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Yet, not all cyanobacteria are beneficial. Harmful cyanobacteria (also
known as ‘blue-green algae’) can form dense blooms in lakes and produce
toxins, which leads to all sorts of problems. These blooms can threaten
drinking water supplies, recreational activities, livestock, birds and
human health.
Since the industrial revolution, atmospheric CO2 concentrations are rising strongly. Cyanobacteria
are generally assumed to be favored at low CO2 conditions, because of the presence of an effective
CO2-concentrating mechanism (CCM) to fix CO2. Yet, how will harmful cyanobacteria, such as
the ubiquitous harmful cyanobacterium Microcystis aeruginosa, respond to rising CO2? Are they
well-adapted to deal with climate change? Will cyanobacterial blooms intensify? Will the genetic
composition and toxicity of blooms change? And what can we do to combat these blooms?
These questions and more are discussed in this PhD thesis.

Effects of Rising CO2 on the Harmful Cyanobacterium Microcystis

The waters of our planet are full with cyanobacteria that use CO2, water
and light for photosynthesis. Cyanobacteria form the base of the food
web and have a strong impact on all life on Earth.
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Chapter 1

General introduction

Chapter 1

Rising CO2 concentrations
Atmospheric CO2 concentrations are rising globally due to human activities since the industrial
revolution. Today, the CO2 concentration is ~400 ppm, while in 1800 the atmosphere
contained only ~280 ppm CO2 (Figure 1.1; Solomon et al., 2007).

Figure 1.1. Atmospheric CO2 concentration of the last 2000 years. Since 1958, the atmospheric CO2 concentration is
measured continuously at different places, including Mauna Loa, Hawaii. The data before 1958 is largely based on ice
drillings from Antarctica and Greenland. This figure was adapted from Solomon et al. (2007), with permission from
Cambridge University Press.

An overview of the global carbon cycle, in Figure 1.2, shows that annual human-induced CO2
emissions are relatively small compared to respiration by and decomposition of plants,
phytoplankton and other microorganisms. Yet, these emissions lead to a net annual increase in
atmospheric CO2 of ~4 ppm. Climate change studies predict that in the year 2100, the CO2
concentration will reach 550-1,000 ppm CO2 (Solomon et al., 2007).
CO2 concentrations have been a lot higher in the past, reaching even 3,000 or 5,000
ppm, 150 and 375 million years ago respectively (Igamberdiev et al., 2006), yet the last 20
million years the CO2 concentration appeared relatively stable between 140 and 320 ppm
(Pearson and Palmer, 2000). A major influence on the atmospheric CO2 concentration in the
past has been the increased weathering (breakdown of rock minerals) by plants, during the
Devonian period (~420-360 million years ago; Berner, 1998). Around this period, active Ci
fixation by plants made the CO2 concentration drop from ~5,000 to ~500 ppm CO2, while the
O2 concentration strongly increased from ~11 to ~22%. The active volcanos of the Siberian
8
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traps (the term ‘trap’ was derived from the Swedish word for stairs, ‘trappa’, referring to the
step-like hills of the landscape) during the End-Permian period (~252 million years ago),
provide an example of a cause for a strong increase in atmospheric CO2 in the past, when large
amounts of coal were combusted (Ogden and Sleep, 2012), analogous to the human-induced
CO2 emissions from burning coal. The CO2 increased from ~400 to 2200 ppm around the
End-Permian period (Igamberdiev et al., 2006). The active Siberian traps led to the greatest
mass extinction event in the Earth’s History, called the Great Dying (Clapham, 2013).

Figure 1.2. The global carbon cycle. The white numbers indicate stored carbon, the yellow numbers indicate natural
fluxes, and the red numbers indicate carbon from human emissions in gigatons C per year. The values in parentheses
(in gigatons C) are based on Houghton (2007). This figure was reproduced with permission from the United States
Department of Energy (US DOE, 2008).

As a consequence of the current rise of the atmospheric concentrations of CO2 and
other greenhouse gasses, such as methane, nitrous oxide and fluorocarbon compounds, global
temperatures are increasing (Solomon et al., 2007). These trends have large effects on life on
9
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our planet. My thesis focuses on the effects of rising CO2 on cyanobacteria, and in particular
highlights the adaptive mechanisms of the harmful cyanobacterium Microcystis aeruginosa.

Chemistry of CO2 in water
When CO2 dissolves in water, it also reacts with water to form carbonic acid (H2CO3).
Carbonic acid is a weak acid, which can dissociate in bicarbonate (HCO3-), carbonate (CO32-)
and protons. The solubility of CO2 in water increases with a higher partial pressure of CO2.
Therefore, elevated atmospheric CO2 concentrations tend to increase the concentrations of
dissolved inorganic carbon (DIC; CO2, bicarbonate and carbonate) and lower the pH of
aquatic ecosystems. The relative amounts of the inorganic carbon (Ci) species depend on the
pH of the environment. At low pH there is mainly dissolved CO2 (CO2(aq)), at pH of about 8
there is mainly bicarbonate, and at high pH levels carbonate is the most dominant carbon
species (Figure 1.3). Mineralization of dissolved organic carbon (DOC) from surrounding
watersheds and sediments by bacteria adds to the Ci supply of lakes.

Figure 1.3. Relative abundances of the different inorganic carbon (Ci) species as a function of pH. Dissolved CO2
(CO2(aq)) is indicates in red, bicarbonate (HCO3-) in green and carbonate (CO32-) in blue.

In fact, many lakes are oversaturated by CO2 (as high as 10,000 ppm CO2), while
other lakes are undersaturated due to CO2 uptake by phytoplankton blooms (down to 20 ppm
CO2) (Talling, 1976; Cole et al., 1994; Sobek et al., 2005). Lakes with dense phytoplankton
blooms therefore show large changes in CO2(aq) concentrations during a year. For example,
Verspagen et al. (2014b) recorded changes in Ci concentrations and pH of Lake Volkerak, a
lake in the Netherlands that is often overwhelmed by dense phytoplankton blooms in summer
and early autumn. They observed an increase in pH from 7.8 in winter to 9.3 during the
10
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summer bloom, accompanied by a decrease in CO2(aq) from 55 to 2 µmol L-1. In contrast, in
equilibrium with the atmosphere one would expect a CO2(aq) concentration of 13-27 µmol L-1
depending on the temperature and salinity. During late autumn, winter and spring, the lake
was supersaturated with CO2 and lost carbon to the atmosphere, while in times with a dense
phytoplankton bloom the lake was undersaturated and acted as a sink for atmospheric CO2. In
addition, the diel variation of pH and CO2(aq) can also be strong in lakes with dense
phytoplankton blooms. For example, during the summer bloom in Lake Esthwaite Water
(UK) the pH sometimes increased up to 1.8 units during daytime and the diel variation in
CO2(aq) was up to ~30 µmol L-1 (Maberly, 1996).
Elevated atmospheric CO2 concentrations will likely have the strongest effect on
phytoplankton in lakes that experience CO2 undersaturation. CO2 undersaturation creates a
gradient in partial pressure of CO2 across the air‐water interface, which leads to an influx of
CO2 from the atmosphere into the lake (Balmer & Downing, 2011). More specifically, the
CO2 influx (gCO2) is proportional to the difference between the expected concentration of
dissolved CO2 in water (CO2(aq)) when in equilibrium with the atmosphere (calculated from
Henry’s law) and the actual concentration of CO2(aq) (Siegenthaler and Sarmiento; 1993; Cole
et al., 2010):
gCO2 = v (KH pCO2 - CO2(aq))

(1)

where v is the gas transfer velocity (also known as piston velocity) across the air-water interface,
KH is the solubility constant of CO2 gas in water, and pCO2 is the partial pressure of CO2 in
the atmosphere. If it is assumed that a dense phytoplankton bloom has depleted the surface
layer of CO2(aq), this equation simplifies to gCO2 = v KH pCO2. Hence, during dense summer
blooms, an increase in atmospheric pCO2 will lead to a greater influx of CO2. For instance, a
doubling of the pCO2 concentration from 400 to 800 ppm would lead to a two times greater
influx of CO2 into the lake during dense blooms.

Cyanobacteria

Cyanobacteria are Gram-negative bacteria that obtain their energy through oxygenic
photosynthesis. They can have diverse morphologies, ranging from unicellular spheres or rods
to large multicellular structures like filaments or colonies (Figure 1.4). Cyanobacteria can be
found in a wide range of environments: in oceans, lakes, soils and on rocks, over a wide range
of temperatures and light availability. They can be found in your backyard pond, in the Sahara
desert and even in the Antarctic. Cyanobacteria are estimated to be responsible for ~15% of the
current global net primary production (Garcia-Pichel et al., 2003; Field et al., 1998;
Flombaum et al., 2013). They are also among the oldest organisms on the planet (Schopf,
1993) and it has been suggested that by producing oxygen through photosynthesis, they are
11
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responsible for the Great Oxidation Event, ~2.4 billion years ago, dramatically changing life on
Earth (Schirrmeister et al., 2013). In addition, chloroplasts from plants are believed to originate
from cyanobacterial endosymbiosis (McFadden, 2001). Cyanobacteria have not only been
frontrunners in the oxygenation of the Earth atmosphere, they also contribute largely to the
fixation of atmospheric nitrogen, that cannot be acquired independently by eukaryotes. The
excretion of fixed nitrogen and carbon compounds into the environment caters many other
organisms that rely directly on this supply.

