysis of microbial communities in Mono Lake identified
transcriptionally active microorganisms (Thioalkalivibrio) involved in the sulfur and
arsenic cycle (Edwardson and Hollibaugh, 2017).
To obtain more comprehensive information on microbial communities in Lake
Vechten, we also employed metagenomics and metatranscriptomics approaches in
our study. Samples from the water column (at 1 m intervals) and sediment were
collected on 1 September, 2015. Profiles of temperature and dissolved oxygen (DO)
show that the water column of Lake Vechten was clearly stratified into an oxic
epilimnion and anoxic hypolimnion (Figure 6.2A,B). The hypolimnion was
characterized by high concentrations of ammonium and dissolved organic carbon
(DOC) (Figure 6.2C,D), indicating active degradation of organic material. Sulfate
was present in the epilimnion whereas sulfide accumulated in the hypolimnion
(Figure 6.2E,F), indicative of sulfate reduction in the hypolimnion. Overall,
environmental conditions were similar as in our observations of Lake Vechten in
previous years (Chapters 2-5).
Bacterial 16S rRNA gene amplicon sequencing data showed large differences
in bacterial community composition between water layers and also the sediment
during the stratification period (Chapter 2). Therefore, samples from the epilimnion
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(1 m depth), metalimnion (5 m depth), hypolimnion (10 m depth) and sediment of
Lake Vechten were selected for metagenomics and metatranscriptomics analysis.

Figure 6.2 Profiles of environmental parameters in Lake Vechten on September 1,
2015. (A) Temperature, (B) Dissolved oxygen (DO), (C) ammonium, (D) dissolved organic
carbon (DOC), (E) sulfate, (F) sulfide.
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Table 6.1 Overview of metagenomics data and analysis (sampled on September 1,
2015).
Epilimnion

Metalimnion

Hypolimnion

Sediment

Sampling
depth

1m

5m

10 m

sediment

Total
Sequences

466,569,664

468,966,450

467,711,418

419,937,370

Sequence
length (bp)

150

150

150

150

%GC

46.5

46

47

52

Quality
trimming
Assembly

CLC Genomics
Workbench
Megahita

CLC Genomics
Workbench
Megahit

CLC Genomics
Workbench
Megahit

CLC Genomics
Workbench
Megahit

Annotation

Creep & KEGGb

Creep & KEGG

Creep & KEGG

Creep & KEGG

Binning

MetaBatc

MetaBat

MetaBat

MetaBat

Bin quality
check
No. of bins

CheckMd

CheckM

CheckM

CheckM

357

453

676

312

No. of good
binse

22

46

69

22

a

Li et al., 2014.
Kanehisa et al., 2016.
c
Kang et al., 2015.
d
Parks et al., 2015.
e
Bins with >65% completeness, <15% contaminations, and a size of >1Mb.
b

DNA and RNA were extracted from the 4 selected samples and sequenced by
commercial companies. An overview of the metagenomics data and analysis is
presented in Table 6.1. Hundreds of bins, which are draft genomes of
microorganisms, were retrieved from the data for all 4 samples. After quality control,
we obtained 22 good bins from 1 m depth, 46 good bins from 5 m depth, 69 good
bins from 10 m depth, and 22 good bins from the sediment. Currently, we are
analyzing these draft genomes to explore the diversity and genetic capacities of
microorganisms in Lake Vechten.
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Table 6.2 Overview of metatranscriptomics data analyzed by MG-RAST (sampled on
September 1, 2015).

Epilimnion

Metalimnion

Hypolimnion

Sediment

Sampling depth

1m

5m

10 m

sediment

Total sequences

5,109,483

5,759,111

7,796,301

4,190,446

Sequence length (bp)

98 ± 33

92 ± 29

93 ± 29

97 ± 32

%GC

51 ± 10

51 ± 11

53 ± 10

53 ± 10

Predicted protein
features

1,314,302

1,608,954

3,377,685

1,020,676

Predicted rRNA
features

194,685

249,310

203,687

290,276

Identified protein
features

306,167

306,634

590.990

103,269

Identified rRNA
features

87,127

89,228

52,313

72,240

Identified functional
categories

254,740

250,766

462,394

76,720

Metatranscriptomics data was analyzed by MG-RAST (Meyer et al., 2008), and
an overview of the results is present in Table 6.2. Preliminary analysis of the
metatranscriptomics data shows that the microbial communities in Lake Vechten
were quite diverse (Figure 6.3). Overall, microbial communities from the epilimnion
and metalimnion were similar, but quite different from the communities in the
hypolimnion and sediment.
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Figure 6.3 Taxonomic hit distribution of sequence reads from the metatranscriptomes
of (A) epilimnion; (B) metalimnion; (C) hypolimnion, and (D) sediment. The
metatranscriptomes were sampled on September 1, 2015. Only taxa with a relative presence
of >1% in at least one of the four samples are shown. The results were obtained with MGRAST (Meyer et al., 2008) after removal of the eukaryotic reads.

More specifically, Gammaproteobacteria and to a lesser extent also
Bacteroidetes were active throughout the water column and in the sediment.
Betaproteobacteria and Actinobacteria were active in the water column, but not in
the sediment. Conversely, Euryarchaeota and Firmicutes were mainly active in the
anaerobic hypolimnion and sediment. Furthermore, Chlorobi and Chloroflexi were
prevalent in the hypolimnion, and Chloroflexi were active in the metalimnion as well.
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Compared with bacterial 16S rRNA gene amplicon sequencing data, results
from metagenomics and metatranscriptomics approaches are more reliable since
they can avoid the amplification bias in PCR. Furthermore, the information obtained
from metagenomics and metatranscriptomics is more comprehensive than bacterial
16S rRNA amplicon sequencing. In particular, metatranscriptomics data showed high
activity of Euryarchaeota in the hypolimnion and sediment of Lake Vechten (Figure
6.3), whereas this phylum had not been detected in our previous studies in this lake
(Chapters 2-5). Also, according to the metatranscriptome Chloroflexi were very
active in the metalimnion and hypolimnion, even though their relative abundance
was <0.5% according to our previous 16S rRNA gene analysis (Chapter 2). Draft
genomes of microorganisms retrieved from metagenomics data will provide detailed
information both on the diversity and genetic capacities of these microorganisms,
and metatranscriptomes can further verify the expression of their functional genes.
We believe this information will greatly enhance our understanding of activity and
interactions of microorganisms in lakes.

Concluding remarks
In this thesis, we have investigated the diversity and seasonal dynamics of bacteria
and archaea in Lake Vechten by state-of-the-art sequencing techniques. In particular,
microorganisms involved in the sulfur and nitrogen cycling were investigated in great
detail. It was evident that dynamic changes in microbial community composition were
strongly influenced by oxic-anoxic transitions. In turn, the biogeochemical oxidationreduction processes mediated by the microbial community (e.g., SRB, GSB, PSB,
cyanobacteria, Arcobacter and Methylobacter) appeared to affect the oxic-anoxic
transitions, thus generating feedbacks between biogeochemical conditions and
microbial community composition. Information from this thesis is conducive to
understand how environmental changes (e.g., eutrophication, global warming)
influence microbial communities in aquatic environments experiencing oxic-anoxic
transitions. Efforts still need to be made to get more comprehensive views on other
important biogeochemical cycles (e.g. the carbon cycle), and especially on the
activities and interactions of microorganisms involved in these processes.
Furthermore, we emphasize that the work presented here is only a first step towards
a deeper mechanistic understanding of the interactions between microorganisms
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and oxic-anoxic transitions, and quantitative prediction of the tipping points during
oxic-anoxic transitions is still beyond reach. Comparative studies of seasonally
stratified lakes with different thermal and eutrophic conditions may further expand
our understanding of the dynamics and assembly of microbial communities, and their
role in nutrient cycling and oxic-anoxic regime shifts in lake ecosystems. Such an
improved understanding will help us to predict and perhaps even mitigate the spread
of hypoxia and anoxia in many aquatic ecosystems across the globe.
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Summary
Oxygen depletion in waters may lead to hypoxia and anoxia, which are detrimental
for most aerobic organisms. Although hypoxia and anoxia have occurred throughout
geological time, the frequency, intensity and duration of hypoxia and anoxia in lakes,
coastal waters and open oceans have increased during the past decades, most likely
due to eutrophication and global warming. Oxygen consumption by microorganisms
plays an important role in the development of hypoxia and anoxia and, vice versa,
microbial activity is also strongly affected by changes in oxygen availability. In
particular, many of the biogeochemical transformations mediated by microorganisms
involve oxidation-reduction reactions. Hence, as hypoxia and anoxia are increasingly
threatening aquatic ecosystems, it is imperative to understand the interactions
between microorganisms and oxic-anoxic transitions. Therefore, this thesis
investigates the diversity and dynamics of microbial communities during oxic-anoxic
transitions in a seasonally stratified lake (Lake Vechten) in the Netherlands. The
following research questions have been addressed:

(1) How do oxic-anoxic transitions affect bacterial community dynamics?
(2) How are microbial and chemical feedbacks involved in oxic-anoxic transitions?
(3) How do oxic-anoxic transitions affect the microbial sulfur and nitrogen cycle?

The influences of oxic-anoxic transitions on bacterial community dynamics in
Lake Vechten were investigated in Chapter 2. Cyanobacteria and Planktomycetes
were abundant throughout the water column in early spring. During summer
stratification, heterotrophic Alphaproteobacteria, Bacteroidetes and Actinobacteria
became abundant in the aerobic epilimnion, Gammaproteobacteria (mainly
Chromatiaceae) dominated in the metalimnion, and Chlorobi, Betaproteobacteria,
Deltaproteobacteria and Firmicutes were abundant in the anoxic sulfidic hypolimnion.
After fall turnover, the entire water column became hypoxic, Polynucleobacter
(Betaproteobacteria) and Methylobacter (Gammaproteobacteria) spread out from the
former meta- and hypolimnion to the surface layer, and Epsilonproteobacteria
dominated in the bottom water layer. When the lake became fully mixed and oxic
during the winter and early spring, Cyanobacteria and Planktomycetes dominated
the bacterial community again. Overall, the bacterial community composition at
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different depths in the water column diverged during summer stratification and
converged when the lake was mixed, indicating large spatio-temporal changes
during oxic-anoxic transitions.
The interactions between microbial community composition, biogeochemical
oxidation-reduction reactions and oxic-anoxic transitions were studied by a
mathematical model in Chapter 3. The model predicts that gradual changes in
oxygen influx can induce major regime shifts, in which the ecosystem shifts abruptly
between an oxic state dominated by Cyanobacteria and an anoxic state with
phototrophic sulfur bacteria and sulfate-reducing bacteria (SRB). Observations from
Lake Vechten supported the model predictions, and showed hysteresis in the
transition between oxic and anoxic states with similar changes in microbial
community composition as predicted by the model. The hysteresis loops and tipping
points associated with these regime shifts are likely a common feature of oxic-anoxic
transitions in aquatic environments, causing rapid drops in oxygen levels that are not
easily reversed. These results reveal and emphasize the vital roles of
microorganisms in mediating oxic-anoxic transitions.
The dynamics of SRB and sulfur-oxidizing bacteria (SOB) during oxic-anoxic
transitions were studied in detail in Chapter 4. SRB, green sulfur bacteria (GSB),
purple sulfur bacteria (PSB), and colorless sulfur bacteria (CSB) inhabited the
sediment during the winter and early spring when the water column was mixed.
Once the water column stratified in late spring and summer, various SRB species
expanded into the anoxic hypolimnion, and PSB and GSB bloomed in the
metalimnion and hypolimnion during summer. When hypoxia spread throughout the
water column during fall turnover, SRB and GSB vanished from the water column,
whereas CSB (mainly Arcobacter) and PSB (Lamprocystis) became dominant. They
oxidized the sulfide that had accumulated in the hypolimnion during summer
stratification. These results support the view that, once ecosystems have become
anoxic and sulfidic, a large oxygen influx is needed to overcome this state and bring
the ecosystem back into the oxic state.
In Chapter 5, the seasonal succession of microorganisms involved in the
nitrogen cycle during oxic-anoxic transitions was investigated. Ammonia-oxidizing
archaea (AOA), ammonia-oxidizing bacteria (AOB), and anaerobic ammoniumoxidizing (anammox) bacteria were abundantly present in the sediment during the
winter period. Nitrogen-fixing bacteria and denitrifying bacteria increased in the water
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column in spring, when nitrate was gradually depleted and the hypolimnion became
anoxic. Denitrifying bacteria containing nirS genes were exclusively present in the
anoxic hypolimnion. During summer stratification, abundances of AOA, AOB and
anammox bacteria decreased in the sediment. After the lake was mixed during fall
turnover, AOA, AOB and anammox bacteria increased to high abundances again. In
general, nitrogen microorganisms in the water column and sediment displayed a
pronounced seasonal succession, which was closely linked to the oxic-anoxic
transitions.
Remaining questions on the diversity and functioning of microbial communities
that are likely of interest for future research were discussed in Chapter 6. For
instance, further efforts need to be made to assess links between the microbial sulfur
and nitrogen cycle. Activity and diversity of microorganisms involved in the sulfur and
nitrogen cycle and other important biogeochemical cycles (e.g., the carbon cycle)
should be explored in further detail. Furthermore, accurate prediction of tipping
points during oxic-anoxic transitions in lakes and coastal water will require refined
quantification
biogeochemical