Figure 1.4. Biodiversity of cyanobacteria. (A) Microcystis sp. (colony). (B) Planktothrix sp. (C) Aphanizomenon sp. (D)
Nostoc sp. (E) Synechocystis sp. PCC 6803. (F) Synechococcus sp. BS5. (G) Anabaena sp. (H) Anabaena sp. (I) Anabaena
sp. Photos: Giovanni Sandrini.

All oxygenic phototrophs use light from the sun as energy source. For this purpose,
the energy present in the photosynthetic active radiation (PAR; from blue 400 nm to far-red
700 nm) region of the sunlight spectrum is absorbed by photosynthetic pigments. For example,
the pigment chlorophyll, that can be found in both cyanobacteria and plants, is bound to
functional light trapping units in multiple protein complexes that are called photosystems.
12
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The photosynthesis reactions can be divided into two processes, the light-dependent
and light-independent reactions (the latter are also called dark reactions). In the lightdependent reactions, the energy from sunlight is used to split the electron donor water into O2,
protons and electrons (Figure 1.5). Excitation of electrons leads to charge separation over the
electrically insulating thylakoid membrane. Like in a battery, this voltage span can be used for
electron flow. The excited electrons pass through a range of carriers - from Photosystem II
(PSII) via plastoquinone and cytochrome b6f to Photosystem I (PSI) - that use the energy to
translocate protons over the thylakoid membrane, which creates a proton gradient that installs
a proton-motive force (Campbell et al., 1998; Figure 1.5). The latter is used to drive an ATPsynthetase enzyme by which the energy gained from photons is stored in the energy-rich
biomolecule ATP. At PSI the electrons are re-energized, which is used for the production of
NADPH. ATP and NADPH are both molecules that are used for virtually all metabolic
processes in cells, including CO2 fixation with the Calvin-Benson cycle (i.e., the dark
reactions).

Figure 1.5. Light reactions of photosynthesis at the thylakoid membrane of cyanobacteria with the electron and
proton flows indicated. The displayed structures are from Thermosynechococcus elongatus (PSII, PDB ID 4V62), Nostoc
sp. PCC 7120 (cytochrome b6f, PDB ID 4H44), Synechococcus elongates (PSI, PDB ID 1JB0 and Fd: ferredoxin, PDB
ID 2JCO), Anabaena sp. PCC 7119 (FNR: ferredoxin-NADP+ reductase, PDB ID 1QUE), Synechocystis sp. PCC
6803 (PC: plastocyanin, PDB ID 1JXD) and E. coli (ATP synthase, PDB IDs 1C17 and 1JNV). PQ: plastoquinone
and PQH2: plastoquinol. Solid lines indicate electron (e-) and proton (H+) transfer and the dashed line shows PSIdriven cyclic electron flow. The figure was adapted from Kurisu et al. (2003) and Yeremenko (2004), with permission
from the American Association for the Advancement of Science and Nataliya Yeremenko.
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The CO2-concentrating mechanism of cyanobacteria
Phytoplankton, including cyanobacteria, use the enzyme RuBisCO for CO2 fixation. Since
RuBisCO has a low affinity for CO2, and can also use O2 as substrate in a process called
photorespiration, many cyanobacteria evolved a CO2-concentrating mechanism (CCM)
(Kaplan and Reinhold, 1999; Raven et al., 2008). As a first step, bicarbonate is taken up by
specific uptake systems and CO2 diffusing into the cell is converted to bicarbonate by specific
protein complexes. The accumulated bicarbonate then diffuses from the cytoplasm into
specialized compartments, called carboxysomes (Figure 1.6; Price, 2011). In the carboxysomes,
carbonic anhydrases convert bicarbonate to CO2. RuBisCO, then surrounded by a high CO2
concentration, incorporates CO2 into the Calvin-Benson cycle, which uses energy from the
light reactions (ATP and NADPH) and CO2 to create organic compounds (Figure 1.7). The
net reaction of photosynthesis (light-driven production of fixed carbon) for plants, algae and
cyanobacteria is 6 CO2 + 6 H2O  C6H12O6 + 6 O2.
Five cyanobacterial Ci uptake systems are known so far, three for bicarbonate uptake
and two for conversion of CO2 to bicarbonate (Price, 2011; Figure 1.6). The Ci uptake systems
have different characteristics and are dependent on different co-factors, such as sodium,
calcium, ATP or NADPH. The diverse set of Ci uptake systems allows cyanobacteria to
respond effectively to variations in Ci availability (Burnap et al., 2015). Yet, not all five Ci
uptake systems are present in each cyanobacterium (Badger et al., 2006; Rae et al., 2011).
Indeed, several studies have indicated strong dependence on CO2 uptake for some
cyanobacteria (Woodger et al., 2005; Rae et al., 2011; Verspagen et al., 2014b), whereas other
studies have indicated that bicarbonate uptake is the predominant form of Ci uptake in
cyanobacteria at both low and high CO2 conditions (Sültemeyer et al., 1995; Benschop et al.,
2003; Rae et al., 2011; Hopkinson et al., 2014; Eichner et al., 2015).
The first bicarbonate uptake system, BCT1, has a relative high affinity for
bicarbonate (K0.5 = 10-15 µmol L-1 bicarbonate) but low flux rate (Omata et al., 1999; Omata
et al., 2002). BCT1 is directly ATP-dependent, uses Ca2+ as a co-factor and is encoded by the
cmpABCD operon, which shares high similarity with the nitrate transporter operon nrtABCD
(Omata et al., 1999; Koropatkin et al., 2007). The gene cmpA encodes for the substratebinding periplasmic segment, cmpB encodes for the membrane integral component, while
cmpC and cmpD encode for cytoplasmic domains of the transporter BCT1 (Maeda et al., 2000;
Omata et al., 2002).
The other two bicarbonate uptake systems are called BicA and SbtA. BicA has a low
to low affinity (K0.5 = 70-350 µmol L-1 bicarbonate) but high flux rate, whereas SbtA usually
has a high affinity (K0.5 ≤ 5 µmol L-1 bicarbonate) but low flux rate (Price et al., 2004; Du et
al., 2014). Both transporters are sodium-dependent symporters (Shibata et al., 2002; Price et
14
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al., 2004). BicA is encoded by a single gene, bicA, and shares distant homology to plant sulfate
transporters, and is therefore often incorrectly annotated. SbtA is also encoded by a single gene,
sbtA, and frequently another gene, sbtB, is found downstream. Although SbtB is not essential
for SbtA functioning (Price, 2011), recently it was shown that SbtB functions as a posttranslational regulator of SbtA, presumably inactivating SbtA during darkness (Du et al.,
2014). Several freshwater cyanobacteria also hold SbtA and BicA homologues, called SbtA2
and BicA2 (Rae et al., 2011), but the function of these proteins remains unknown, and no
evidence has been published that they are involved in Ci uptake.
All three bicarbonate uptake systems, BCT1, BicA and SbtA, are located in the
plasma membrane (Price, 2011). Additionally, bicarbonate porins can be present in the outer
membrane of cyanobacteria to assist in Ci uptake, by transporting bicarbonate through the
outer membrane into the periplasmic space (Figure 1.6).

Figure 1.6. Overview of the cyanobacterial CO2-concentrating mechanism. Up to five different Ci uptake systems can
be found in cyanobacteria. These Ci uptake systems have different affinities and flux rates, and are dependent on
different co-factors. In carboxysomes, accumulated bicarbonate is converted to CO2 via carbonic anhydrase (CA)
enzymes, surrounding RuBisCO (PDB ID 1RBL) by a high CO2 concentration. RuBisCO fixes CO2 by the
production of 3-phosphoglycerate (3PG). However, RuBisCO can also use O2 as substrate, in a process called
photorespiration, which produces toxic 2-phosphoglycerate (2PG). CO2 leakage from the carboxysomes can be partly
intercepted by the CO2 uptake systems (shown by the dashed lines). This figure was based on Badger et al. (2006),
with permission from Oxford University Press.
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Figure 1.7. The Calvin-Benson cycle. The cycle is used to convert CO2 into more complex molecules such as
carbohydrates and starch. These reactions are also called the dark reactions. The number of carbon atoms in the
molecules is indicated in blue.

The two CO2 uptake systems consist of modified plastoquinone oxidoreductase
NADPH dehydrogenase (NDH-I) respiratory complexes. The CO2 uptake systems convert
CO2 into bicarbonate to trap the Ci inside the cell. NADPH functions as the electron donor
for conversion of CO2 into bicarbonate (Price et al., 2002; Figure 1.6). While NDH-I3 has a
relatively high affinity (K0.5 = 1-2 µmol L-1 CO2) but low flux rate, NDH-I4 has a lower affinity
(K0.5 = 10-15 µmol L-1 CO2) but higher flux rate (Maeda et al., 2002; Price et al., 2002).
NDH-I3 is positioned in the thylakoid membranes, and NDH-I4 is situated in the thylakoid
membranes as well or in the plasma membrane (Price, 2011). The positioning of the CO2
uptake systems also allows for interception of CO2 leakage from the carboxysomes (Price et al.,
2002; Figure 1.6).
Although the CCMs of several model cyanobacteria, including Synechocystis PCC
6803, Synechococcus PCC 7002 and Synechococcus PCC 7942, have been studied in detail (Price
et al., 2004; Wang et al., 2004; Woodger et al., 2007; Schwarz et al., 2011; Burnap et al.,
2015), the functioning of the CCMs of harmful cyanobacteria like Microcystis remains an open
16
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question. Moreover, it is not clear how much variation exists between different strains of the
same species, and which properties of the CCM will benefit strains at elevated CO2.
Additionally, it has been found that microcystins can bind to RuBisCO (Zilliges et al., 2011)
and that rising CO2 concentrations can affect the relative abundances of microcystin-producing
versus non-microcystin-producing strains (Van de Waal et al., 2011). It is not known,
however, whether there is a relationship between the toxicity of cyanobacterial blooms and the
layout of the CCM.

Harmful cyanobacteria and toxins
Nutrient enrichment of lakes caused by the intensification of agricultural, industrial and urban
activities has led to eutrophication, an environmental status that is characterized by a high
primary production and dense phytoplankton blooms (Smith, 1998). In many eutrophied
waters, cyanobacteria dominate the phytoplankton community. Cyanobacterial blooms lead to
various economical and ecological problems in many lakes (Huisman et al., 2005). These
blooms can suppress the growth of aquatic macrophytes and invertebrates. Nighttime oxygen
depletion induced by blooms can lead to mass mortality of fish. In addition, subtropical
cyanobacterial blooms can harbor the pathogenic bacterium Vibrio cholera, that can hide in the
mucilaginous sheath of cyanobacteria and can cause cholera infection (Islam et al., 1990;
Chaturvedi et al., 2015). Moreover, several cyanobacterial species are capable of producing
toxins, that are dangerous to birds and mammals, including lifestock, dogs and humans. Wellknown toxin-producing cyanobacterial genera include Anabaena,
Cylindrospermopsis, Microcystis, Nodularia, Nostoc, and Planktothrix.

Aphanizomenon,

Microcystis is a ubiquitous harmful cyanobacterium that can be found in fresh and
brackish water (Verspagen et al., 2006; Qin et al., 2010; Michalak et al., 2013). The cells are
spherical shaped, reaching 2-8 µm in diameter, and are usually structured into colonies (Figure
1.4). The cells can produce gas vesicles and during summer, when conditions are most
favorable, the genus can form surface blooms consisting of dense scum layers (Figure 1.8A).
Many different colonial morphologies of Microcystis are known (Komárek and Komárková,
2002), and originally different Microcystis morphologies were considered different species. Yet,
Otsuka et al. (2001) suggested that the different morphospecies of Microcystis should be united
into one species, Microcystis aeruginosa, because of a lack of molecular relatedness of the
different morphospecies and overlapping morphologies. In this thesis, the nomenclature of
Otsuka et al. (2001) is followed that describes all morphospecies of Microcystis under the
common name M. aeruginosa.
Microcystis can produce a potent family of hepatotoxins known as microcystins
(MacKintosh et al., 1990; Nishiwaki-Matsushima et al., 1992; Codd et al., 2005). Microcystins
17
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can cause severe liver damage, as well as skin rashes, stomach pains, diarrhea and eye irritation
(Chorus et al., 2000). Even situations have been reported where people have died from
exposure to these hepatotoxins (Jochimsen et al., 1998). Over 80 microcystin variants are
known, with microcystin-LR (MC-LR) being the most abundant and one of the most toxic
versions (Figure 1.8B; Zurawell et al., 2005). The World Health Organization advices a
provisional guideline for MC-LR in drinking water (based on MC-LR) of 1 µg L-1, while most
guidelines for recreational waters suggest a limit of 20 µg L-1 (Ibelings et al., 2014).
Microcystins are not synthesized directly by ribosomes, but rather indirectly by synthetases
encoded by two large operons (mcyABC and mcyDEFGHIJ; Tillett et al., 2000). Microcystins
typically remain inside the cell, until the cell is lysed, after which microcystins are released in
the environment. Varying half-lives have been reported for microcystins in water, ranging from
days to weeks, depending on, for example, the presence of bacteria that can break down
microcystins (Chorus and Bartram, 1999). Although the role of most cyanobacterial toxins
remains a puzzle, recently microcystins were associated with protection against oxidative stress
in Microcystis, for example caused by high light (Zilliges et al., 2011; Meissner et al., 2013). It
was shown that microcystins can actually bind to specific cellular proteins like RuBisCO,
protecting them from degradation (Zilliges et al., 2011).

Figure 1.8. Dense Microcystis bloom and the molecular structure of the toxin it typically produces. (A) Microcystis
bloom in Lake Volkerak, the Netherlands. (B) Molecular structure of microcystin-LR (PDB ID 1LCM; Trogen et al.,
1996).

Harmful cyanobacteria and climate change
Fossil fuel combustion boosts the CO2 concentration in the atmosphere, which increases global
temperatures and can raise the Ci pool in aquatic ecosystems (Figure 1.9). Many cyanobacteria
benefit from higher temperatures with increased growth rates (Paerl and Huisman, 2008; Paerl
and Huisman, 2009; O’Neil et al., 2012; Carey et al., 2012). Increased global temperatures will
18
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also affect the weather patterns. Longer drought periods can increase the residence times of
harmful blooms (Paerl and Huisman, 2009; Paerl and Paul, 2012), while more intense future
storms can enhance the nutrient loads (N and P) in lakes (Jeppesen et al., 2009; 2011) (Figure
1.9). Furthermore, summer droughts in combination with rising sea levels may lead to local
increases in salinity levels. Several harmful cyanobacteria, including Microcystis, are considered
to be quite salt tolerant (Tonk et al., 2007; Paerl and Huisman, 2009; Paerl and Paul, 2012),
and can be found in both fresh and brackish water (Lehman et al., 2005; Kardinaal et al.,
2007), suggesting they can relatively easily withstand increasing salinities.
High temperatures and also the intrusion of saline water promote vertical
stratification of lakes (Paerl and Huisman, 2009). In contrast to eukaryotic algae, harmful
cyanobacteria like Microcystis can produce gas vesicles, which provide the cells with buoyancy
and enable them to dominate the surface layer. Cyanobacteria can regulate their vertical
migration by accumulating carbohydrates as ballast and synthesizing more gas vesicles to
stimulate buoyancy (Visser et al., 1995). Hence, buoyant cyanobacteria are foreseen to benefit
from increased vertical stratification of lakes. Rising temperatures also decrease the viscosity of
water, and therefore decrease the resistance against the upward migration of buoyant
cyanobacteria. Surface blooms can optimally use the available light, while casting shade over
non-buoyant phytoplankton present deeper in the water column (Figure 1.9). Moreover, it was
suggested that rising temperature stimulate especially toxic Microcystis strains compared to nontoxic strains (Davis et al., 2009). Several studies have investigated to what extent cyanobacterial
dominance can be explained by high nutrient levels (N and P) and high temperature (Wagner
and Adrian 2009; Rigosi et al., 2014). The relative importance of these two factors and their
interaction appeared to be dependent on the trophic state of the lake and differed between
cyanobacterial species. For example, Anabaena appeared more responsive to enhanced nutrient
levels, whereas Microcystis appeared more responsive to rising temperature (Rigosi et al., 2014).
Effects of rising CO2 concentrations on cyanobacteria are less well understood than
effects of elevated temperatures (Paerl and Huisman, 2009; O’Neil et al., 2012). Although
Microcystis blooms can occur in waters with a pH of ~6 (Oberholser et al., 2010), they are
usually found in alkaline waters with a pH of 7-10 (Millie et al., 2009; Liu et al., 2011;
Verspagen et al., 2014b), with relatively low CO2(aq) and relatively high bicarbonate
concentrations (Figure 1.3). It has been argued that, owing to their advanced CCMs,
cyanobacteria are especially effective at low CO2(aq) concentrations (Shapiro, 1997). They
ensure their dominance by reducing CO2 concentrations to very low levels available only to
themselves. This reasoning suggests that cyanobacteria might become less dominant at elevated
CO2 levels. However, other studies have suggested that cyanobacterial blooms in eutrophic and
hypertrophic lakes will likely intensify in response to rising CO2, by (partially) alleviating these
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blooms from carbon limitation (Verspagen et al., 2014b). Laboratory experiments with
different Microcystis strains showed that toxic strains were competitively dominant at low CO2,
whereas non-toxic strains dominated at elevated CO2 (Van de Waal et al., 2011), but the
molecular-physiological mechanisms underlying this reversal in competitive dominance
remained unclear. Furthermore, laboratory studies have suggested that elevated CO2 can cause
changes in the community structure of freshwater phytoplankton (Low-Décarie et al., 2015),
but failed to detect an evolutionary response when phytoplankton species were grown at
elevated CO2 for hundreds of generations (Low-Décarie et al., 2013). From the available
literature, it is therefore evident that the specific genetic and physiological traits that determine
the response of cyanobacteria to elevated CO2 requires further study.