of

microbially-mediated
cycles.

Preliminary

oxidation-reduction
results

from

reactions

metagenomics

in
and

metatranscriptomics analysis of samples collected from different water layers and
the sediment of Lake Vechten indicate that these approaches can expand our
understanding of microbial diversity and activity. For instance, the metatranscriptome
revealed high activities of Euryarchaeota and Chloroflexi in the anoxic hypolimnion,
whereas our earlier 16S rRNA gene analysis had not detected Euryarchaeota and
only indicated a very low relative abundance of Chloroflexi.
Overall, this thesis advances our knowledge of dynamic changes in microbial
community composition (especially of microorganisms involved in the sulfur and
nitrogen cycle) in seasonally stratified lakes. In particular, our results show that the
composition of microbial communities does not only track seasonal changes in
environmental conditions, but also affects and modifies the environment through the
involvement of microorganisms in biogeochemical oxidation-reduction processes.
This interplay between biogeochemical processes and microbial community
composition causes pronounced „oxic-anoxic regime shifts‟, with drastic changes in
the structure and functioning of lake microbial communities during oxic-anoxic
transitions. Hence, the information in this thesis may contribute to an improved
understanding and prediction of the major impact of microorganisms on the sulfur
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and nitrogen cycle and the development of hypoxia and anoxia in aquatic
ecosystems.
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Zuurstofdepletie in wateren kan leiden tot hypoxie (zuurstofarm water) en anoxie
(zuurstofloos water), wat massale sterfte van aërobe organismen tot gevolg kan
hebben. Hoewel hypoxie en anoxie vaker voorkwamen in de geologische
geschiedenis van de aarde, zijn de frequentie, intensiteit en duur van hypoxie en
anoxie in meren, kustwateren en open oceanen de afgelopen decennia toegenomen,
hoogstwaarschijnlijk

als

gevolg

van

eutrofiëring

en

het

broeikaseffect.