Figure 1.9. Figure illustrating effects of climate change on harmful cyanobacterial blooms. The figure was based on
Paerl and Huisman (2009), with permission from John Wiley and Sons.
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Defeating harmful cyanobacterial blooms
As described above, the nuisance by harmful cyanobacteria can be very problematic. Numerous
methods to eliminate cyanobacteria have therefore been studied and tested.
One of the most important methods is nutrient reduction, which mainly focuses on
the reduction of N and P to decrease or prevent cyanobacterial blooms (Anderson et al., 2002;
Conley et al., 2009). Nutrient reduction can be obtained for example by limiting the use of
fertilizers and improved wastewater treatments. However, often it takes years before a reduction
in nutrient loading has an effect.
Another recent method to combat cyanobacterial blooms makes use of the high
sensitivity of cyanobacteria to H2O2, because of the absence of the plant-type Mehler reaction
in cyanobacteria, and its replacement by a Mehler-like reaction that produces no reactive
oxygen species or H2O2 (Helman et al., 2005). Lake treatments have demonstrated that
cyanobacteria can be selectively killed with H2O2 within a few hours, whereas other
phytoplankton, zooplankton, fish and water plants remain unaffected (Matthijs et al., 2012).
The added H2O2 decomposes into water and O2 within a few days, and hence leaves no longterm chemical traces in the environment.
An alternative promising method that uses no addition of chemicals into the water, is
artificial mixing of the water column by air plumes introduced from the sediment (Visser et al.,
2015). Deep vertical mixing prevents the formation of surface blooms by buoyant
cyanobacteria like Microcystis, which eliminates their competitive advantage with respect to
other phytoplankton species (Visser et al., 1996; Huisman et al., 2004). Yet, implementation
and running costs for artificial mixing are quite high, and the method cannot be applied in
shallow lakes.
Many other methods have been suggested to combat harmful algal blooms, but
several of these approaches including the widespread use of Cu2+ are detrimental to the
ecosystem (Jančula and Maršálek, 2011). Precipitation of phosphate with metal cations (e.g.,
Fe3+) and subsequent sedimentation has found increased application, including variants in
which the phosphate is bound by metal cations that are present in mineral clay (Lürling and
Faassen, 2011). However, microbial processes in anaerobic sediments can reduce the insoluble
iron(III)phosphate into soluble iron(II)salts, returning the phosphate into the lake water.
Furthermore, the addition of KCl to specifically combat Microcystis blooms has been
suggested, given the high sensitivity of Microcystis to potassium ions (Parker et al., 1997;
Shukla and Rai, 2007). Experiments have shown that addition of low concentrations of
potassium ions (1-5 mmol L-1) specifically inhibits the growth of Microcystis, while for example
duckweed is not affected by these increased potassium ion concentrations (Parker et al., 1997).
Yet, Tonk et al. (2007) showed that some Microcystis strains are quite salt tolerant, and
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potassium ions plays an important role in acclimation to salt stress (Wood, 1999). Therefore,
the sensitivity of Microcystis to potassium ions clearly requires further study.

Molecular approaches to study cyanobacteria
Genes carry the genetic information required for the growth and functioning of organisms.
Nowadays, many genomes of a wide range of cyanobacteria have been sequenced. This greatly
facilitated in-depth study of the genetics and diversity of cyanobacteria as well as their potential
physiological and ecological traits. While the genome of the model cyanobacterium
Synechocystis PCC 6803 was sequenced already in 1996 (Kaneko et al., 1996), the genomes of
harmful cyanobacteria like Microcystis were sequenced more recently. After the sequencing of
Microcystis NIES-843 (Kaneko et al., 2007) and Microcystis PCC 7806 (Frangeul et al., 2008),
several more Microcystis genomes followed (Humbert et al., 2013; Fiore et al., 2013; Yang et
al., 2013; Okano et al., 2015; Yamaguchi et al., 2015). I have used these genome sequences to
search for genes encoding different components of the cyanobacterial CCM in a wide variety of
Microcystis strains. Furthermore, the work of this thesis includes the sequencing of the genome
of Microcystis PCC 7005 (Chapter 2).
The available genome information also allows study of the expression of genes (i.e.,
the transcriptome). Gene expression data provide information of what the cell is doing at a
specific time-point or how it responds to certain environmental changes. For studies of a small
number of specific genes, application of the reverse transcription quantitative polymerase chain
reaction (RT-qPCR) is the default choice. In this technique, primers are designed to amplify
specific fragments of cDNA (reverse-transcribed RNA) and the amplification is monitored realtime via the detection of a fluorescent DNA-binding dye or fluorescently-labeled sequence
specific probes. The analysis compares expression of the target gene versus a reference gene and
treated samples versus control samples, and determines the number of cycles at which the
fluorescence exceeds the threshold. In this way, one can calculate the relative increase or
decrease of a gene transcript in the treated samples (Livak and Smittgen, 2001). To analyze the
complete transcriptome of cyanobacteria, containing thousands of genes, RT-qPCR would be
too demanding, and instead microarrays have been extensively used (Wang et al., 2004;
Yeremenko, 2004, Eisenhut et al., 2007, Schwarz et al., 2011; Krasikov, 2012). On a
microarray, thousands of specific DNA probes across the entire genome are attached to a solid
surface, forming spots. The microarray is hybridized with cDNA obtained from the
transcriptomes of treatment versus control samples and labeled with different fluorophores
(Cy3 or Cy5). After washing off nonspecific-bound sequences, probe-target hybridization is
detected and quantified by a microarray scanner (Figure 1.10). Relative intensities of each
fluorophore are then used in the data analysis to identify up- and down-regulated genes.
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Alternatively, RNA sequencing is increasingly used nowadays to analyze transcriptomes, since
sequencing is becoming cheaper, faster and generates more data of higher quality (Van Dijk et
al., 2014). In this thesis, RT-qPCR and microarrays are used to analyze the gene expression of
Microcystis strains (Chapters 3, 4 and 6).

Figure 1.10. Example of an Agilent microarray scan. Green spots indicate down-regulated genes, red spots indicate
up-regulated genes, and yellow spots indicate genes that do not change expression. The inset displays a magnification
of a small section of the scan. The scan is from one of the Microcystis PCC 7806 microarrays that will be dissussed in
more detail in Chapter 3. The predominance of yellow spots illustrates that many genes did not change expression in
response to elevated CO2. Photo: Giovanni Sandrini.

This thesis
In this thesis I investigate effects of elevated CO2 on harmful cyanobacteria, with particular
emphasis on Microcystis. I want to address several questions. For instance, are the CCMs of
harmful cyanobacteria very different or similar to the cyanobacteria that have been investigated
so far? Is there genetic and phenotypic variation among the CCMs of harmful cyanobacteria,
e.g., among different Microcystis strains? How is the expression of their CCM genes regulated?
Do harmful cyanobacteria, like Microcystis, benefit from rising CO2? Will their blooms become
denser and more toxic, and will rising CO2 affect the genetic composition of these blooms?
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The work presented in this thesis applies a variety of different techniques (Figure
1.11). The research questions are tackled with bioinformatics and molecular techniques (e.g.
sequencing, RT-qPCR, microarrays) to investigate the presence and expression of CCM genes,
in combination with culture experiments (e.g., batch and chemostat experiments) to determine
the CCM activity of Microcystis at different CO2 levels. The laboratory results are compared
with field data on the genetic and phenotypic variation of the CCM of Microcystis during daily
and seasonal changes in CO2 availability in a cyanobacteria-dominated lake (Figure 1.11).

Figure 1.11. Overview of the diversity of techniques applied in this thesis. (A) Genetic analysis using PCR and
sequencing. (B) High-throughput batch culturing at various CO2 concentrations (inset: glas columns with NaOH and
silica pellets to scrub CO2 from the air). (C) Controlled chemostat experiments. (D) Fieldwork at Lake Kennemermeer
(inset: sampling equipment and boat). Photos: Giovanni Sandrini.