Zuurstofverbruik door micro-organismen speelt een belangrijke rol bij de ontwikkeling
van hypoxie en anoxie en, vice versa, microbiële activiteit wordt ook sterk beïnvloed
door veranderingen in zuurstofbeschikbaarheid. Veel van de biogeochemische
transformaties waar micro-organismen bij betrokken zijn bestaan immers uit oxidatiereductie reacties. Aangezien hypoxie en anoxie in toenemende mate een bedreiging
vormen voor aquatische ecosystemen, is het noodzakelijk om de interacties tussen
micro-organismen en de omslag van zuurstofrijk naar zuurstofloos water beter te
begrijpen. Daarom onderzoekt dit proefschrift de diversiteit en dynamiek van
microbiële

gemeenschappen

tijdens

de

seizoensveranderingen

in

zuurstofconcentraties in een gestratificeerd voedselrijk meer (het meertje Vechten) in
Nederland. De volgende vragen zijn onderzocht:

(1) Hoe beïnvloedt de omslag van zuurstofrijk naar zuurstofarm water de dynamiek
van bacteriën in de gemeenschap?
(2) Hoe zijn microbiologische en biogeochemische terugkoppelingen betrokken bij
deze omslag van zuurstofrijk naar zuurstofarm water?
(3) Hoe beïnvloeden de seizoensveranderingen in zuurstofconcentraties de
microbiële zwavel- en stikstofkringloop?

De

invloed

van

veranderingen

in

zuurstofbeschikbaarheid

op

de

seizoensdynamiek van bacteriële gemeenschappen in het meertje Vechten werd
onderzocht in Hoofdstuk 2. Cyanobacteria en Planktomycetes waren in de vroege
lente overvloedig aanwezig in de waterkolom. Tijdens de zomerstratificatie waren
heterotrofe Alphaproteobacteria, Bacteroidetes en Actinobacteria abundant in het
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zuurstofrijke

epilimnion,

domineerden

in

Gammaproteobacteria

het

metalimnion,

(voornamelijk

en

Chlorobi,

Chromatiaceae)

Betaproteobacteria,

Deltaproteobacteria en Firmicutes waren overvloedig aanwezig in het zuurstofloze
en sulfidische hypolimnion. Na menging van de waterkolom in de herfst verspreidden
Polynucleobacter (Betaproteobacteria) en Methylobacter (Gammaproteobacteria)
zich van het eerdere meta- en hypolimnion naar de oppervlaktelaag en domineerden
Epsilonproteobacteria in de onderste waterlaag. Toen het meer volledig gemengd en
zuurstofrijk werd tijdens de winter en het vroege voorjaar, domineerden
Cyanobacteria en Planktomycetes de bacteriële gemeenschap opnieuw. Over het
algemeen liep de samenstelling van de bacteriële gemeenschap op verschillende
dieptes in de waterkolom uiteen tijdens de zomerstratificatie en om vervolgens weer
te convergeren toen het meer werd gemengd, wat wijst op grote spatio-temporele
veranderingen tijdens de omslag tussen zuurstofrijk en zuurstofarm water.
De interacties tussen de samenstelling van de microbiële gemeenschap,
biogeochemische

oxidatie-reductie

reacties

en

veranderingen

in

zuurstofconcentraties werden bestudeerd met behulp van een wiskundig model in
hoofdstuk

3.

Het

model

voorspelt

dat

geleidelijke

veranderingen

in

de

zuurstofaanvoer belangrijke regime shifts kunnen veroorzaken, waarbij het
ecosysteem abrupt verschuift van een zuurstofrijke toestand gedomineerd door
cyanobacteriën naar een zuurstofloze toestand met fototrofe zwavelbacteriën en
sulfaat-reducerende bacteriën (SRB). Waarnemingen van het meertje Vechten
ondersteunden deze modelvoorspellingen en toonden aan dat er sprake is van
hysterese in de overgang tussen de zuurstofrijke en zuurstofloze toestand met
veranderingen in de microbiële gemeenschap
modelvoorspellingen.