The outline of the thesis is the following:
In Chapter 2, the CCM diversity among various Microcystis strains is investigated.
After initial screening of two published Microcystis genomes, the CCMs of 18 additional strains
are analyzed using molecular techniques and bioinformatics tools, and the entire genome of
strain PCC 7005 is sequenced de novo. The results show that, with respect to CCM attributes,
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the main difference between strains appears to be the presence or absence of the bicarbonate
transporter genes bicA and sbtA. The genetic variation is situated in one operon of the genome,
and enables a distinction between three Ci uptake genotypes: bicA strains, sbtA strains, and
bicA+sbtA strains. Subsequently, I designed a new high-throughput culture system (Figure
1.11B) to investigate whether this genetic variation causes phenotypic variation in CO2
response.
In Chapter 3, the specific cell response of Microcystis strain PCC 7806 to elevated
CO2 is investigated using chemostats. Changes in gene expression (using microarrays) and
several physiological parameters (e.g., biomass, carbohydrate storage, microcystin production)
are monitored after the CO2 concentration is increased from 200 to 1450 ppm CO2. The
microarray study shows that this strain downregulated only a surprisingly small number of
genes at elevated CO2 (Figure 1.10), which might be an effective strategy for a species
experiencing strongly fluctuating Ci concentrations.
In Chapter 4, the gene expression response of Microcystis to elevated CO2 is
investigated in more detail, by comparing the response of six strains representing the three
different Ci uptake genotypes. In parallel to changes in gene expression, the Ci uptake activity
of the different strains under a variety of conditions is also reported. The results show that
CCM gene regulation and activity differs among Microcystis strains. The observed genetic and
phenotypic variation in CCM responses may offer an important template for natural selection.
Chapter 5 studies the competition between different Microcystis Ci uptake genotypes
using laboratory chemostats and a lake study. The laboratory competition experiments
investigate which Ci uptake genotypes become dominant at low versus high CO2
concentrations. The field study was performed at Lake Kennemermeer, during summer and
autumn of 2013. The lake displays strong seasonal fluctuations in Ci concentration and pH as
a consequence of the development of cyanobacterial blooms. The lake study is used to
investigate whether different Microcystis Ci uptake genotypes may co-occur in the same lake
and whether their relative abundances are affected by seasonal changes in Ci availability.
In Chapter 6, the 24-hour expression patterns of CCM and other selected genes of
Microcystis are investigated in Lake Kennemermeer. The lake shows large daily fluctuations in
bicarbonate concentrations, pH and dissolved oxygen as a consequence of the high
photosynthetic activity of the cyanobacterial bloom. The 24-hour data will reveal which genes
display major differences in expression between day and night, and which genes show minor or
no fluctuations. Moreover, this study attempts to unravel the environmental signals that drive
the expression of the CCM genes.
Chapter 7 reviews the current understanding of the effects of rising CO2 on harmful
cyanobacteria. First, the chapter discusses whether rising atmospheric CO2 concentrations will
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intensify the development of cyanobacterial blooms. Next, the CCM diversity of Microcystis is
compared to that of other harmful cyanobacteria, and it is discussed how genetic and
phenotypic variation in the CCM can direct changes in cyanobacterial communities.
Subsequently, it is addressed how nutrient availability may modify effects of elevated CO2 on
cyanobacterial growth, and how rising CO2 may affect nitrogen fixation and cyanobacterial
toxin production. The chapter ends with an outlook to the future research needs in this field.
Chapter 8 investigates the idea of Parker et al. (1997) that potassium ions can be used
as an effective method to combat harmful Microcystis blooms. In this chapter, several
Microcystis strains with a freshwater or brackish water origin are exposed to elevated
concentrations of potassium and other salts, and the growth rates are compared. Furthermore,
the presence of genes involved in salt acclimation are compared among the different Microcystis
strains. The results indicate that potassium treatments will not always be effective against
Microcystis blooms, and have implications for the composition of mineral media used in
laboratory cultures of cyanobacteria.
In Chapter 9, the results from the thesis are put in perspective. First, developments in
techniques to study genotypes and gene expression will be discussed. Then, the genetic
variability and transcriptional regulation of Microcystis CCM genes will be evaluated. Next, the
anticipated effects of climate change on Microcystis blooms and microcystin production are
discussed, followed by an analysis of the effects on other cyanobacteria and eukaryotic algae.
Methods to effectively combat harmful cyanobacterial blooms are also discussed. The chapter
ends with the main conclusions of this thesis.
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Abstract
Rising CO2 levels may act as an important selective factor on the CO2-concentrating
mechanism (CCM) of cyanobacteria. We investigated genetic diversity in the CCM of
Microcystis aeruginosa, a species producing harmful cyanobacterial blooms in many lakes
worldwide. All 20 investigated Microcystis strains contained complete genes for two CO2
uptake systems, the ATP-dependent bicarbonate uptake system BCT1 and several carbonic
anhydrases (CAs). However, twelve strains lacked either the high-flux bicarbonate transporter
BicA or the high-affinity bicarbonate transporter SbtA. Both genes, bicA and sbtA, were located
on the same operon, and the expression of this operon is most likely regulated by an additional
LysR-type transcriptional regulator (CcmR2). Strains with only a small bicA fragment clustered
together in the phylogenetic tree of sbtAB, and the bicA fragments were similar in strains
isolated from different continents. This indicates that a common ancestor may first have lost
most of its bicA gene and subsequently spread over the world. Growth experiments showed
that strains with sbtA performed better at low inorganic carbon (Ci) conditions, whereas strains
with bicA performed better at high Ci conditions. This offers an alternative explanation of
previous competition experiments, as our results reveal that the competition at low CO2 levels
was won by a specialist with only sbtA, whereas a generalist with both bicA and sbtA won at
high CO2 levels. Hence, genetic and phenotypic variation in Ci uptake systems provide
Microcystis with the potential for microevolutionary adaptation to changing CO2 conditions,
with a selective advantage for bicA-containing strains in a high-CO2 world.

Introduction
High nutrient loads can favor the development of dense cyanobacterial blooms (Chorus and
Bartram, 1999; Paerl, 2008; Brauer et al., 2012), which increase the turbidity of lakes, deplete
night-time oxygen concentrations, suppress the growth of submerged plants and thereby
impair important underwater habitat for aquatic invertebrates and fish species (Scheffer, 1998;
Gulati and Van Donk, 2002). Moreover, several bloom-forming cyanobacteria produce toxins,
causing serious and sometimes fatal liver, digestive and neurological diseases in birds and
mammals, including humans (Carmichael, 2001; Cox et al., 2003; Codd et al., 2005).
Cyanobacterial blooms are therefore a major threat to the use of lakes for drinking water,
irrigation, fishing and recreation (Chorus and Bartram, 1999; Falconer, 2005; Huisman et al.,
2005). Although recent studies warn that cyanobacterial blooms may benefit from global
warming (Jöhnk et al., 2008; Paerl and Huisman, 2008; Kosten et al., 2012; Michalak et al.,
2013), their possible response to rising CO2 levels remains less clear.
Eutrophic lakes vary widely in the availability of inorganic carbon (Ci). Many lakes
are supersaturated with CO2 due to degradation of organic matter, sometimes resulting in
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dissolved CO2 concentrations exceeding 10,000 ppm (Cole et al., 1994; Sobek et al., 2005;
Lazzarino et al., 2009). However, the photosynthetic activity of dense cyanobacterial blooms
can strongly deplete the dissolved CO2 concentration, resulting in severely undersaturated CO2
conditions (Ibelings and Maberly, 1998; Balmer and Downing, 2011; Gu et al., 2011). CO2
depletion by dense blooms raises the pH, sometimes even to pH>10.5 (Talling, 1976; Jeppesen
et al., 1990; López-Archilla et al., 2004; Verschoor et al., 2013), shifting the Ci balance towards
bicarbonate and carbonate.
Cyanobacteria have had a long evolutionary history, during which they have
developed highly efficient CO2-concentrating mechanisms (CCMs) that enable them to grow
well at a wide range of Ci conditions (Kaplan and Reinhold, 1999; Giordano et al., 2005;
Badger et al., 2006; Price et al., 2008; Raven et al., 2012). The CCMs of cyanobacteria are
structurally and phylogenetically different from those of most eukaryotic algae (Raven, 2010;
Wang et al., 2011b), and it has been argued that bloomforming cyanobacteria are particularly
adept to compete at the low CO2 and high-pH conditions typical of dense blooms (Shapiro,
1990). Furthermore, several bloom-forming cyanobacterial species are buoyant and can float
upwards, which provides an advantage in competition for light (Walsby et al., 1997; Huisman
et al., 2004; Jöhnk et al., 2008) and enables surface blooms to intercept the CO2 influx at the
airwater interface (Paerl and Ustach, 1982; Ibelings and Maberly, 1998).
So far, five different Ci uptake systems have been identified in cyanobacteria, two for
CO2 (Shibata et al., 2001) and three for bicarbonate (Omata et al., 1999; Shibata et al., 2002;
Price et al., 2004; Price, 2011). These uptake systems have different properties (Price et al.,
2004), and not all uptake systems are present in every cyanobacterium (Rae et al., 2011). The
CO2 uptake systems convert CO2, which has passively diffused into the cell, to bicarbonate in a
NADPH-dependent reaction involving NDH-I complexes with specific subunits (Price, 2011).
The NDH-I3 CO2 uptake system has a high substrate affinity (K0.5 = 1-2 mmol L-1 CO2) and
low flux rate (Maeda et al., 2002; Price et al., 2002). Conversely, the NDH-I4 CO2 uptake
system has a lower substrate affinity (K0.5 = 10-15 mmol L-1 CO2) but high flux rate (Maeda et
al., 2002; Price et al., 2002).
The three bicarbonate uptake systems are located in the plasma membrane (Price,
2011). The first, BicA, has a low substrate affinity (K0.5 = 70-350 mmol L-1 bicarbonate,
depending on the species) but a high flux rate (Price et al., 2004). The second bicarbonate
transporter, SbtA, has a high substrate affinity (K0.5 < 5 mmol L-1 bicarbonate) but low flux rate
(Price et al., 2004). Downstream of sbtA, another associated gene, sbtB, is often found. The
function of SbtB is still unknown, and it does not seem essential for SbtA activity (Price,
2011). Both SbtA and BicA are sodium-dependent bicarbonate transporters (Shibata et al.,
2002; Price et al., 2004), although the molecular details of their sodium co-transport have not
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yet been elucidated (Price and Howitt, 2011; Price et al., 2011b). The third bicarbonate
transporter, BCT1, has a high substrate affinity (K0.5 = 10-15 mmol L-1 bicarbonate) and low
flux rate (Omata et al., 2002). It consists of four subunits (CmpABCD) and is directly ATPdependent (Omata et al., 1999; Price et al., 2008).
In addition, cyanobacteria deploy a variety of CAs (Smith and Ferry, 2000; Badger et
al., 2006). This includes periplasmic CAs, such as EcaA (α-type CA) and EcaB (β-type CA),
which are thought to convert bicarbonate to CO2 in the periplasmic space between the outer
cell wall and plasma membrane to facilitate carbon transport into the cell (Soltes-Rak et al.,
1997; So et al., 1998). The carboxysomal CcaA (β-type CA) converts bicarbonate to CO2 in
the carboxysome, thus enhancing the CO2/O2 ratio near the key enzyme RuBisCO to facilitate
its CO2 fixation activity.
In this paper, we analyze the genetic diversity of CCM genes among 20 different
strains of the harmful cyanobacterium Microcystis aeruginosa (hereafter referred to as
Microcystis). Microcystis is a widespread genus that can produce the toxin microcystin (MC) and
develops dense blooms in many eutrophic lakes and brackish waters across the globe (Chen et
al., 2003; Orr et al., 2004; Verspagen et al., 2006; Tonk et al., 2007; Paerl and Huisman,
2008; Michalak et al., 2013). Our analysis reveals genetic diversity in the presence/absence of
the bicarbonate uptake genes bicA and sbtA among Microcystis strains. Moreover, we show that
strains with sbtA grow better at low Ci conditions, whereas strains with bicA grow better at high
Ci conditions. The presence of both genotypic and phenotypic variation in Ci uptake systems
indicates that rising CO2 levels may potentially affect the genetic composition of Microcystis
blooms.

Results
CCM genes of Microcystis
Analysis of the CCM genes of the 20 investigated Microcystis strains revealed substantial genetic
diversity in the sodium-dependent bicarbonate uptake genes bicA and sbtA (Table 2.1). In
total, eight strains contained both bicA and sbtA, one strain (NIVA-CYA 140) had a
transposon inserted in a complete bicA gene, ten strains contained a small fragment of bicA but
lacked a complete bicA gene and one strain (PCC 7806) lacked the sbtAB genes. Genes
encoding the two CO2 uptake systems NDH-I3 and NDH-I4, the ATP-dependent bicarbonate
uptake system BCT1 and the three CAs EcaA, EcaB and CcaA were detected in all 20 strains.
Strains NIES-843, PCC 9443, PCC 9807 and PCC 9809 contained an additional but
somewhat shorter copy of ccaA, called ccaA2, next to the original gene. We found βcarboxysomal structural genes in all 13 fully sequenced Microcystis strains; these were not
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further investigated by PCR in the additional seven Microcystis strains. There was no
relationship between the presence of Ci uptake genes and MC genes (Table 2.1).

Ci uptake systems

CcaA

EcaB

EcaA

BCT1a

BicAb

SbtAa

HCO3-

CO2
NDH-I4b

Strain origin

NDH-I3a

Cyanobacterium

Carbonic
anhydrases
α
β

MC genes

Table 2.1. The presence of several CCM genes in reference cyanobacteria and the investigated Microcystis strains.

Synechocystis PCC 6803
USA (California)
+
+
2
+
+
−
+
+
−
Synechococcus PCC 7002
PRI (Magueyes Island)
+
+
2
+
−
+
−
+
−
Synechococcus PCC 7942
USA (Texas)
+
+
−
+
+
+
−
+
−
Anabaena ATCC 29413
USA (Mississippi)
+
+
+, ≠
+
+
+
2
+
−
Microcystis CCAP 1450/10c GBR (Lake Blelham Tarn)
+
+
≠
+
+
+
+
+
+
Microcystis CCAP 1450/11c
JPN (Tokyo)
+
+
≠
+
+
+
+
+
−
Microcystis HUB 5-2-4c
DEU (Lake Pehlitzsee)
+
+
≠
+
+
+
+
+
+
Microcystis HUB 5-3c
DEU (Lake Pehlitzsee)
+
+
+
+
+
+
+
+
−
Microcystis NIES-843
JPN (Lake Kasumigaura)
+
+
≠
+
+
+
+
2
+
Microcystis NIVA-CYA 140c
CAN (Lake Bruno)
+
+
#
+
+
+
+
+
+
Microcystis PCC 7005
USA (Lake Mendota)
+
+
+
+
+
+
+
+
−
MicrocystisPCC 7806
NLD (Braakman)
+
+
+
−
+
+
+
+
+
Microcystis PCC 7941
CAN (Little Rideau Lake)
+
+
+
+
+
+
+
+
+
Microcystis PCC 9432
CAN (Little Rideau Lake)
+
+
+
+
+
+
+
+
−
CAF
Microcystis PCC 9443
+
+
≠
+
+
+
+
2
+
FRA (Guerlesquin dam)
Microcystis PCC 9701
+
+
≠
+
+
+
+
+
−
Microcystis PCC 9717
FRA (Rochereau dam)
+
+
≠
+
+
+
+
+
−
Microcystis PCC 9806
USA (Oshkosh)
+
+
+
+
+
+
+
+
−
Microcystis PCC 9807
ZAF (Hartbeespoort dam)
+
+
+
+
+
+
+
2
+
AUS (Malpas dam)
Microcystis PCC 9808
+
+
≠
+
+
+
+
+
+
USA (Lake Michigan)
Microcystis PCC 9809
+
+
+
+
+
+
+
2
+
Microcystis T1-4
THA (Bangkok)
+
+
≠
+
+
+
+
+
−
Microcystis V145c
NLD (Lake Volkerak)
+
+
+
+
+
+
+
+
−
Microcystis V163c
NLD (Lake Volkerak)
+
+
≠
+
+
+
+
+
+
+, the gene is present, −, the gene is absent, ≠, only a small fragment of the gene is present; #, the gene is complete but
disrupted by a transposon; 2, the genome contains two copies of the gene. The origins of the strains are indicated with
three-letter codes of the different countries (ISO 3166-1 α-3). The presence of CCM genes is based on high similarity
with the reference genes in Synechocystis PCC 6803 or Synechococcus PCC 7942. The presence of microcystin (MC)
genes indicates potentially toxic strains.
a

Ci uptake system with a high substrate affinity and low flux rate.

b

Ci uptake system with a low substrate affinity and high flux rate.

c

For these strains, results are based on PCR product detection with primers for the concerned gene; PCR products of

bicA and sbtA of these Microcystis strains were sequenced.
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Variation in sodium-dependent bicarbonate uptake genes
Whenever present, bicA and sbtA were located in the same genomic region and were flanked by
two genes encoding a LysR-type transcriptional regulator and a sodium/proton antiporter
NhaS3, which most likely removes sodium imported by the sodium-dependent bicarbonate
uptake systems. We distinguished three genotypes (Figure 2.1): genotype I contains bicA
without sbtAB, genotype II contains sbtAB without (complete) bicA and genotype III contains
both bicA and sbtAB. The three genotypes were further subdivided depending on differences in
intergenic sequences and the presence of bicA fragments or transposons. Strain PCC 9443 was
not included in Figure 2.1, because part of its sequence data between the bicA fragment and
sbtA are missing but most likely this strain has genotype IIB or IIC.
Transcript analysis showed that bicA, sbtAB and the sodium/proton antiporter gene
nhaS3 were co-transcribed (see Supplementary Information), which indicates that they are
probably located on the same operon. The upstream LysR-type transcriptional regulator gene
(in reverse orientation) has thus far not been described for other cyanobacteria but appeared to
be very similar to ccmR, which encodes for the transcriptional regulator of another CCM gene
domain with the high-affinity CO2 uptake genes. Therefore, we have called it ccmR2 and it is
anticipated to regulate the transcription of the bicA-sbtAB-nhaS3 operon. An amino acid
alignment revealed high similarities between the different CcmR-like transcriptional regulators
in Microcystis (see Supplementary Information for details). There was some variation in CcmR2
between different strains, especially at the C-terminus. However, we did not find a relation
between the Ci uptake genotypes and the sequence of CcmR2.