Het

optreden

van

die goed overeenkomen met de
hysterese

en

kantelpunten

die

samenhangen met deze regime shifts is waarschijnlijk een wijdverbreid kenmerk van
de omslag van zuurstofrijk naar zuurstofarm water in aquatische ecosystemen,
waardoor een plotselinge afname van de zuurstofconcentratie niet gemakkelijk kan
worden teruggedraaid. Deze resultaten benadrukken de belangrijke rol die microorganismen spelen bij het optreden van verschuivingen tussen zuurstofrijk en
zuurstofarm water.
De dynamica van SRB en zwaveloxiderende bacteriën (SOB) tijdens de omslag
van zuurstofrijk naar zuurstofarm water werd in hoofdstuk 4 in detail bestudeerd.
SRB, groene zwavelbacteriën (GSB), paarse zwavelbacteriën (PSB) en kleurloze
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zwavelbacteriën (CSB) waren wijdverbreid in het sediment tijdens de winter en
vroege voorjaar toen de waterkolom gemengd was. Na stratificatie van de
waterkolom in de late lente en zomer verspreiden verschillende SRB-soorten zich uit
over het zuurstofloze hypolimnion, terwijl PSB en GSB bloeiden in het metalimnion
en hypolimnion tijdens de zomer. Toen zuurstofarm water zich tijdens de menging
van deze waterlagen in de herfst door de gehele waterkolom verspreidde,
verdwenen SRB en GSB uit de waterkolom, terwijl CSB (voornamelijk Arcobacter)
en PSB (Lamprocystis) dominant werden. Deze bacteriën oxideerden het sulfide dat
zich tijdens de zomerstratificatie in het hypolimnion had opgehoopt. Deze resultaten
ondersteunen de voorspelling van het eerdere model dat, zodra ecosystemen
zuurstofloos en sulfidisch zijn geworden, er een grote zuurstofaanvoer nodig is om
deze zuurstofloze toestand te overwinnen en het ecosysteem weer terug te brengen
in een zuurstofrijke toestand.
In hoofdstuk 5 werd de seizoensgebonden successie van micro-organismen die
betrokken zijn bij de stikstofkringloop onderzocht tijdens de verschuivingen van
zuurstofrijk naar zuurstofarm water. Ammonia-oxiderende archaea (AOA), ammoniaoxiderende bacteriën (AOB) en anaërobe ammonium-oxiderende (anammox)
bacteriën waren in de winterperiode overvloedig aanwezig in het sediment. Stikstoffixerende bacteriën en denitrificerende bacteriën namen in het voorjaar in de
waterkolom toe, toen nitraat geleidelijk uitgeput raakte en het hypolimnion
zuurstofloos werd. Denitrificerende bacteriën die nirS-genen bevatten, waren
uitsluitend aanwezig in het zuurstofloze hypolimnion. Tijdens de stratificatie in de
zomer daalden de abundanties van AOA-, AOB- en anammox-bacteriën in het
sediment. Nadat het meer tijdens de herfst was gemengd, namen de AOA-, AOB- en
anammox-bacteriën opnieuw toe tot hoge abundanties. De micro-organismen
betrokken bij de stikstofcyclus in de waterkolom en sediment vertoonden dus een
uitgesproken successie, die nauw verbonden was met de overgangen tussen
zuurstofrijke en zuurstofloze condities.
Resterende vragen over de diversiteit en het functioneren van microbiële
gemeenschappen die interessant zouden kunnen zijn voor toekomstig onderzoek
werden besproken in hoofdstuk 6. Er zou nader onderzoek gedaan kunnen worden
naar de samenhang tussen de microbiële zwavel- en stikstofcyclus. Verder is meer
onderzoek wenselijk naar met name de activiteit en diversiteit van micro-organismen
die betrokken zijn bij de zwavel- en stikstofkringloop en andere belangrijke
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biogeochemische cycli (bijvoorbeeld de koolstofcyclus). De voorspelbaarheid van de
kantelpunten tussen zuurstofrijk en zuurstofarm water in meren en kustwateren zal
bovendien profiteren van een betere kwantificering van de door micro-organismen
veroorzaakte oxidatie-reductie reacties in biogeochemische cycli. Voorlopige
resultaten van metagenomics en metatranscriptomics-analyse van monsters
verzameld uit verschillende waterlagen en het sediment van het meertje Vechten
geven aan dat deze benaderingen ons begrip van microbiële diversiteit en activiteit
kunnen vergroten. Het metatranscriptoom onthulde bijvoorbeeld hoge activiteiten
van Euryarchaeota en Chloroflexi in het zuurstofloze hypolimnion, terwijl onze
eerdere analyse op basis van 16S rRNA sequenties de Euryarchaeota niet had
ontdekt en slechts een zeer lage relatieve hoeveelheid Chloroflexi aangaf.
Samenvattend bevordert dit proefschrift onze kennis van dynamische
veranderingen

in

de

samenstelling

van

microbiële

gemeenschappen

in

gestratificeerde meren. Onze resultaten laten met name zien dat microbiële
gemeenschappen niet alleen seizoensveranderingen in hun omgeving volgen, maar
ook actief de omgeving beïnvloeden en veranderen door de belangrijke rol van
micro-organismen in biogeochemische oxidatie-reductie processen. Dit samenspel
tussen biogeochemische processen en de microbiële samenstelling veroorzaakt
drastische omslagen tussen zuurstofrijk en zuurstofarm water, die gepaard gaan met
grote

veranderingen in

de

structuur en

het functioneren van

microbiële

gemeenschappen. Hiermee kan de informatie in dit proefschrift bijdragen aan een
beter begrip en voorspelling van de grote impact van micro-organismen op de
zwavel- en stikstofcyclus en de ontwikkeling van zuurstofloosheid in aquatische
ecosystemen.
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水体中氧气耗竭会导致低氧区和无氧区的形成，严重危害大多数好氧生物的生存。
低氧区和无氧区存在于整个地质时期，但是受水体富营养化和全球变暖的影响，低氧
区和无氧区在湖泊、近海以及远洋的发生频率、发生强度和持续时间在过去几十年里
显著增加。微生物消耗氧气会加速低氧区和无氧区的形成，而氧气浓度的变化也会显
著影响微生物的活性。在微生物调控的生物地球化学转化过程中，包含很多氧化-还原
反应。鉴于低氧区和无氧区对水体生态系统的威胁不断加剧，探究微生物与好氧-厌氧
转化过程的相互作用是十分紧急且必要的。因此，本论文研究了荷兰一个季节性分层
湖泊 (Lake Vechten) 中，微生物在湖水好氧-厌氧转化过程中的群落多样性以及动态
变化。本论文主要研究了如下问题：

（1）湖泊中好氧-厌氧转化过程如何影响细菌群落动态变化？
（2）微生物以及化学反馈是如何影响湖泊中好氧-厌氧转化过程的？
（3）湖泊中好氧-厌氧转化过程如何影响微生物硫以及氮循环？