Phylogenetic analysis of bicA and sbtAB
Phylogenetic trees were constructed on the basis of the DNA sequences of bicA and sbtAB
(Figure 2.1). The strains showed more variation in sbtAB than in bicA. Clustering of the strains
in the phylogenetic tree of sbtAB was largely based on the presence or absence of bicA. An
exception was HUB 5-2-4, which lacked bicA but clustered with the strains containing both
sbtAB and bicA. In addition, strain PCC 9806 and three strains from Africa and Australia
formed outgroups. Strains that were toxic or isolated from proximate locations did not group
together in the phylogenetic trees. Yet, there seems to be some large-scale biogeographical
pattern, as all the six North-American strains contained both sbtAB and bicA (but with a
transposon insert in bicA of NIVA-CYA 140), whereas all the three Asian strains lacked a
complete bicA. Strains from Europe included both genotypes.
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Figure 2.1. Variation of the sodium-dependent bicarbonate uptake genomic region in different Microcystis strains.
The genomic regions contain the sodium-dependent bicarbonate uptake genes (bicA and sbtAB) and adjacent genes
encoding a transcriptional regulator (ccmR2) and a sodium/proton antiporter (nhaS3). Several strains lack a complete
bicA but have a bicA fragment consisting of two parts of the 50-end of bicA (indicated in the bottom panel). NIVACYA 140 has a defective bicA gene caused by a transposon insertion (ISMae4). CCAP 1450/10 and 1450/11 have a
transposon insert (IS605) next to a bicA fragment. Adjacent genes upstream of ccmR2 are CP12 (Calvin–Benson cycle
protein) or ftsH (cell division factor). Adjacent genes downstream of nhaS3 include a gene encoding a N6amt1 (N6adenine-specific DNA methyltransferase type I) protein, a gene encoding a 2-hydroxy-6-oxohepta-2,4-dienoate
hydrolase and hypothetical genes. The IPF numbers are the locus tags of PCC 7806, and the MAE numbers are the
locus tags of NIES-843. The size marker indicates 1 kb.
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Figure 2.2. Phylogenetic trees of the sodium-dependent bicarbonate uptake genes of Microcystis. (A) Phylogenetic
tree based on the bicA sequences. The outgroup cyanobacteria are Anabaena variabilis ATCC 29413 and Synechococcus
PCC 7002, which both have complete bicA. (B) Phylogenetic tree based on the sbtAB sequences. The outgroup
cyanobacteria are Anabaena variabilis ATCC 29413 and Synechocystis PCC 6803, which both have complete sbtAB.
Color coding indicates the presence of bicA and sbtAB in the different Microcystis strains. The origin of the strains is
shown with three-letter codes indicating the different countries (ISO 3166-1 α-3). The NIVA-CYA 140 bicA sequence
consists of the two parts originally separated by a transposon insert (Figure 2.1). Bootstrap values (1,000 replicates) are
shown for confidence levels higher than 50%. The scale bars indicate the number of nucleotide substitutions per site.
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Growth experiments
In the growth experiments, higher CO2 levels in the gas flow yielded higher concentrations of
dissolved CO2 (Figure 2.3A), higher bicarbonate concentrations (Figure 2.3B) and a lower pH
(Figure 2.3C) in the mineral medium. The addition of CAPSO buffer increased the alkalinity,
which resulted in a higher bicarbonate concentration and in a higher pH at 400 and 10,000
ppm CO2. The specific growth rate of strain PCC 7806, which contained bicA but lacked sbtA,
was significantly reduced at the lowest CO2 level of 20 ppm, especially in the absence of the
CAPSO buffer (Figure 2.4A; Table S2.3, Supplementary Information). Addition of CAPSO
buffer at 20 ppm CO2 increased the bicarbonate concentration and significantly improved the
growth rate of PCC 7806, although it
remained below the growth rates at 400
and 10,000 ppm CO2. The PCC 7806
ΔmcyB mutant responded similarly as the
wild type, indicating that MC production
had little or no effect on the CO2
response in this study (Figure 2.4B).
Strain PCC 7005, which contained both
bicA and sbtA, maintained a high growth
rate irrespective of the applied CO2 level
and CAPSO buffer (Figure 2.4C). The
growth rate of strain NIES-843, which
contained sbtA but lacked a complete
bicA gene, was significantly reduced at
the highest CO2 level of 10,000 ppm,
especially in the absence of CAPSO
buffer (Figure 2.4D). Addition of
CAPSO buffer at 10,000 ppm CO2
significantly improved the growth rate of
NIES-843, although it remained below
the growth rates at 20 and 400 ppm
CO2.
Figure 2.3. Dissolved Ci and pH in the growth experiments. (A) Dissolved CO2 concentration, (B) bicarbonate
concentration and (C) pH in growth experiments with strain PCC 7005 in sixwell microplates after 1 day of
incubation. Dissolved CO2 and bicarbonate concentrations were calculated from measurements of pH and DIC in the
combined supernatant of three biological replicates. Error bars in (A) and (B) represent the standard deviation on the
basis of 3-5 repeated measurements in the combined supernatant.
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Figure 2.4. Specific growth rates of Microcystis strains representative of the three different Ci genotypes at different
CO2 levels. (A) Strain PCC 7806, which contains only bicA, (B) the mutant strain PCC 7806 ΔmcyB, which contains
only bicA and lacks MC production, (C) strain PCC 7005, which contains both bicA and sbtA and (D) strain NIES843, which contains only sbtA. Error bars indicate the standard deviation of 3-6 biological replicates. For each strain,
bars with different letters indicate significant differences in growth rate, as tested by a two-way analysis of variance with
post hoc comparison of the means (see Supplementary Information for details).
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Discussion
CCM genes of Microcystis
Our results show genetic diversity among the Ci uptake systems of Microcystis. In particular, the
presence of the sodium-dependent bicarbonate uptake genes bicA and sbtA varied among the
strains, which confirms an earlier suggestion that Microcystis strains might differ in their
bicarbonate uptake systems (Bañares-España et al., 2006). We found eight strains with both
bicA and sbtA, eleven strains with a small fragment or a defected bicA but the complete sbtA,
whereas one strain had a complete bicA but lacked sbtA.
On the basis of the available sequencing data, other cyanobacterial species containing
both bicA and sbtA seem to have these genes located in different genomic regions. However,
Microcystis showed a common genome domain for bicA, sbtA, sbtB and the sodium/proton
antiporter gene nhaS3 (Figure 2.1). Transcript analysis revealed that these genes were cotranscribed (see Supplementary Information). Hence, to our knowledge, Microcystis is the first
example of a cyanobacterium in which bicA and sbtA are located on the same operon. The
presence of a sodium/proton antiporter gene on the same operon strengthens the hypothesis
(Shibata et al., 2002; Price et al., 2004) that bicarbonate transport by BicA and SbtA is
sodium-dependent. The presence of an upstream LysR-type transcriptional regulator gene,
ccmR2, makes it likely that transcription of the bicA-sbtAB-nhaS3 operon is strongly regulated
and dependent on environmental conditions.
Genes encoding the two CO2 uptake systems, NDH-I3 and NDH-I4, were present in
all 20 investigated Microcystis strains. Hence, our results support earlier suggestions (Price et al.,
2008; Rae et al., 2011) that both CO2 uptake systems are widespread among freshwater
cyanobacteria. Similarly, all 20 Microcystis strains contained the cmpABCD genes encoding the
bicarbonate uptake system BCT1. We did not find genes with homology to the transcriptional
regulator gene cmpR of Synechocystis and Synechococcus in any of the 20 Microcystis strains (see
Supplementary Information). Most likely, however, the expression of the cmpABCD operon
and the high-affinity CO2 operon are strongly regulated, as we detected potential LysR
transcriptional regulator binding sites near the most likely -10 TSS of both operons, and found
the LysR transcriptional regulator gene ccmR upstream of the high-affinity CO2 operon.
It has been suggested that the two periplasmic CAs, EcaA and EcaB, are not
widespread among cyanobacteria (Badger et al., 2006) and do not have an essential role in the
CCM of cyanobacteria (So et al., 1998). However, we found both periplasmic CA genes in all
20 Microcystis strains. Similarly, Wu et al. (2011b) detected transcripts of both ecaA and ecaB
in all their eight Microcystis strains from Chinese lakes. Hence, at least in Microcystis, these
periplasmic CAs are very common.
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The carboxysomal CA, CcaA contributes to the delivery of CO2 to RuBisCO and
hence has an important role in the CCM of cyanobacteria (So et al., 1998). Indeed, ccaA was
present in all our 20 strains as well as the eight Microcystis strains investigated by Wu et al.
(2011b). Only four of our 20 strains contained both ccaA and ccaA2. The amino-acid sequence
of CcaA2 is slightly shorter than CcaA, and the two different isoforms might enable cells to
modify their CO2 fixation efficiency (Long et al., 2007), although further confirmation of this
hypothesis is warranted.

2

Phylogenetic analysis of bicA and sbtAB
European and Asian strains with a complete sbtAB but only a bicA fragment clustered together
in the phylogenetic tree of sbtAB (Figure 2.2). It is therefore likely that their ancestors first lost
a large part of bicA and subsequently spread over the world. Other evidence for a common bicA
history is that the detected small bicA fragments were very similar in these Eurasian strains, the
African strain PCC 9443 and the Australian strain PCC 9808. The bicA fragments consisted of
two short sequences at the 5’-end part of bicA (inset in Figure 1), whereas the area missing in
between has the HIP1 sequences (5’-CGATCG-3’) at the outer ends, which have been
associated with early gene deletion events (Robinson et al., 1995, 1997). One exception was
HUB 5-2-4, which contained the same bicA fragment but clustered together in the sbtAB tree
with strains that had complete bicA. Both the sbtAB and nhaS3 genes of HUB 5-2-4 were very
similar to PCC 9432. Possibly HUB 5-2-4 acquired these two genes from a recombination
event with PCC 9432 or closely related strain, because other gene sequences (cpcBA, ccmR2) of
HUB 5-2-4 and PCC 9432 were less similar.
At first sight, clustering in the phylogenetic trees shows little relationship with the
geographical locations from which the strains were collected (Figure 2.2). This is in agreement
with Janse et al. (2004) and Van Gremberghe et al. (2011), who did not find a relationship
between the rDNA internal-transcribed spacer sequences of Microcystis strains and their
geographical location, suggesting global dispersal of Microcystis strains. However, our six
North-American strains contained both sbtAB and bicA (with a transposon insert in bicA of
NIVA-CYA 140), the three Asian strains lacked complete bicA, strains from Europe included
both genotypes and the three strains from Africa and Australia formed outgroups in the sbtAB
tree. Further studies will be required to verify and explain such possible biogeographical
differences.