论文第二章研究了湖泊中好氧-厌氧转化过程对细菌群落动态的影响。早春，蓝
藻和浮霉菌门大量分布在不同水层。夏季湖水开始分层，异养的 α-变形菌纲，拟杆菌
门和放线菌门大量存在于富氧的表水层，γ-变形菌纲（多为着色菌科）成为变温层的
主要细菌群落，而绿菌门、β-变形菌纲、δ-变形菌纲以及厚壁菌门分布在厌氧含硫的
深水层。秋季，湖水被混匀后，整个水层变为缺氧状态, 多核杆菌属（ β-变形菌纲）
和甲基杆状菌属（γ-变形菌纲）从先前的变温层和深水层扩散到湖泊表层，同时 ε-变
形菌纲成为湖泊底层的主要细菌群落。冬季和早春，当湖水完全混合并变为富氧状态
后，蓝藻和浮霉菌门重新占据细菌群落的主体。概括来说，不同水层的细菌群落结构
在夏季湖水分层时分化，而在湖水混合时趋同。这些实验结果显示细菌群落在湖水好
氧-厌氧转化过程中发生很大的空间和时间尺度上的变化。
第三章通过数学模型拟合研究了微生物群落结构，生物地球化学氧化-还原反应
以及湖水好氧-厌氧转化过程之间的相互作用。数学模型显示氧气的缓慢变化会引起急
剧的稳态转换, 即生态系统从以蓝细菌为主导的好氧状态骤变为光合硫细菌和硫酸盐还
原菌（SRB）主导的厌氧状态。湖泊中监测到的数据印证了数学模型的预测，证实了
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在湖水好氧-厌氧转化过程中存在迟滞现象，而且微生物群落结构发生了如模型所预测
的变化。稳态转换中的迟滞现象和临界点现象很可能是水体好氧-厌氧转化过程中的普
遍特征，而这会造成氧气浓度发生难以逆转的大幅度下降。以上实验结果揭示并凸显
了微生物在调控水体好氧-厌氧转化过程中的重要作用。
论文的第四章详细研究了硫酸盐还原菌和硫氧化细菌（SOB）在湖水好氧-厌氧
转化过程中的动态变化。冬季和早春，当湖水完全混合时，硫酸盐还原菌、绿硫菌
（GSB）、紫硫菌（PSB）以及无色硫细菌（CSB）主要分布在湖泊的底泥中。晚春
和夏季，当湖水开始分层，各类硫酸盐还原菌开始迁移到厌氧的深水层。与此同时，
紫硫菌和绿硫菌在变温层和深水层大量增殖。秋季，深水层在湖水混匀过程中扩散到
整个水体，紫硫菌和绿硫菌从水体中消失，而无色硫细菌（主要是弓形菌属）和紫硫
菌（俊囊菌属）开始主导细菌群落，并氧化湖泊中夏季分层时期积累的还原性硫化物。
这些实验结果显示一旦水体生态系统进入厌氧硫化状态，需要大量的氧气才能改变这
种稳态并把整个生态系统转化到好氧状态。
论文第五章研究了湖水好氧-厌氧过程中参与氮循环的微生物的季节动态变化。
冬季，氨氧化古菌（AOA）、氨氧化细菌（AOB）、厌氧氨氧化细菌（anammox）大
量分布于湖泊底泥中。春季，当硝酸盐被逐渐消耗以及深水层变为厌氧后，水层中固
氮菌和反硝化细菌的数量开始增加。含有nirS基因的反硝化细菌仅分布于厌氧的深水
层中。夏季湖水分层后，湖泊底泥中氨氧化古菌、氨氧化细菌、厌氧氨氧化细菌的量
锐减。秋季，当湖泊被混匀后，这些细菌的量又开始增多。总的来说，参与氮循环的
微生物在湖水和底泥都发生了明显的季节动态变化，而这些变化与好氧-厌氧转化过程
紧密相关。
第六章讨论并展望了未来有待开展的关于微生物多样性及功能的研究 。比如，探
索微生物硫循环和微生物氮循环之间的相互关联，以及深入研究参与硫循环、氮循环
以及其它重要的生物地球化学循环（如碳循环）的微生物的种类及活性。此外，精准
预测湖泊和近海中好氧-厌氧转化过程中的临界点还需要精确地量化出微生物调节的生
物地球化学过程中的氧化-还原反应。不同水层和底泥中的微生物的宏基因组和宏转录
组的初步分析结果显示这些分析方法可以扩展我们对微生物多样性和活性的认识。例
如，宏转录组分析结果显示广古菌门和绿弯菌门在厌氧深水层有很高的活性，而16S
rRNA基因分析并未探测到广古菌门，同时仅显示了极少量的绿弯菌门。
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综上所述，本论文提升了我们对季节性分层湖泊中微生物，尤其是参与硫循环和
氮循环的微生物的空间和时间动态变化的认识。值得注意的是，本论文的研究结果揭
示微生物群落并不是完全被动接受环境因素的影响，微生物也可以通过参与生物地球
化学中的氧化-还原反应来影响和改变周边环境。这种生物地球化学反应和微生物群落
结构之间的相互作用引发了水体中明显的“好氧-厌氧稳态变化”，并伴随着湖泊中微
生物群落结构和功能的急剧变化。因此，本论文中的信息有助于我们更精准地理解和
预测微生物对硫循环和氮循环的重要影响，以及水体生态系统中低氧区和厌氧区的形
成。
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