Growth under different Ci conditions
Our growth experiments support earlier evidence that the sodium-dependent bicarbonate
uptake systems BicA and SbtA can have a major impact on cyanobacterial growth (Shibata et
39

Chapter 2
al., 2002; Xu et al., 2008). Strains PCC 7005 and NIES-843 both contained the high-affinity
but low-flux bicarbonate uptake system SbtA. They grew well at 20 ppm CO2, presumably
because SbtA enabled them to make use of low bicarbonate availability. In contrast, strain PCC
7806 lacked SbtA and was unable to reach a positive growth rate at 20 ppm CO2 in the
absence of CAPSO. Addition of CAPSO buffer at 20 ppm CO2 increased the bicarbonate
concentration (Figure 2.3B) and thereby enhanced the growth rate of PCC 7806.
Strain PCC 7806 did contain the ATP-dependent bicarbonate uptake system BCT1,
which has a high affinity for bicarbonate. Apparently, the presence of BCT1 could not
compensate for the lack of SbtA. This supports the view, based on mutants without a
functional BCT1, that BCT1 most likely has a minor role in Ci uptake (Shibata et al., 2002).
However, an alternative explanation might be that the relatively high sodium concentration in
our growth experiments may have favored the sodium-dependent bicarbonate transporters
relative to BCT1. As Microcystis occur in both freshwater and brackish environments (Tonk et
al., 2007), it would be interesting to further investigate the role of sodium in the bicarbonate
uptake of Microcystis in detail.
Strains PCC 7806 and PCC 7005 both contained the low-affinity but high-flux
bicarbonate uptake system BicA. They grew equally well at 400 and 10,000 ppm CO2, despite
the differences in pH generated by the two applied CO2 concentrations. BicA most likely
enabled them to profit from the high bicarbonate concentrations. In contrast, strain NIES-843
lacked BicA and showed impaired growth at 10,000 ppm CO2. Possibly, this very high CO2
level reduced its sbtA expression, which may have negative effects on growth when bicA is
lacking. It might also be that the high CO2 level reduced the pH to such an extent (Figure
2.3C) that the growth rate of NIES-843 was negatively affected, because some Microcystis
strains are sensitive to pH<8 (Wang et al., 2011a). Addition of CAPSO buffer raised the pH
and improved the growth of NIES-843 at 10,000 ppm CO2.
Our results show that Microcystis strains that produce both BicA and SbtA, such as
strain PCC 7005, are most versatile in their growth response to different Ci conditions. Hence,
why would several strains have lost bicA while some others lack sbtA? Possibly, the production
of two partially redundant bicarbonate transporters is relatively costly, giving a selective
disadvantage when only one of the two transporters is needed. If so, Ci uptake generalists (with
both bicA and sbtA) are expected to lose the competition against high-affinity specialists (only
sbtA) at low Ci conditions and against high-flux specialists (only bicA) at high Ci conditions.

Microcystis blooms and rising CO2
Interestingly, our results reveal that Microcystis blooms may consist of mixtures of strains with
different Ci uptake systems. Strains V145 and V163 were isolated from the same Microcystis
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bloom in Lake Volkerak, the Netherlands (Kardinaal et al., 2007). However, although strain
V145 contained all five Ci uptake systems, strain V163 lacked a complete bicA (Table 2.1).
Similarly, strains HUB 5-2-4 and HUB 5-3 were isolated from the same Microcystis bloom in
Lake Pehlitzsee, Germany (Schwabe et al., 1988), but strain HUB 5-3 contained all five Ci
uptake systems, whereas strain HUB 5-2-4 lacked bicA.
Genetic variation in Ci uptake systems may offer an important template for natural
selection. During the development of cyanobacterial blooms, the amount of Ci available per
cell is often gradually reduced, which may ultimately result in severely Ci-depleted conditions
with a high pH (Ibelings and Maberly, 1998; Balmer and Downing, 2011). This might shift
the selective advantage towards strains with sbtA, which perform better at low Ci conditions
than strains lacking sbtA (Figure 2.4). Similarly, the evolutionary loss of bicA in several
Microcystis strains might be explained by natural selection during periods of low Ci availability.
Conversely, rising atmospheric CO2 concentrations may enhance the Ci availability in lakes,
alleviating cyanobacterial blooms from carbon limitation (Schippers et al., 2004). This would
disfavor high-affinity Ci uptake systems (Collins et al., 2006), whereas strains with bicA will
have a selective advantage in a high-CO2 world.
These hypotheses are at least partially confirmed by the recent competition
experiments of Van de Waal et al. (2011) highlighted by Wilhelm and Boyer (2011). They
found that the toxic Microcystis strain NIVA-CYA 140 displaced the non-toxic strain NIVACYA 43 (=PCC 7005) at low CO2 conditions, whereas the outcome of competition was
reversed at high CO2 conditions. On the basis of additional experiments with Microcystis PCC
7806 and its non-MC-producing mutant, Van de Waal et al. (2011) explained their results by
differences in MC production between the strains, implicating that MCs might have a role in
carbon assimilation (see also Zilliges et al., 2011). However, in our study, we did not find an
association between Ci uptake genotypes and MC genes. Furthermore, we did not find
differences in CO2 response between the MC-producing wild-type PCC 7806 and its nonMC-producing mutant. Instead, our findings suggest that the results of Van de Waal et al.
(2011) can be more parsimoniously explained as a shift in competitive dominance from a highaffinity specialist with only sbtA (NIVA-CYA 140) at low CO2 levels to a Ci uptake generalist
with bicA and sbtA (PCC 7005) at high CO2 levels.
Some words of caution are in place for the extrapolation of these laboratory results to
natural field conditions. Our laboratory experiments and the competition studies of Van de
Waal et al. (2011) were designed to investigate effects of different Ci conditions. We used
relatively low light levels, whereas in reality Microcystis often performs vertical migrations
during blooms, experiencing light conditions ranging from near-zero light levels deeper down
in the water column to high light levels of 1,500–2,000 mmol photons m-2 s-1 at the water
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surface (Visser et al., 1997; Wallace et al., 2000). Furthermore, in the real world,
bloomforming cyanobacteria compete not only with each other but also with numerous
eukaryotic algal species, and their competitive success depends on a multitude of
environmental factors including nutrient and light availability, temperature, turbulence,
residence time, grazing and viruses (Dokulil and Teubner, 2000; Huisman et al., 2005; Jöhnk
et al., 2008; Paerl, 2008). Yet, bloom-forming cyanobacteria do experience extensive variation
in environmental Ci concentrations, including strong CO2 depletion during dense blooms. The
presence of genetic and phenotypic variation in Ci uptake systems of Microcystis is therefore
likely to be of ecological relevance. Hence, our laboratory results clearly call for field studies
investigating changes in gene expression and genotype composition of the Ci uptake systems
during cyanobacterial bloom development.
In conclusion, we found genetic variation in the Ci uptake systems of Microcystis that
was reflected by phenotypic variation in CO2 response and that explained the selection of
strains with different Ci uptake strategies at different CO2 levels. These laboratory results
indicate that rising atmospheric CO2 levels may in potential induce changes in the genotype
composition of Microcystis, one of the major bloom-forming cyanobacteria threatening the
water quality of many lakes and estuaries worldwide. Future field studies may wish to
investigate whether and to what extent this potential for microevolutionary change is realized.

Materials and Methods
Genome sequences
We investigated the CCM genes of 20 strains of M. aeruginosa (Kützing) (sensu Otsuka et al.,
2001). Our analysis comprised twelve strains for which the full genome was sequenced in
previous studies, including Microcystis NIES-843 (Kaneko et al., 2007), Microcystis PCC 7806
(Frangeul et al., 2008) and ten Microcystis strains recently sequenced by Humbert et al. (2013).
In addition, we sequenced the entire genome of Microcystis PCC 7005 with the
Illumina GAIIx platform (Baseclear, Leiden, the Netherlands). Paired-end sequencing was used
with an insert size of 250 bp and a read length of 2x50 bp. This resulted in 27,800,092 reads,
of which 94% was assembled with CLC bio’s software version 4.7.2 into 1363 contigs with a
total length of 4.9 Mb. The large number of contigs is due to many repeats and transposons,
which are far more abundant in Microcystis than in most other cyanobacteria (Lin et al., 2011).
This whole-genome shotgun sequencing project has been deposited at GenBank under the
accession AQPY00000000. The version described in this paper is the first version,
AQPY01000000.
We applied Blast (Altschul et al., 1990) to search for CCM genes in the twelve
previously sequenced Microcystis strains, using CCM gene sequences of Synechocystis PCC 6803
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and Synechococcus PCC 7942 as reference. The genomic sequence data of strain PCC 7005 was
investigated manually, using the CCM gene sequences of the other Microcystis strains as
reference.

PCR analysis of additional strains
To enlarge our data set, we developed a series of PCR primers on the basis of the available
genome sequences, to investigate the presence of specific CCM genes in seven additional
Microcystis strains (CCAP 1450/10, CCAP 1450/11, HUB 5-2-4, HUB 5-3, NIVA-CYA 140,
V145 and V163). The strains were maintained in our culture collection, using Erlenmeyer
flasks incubated at 20°C in BG11 medium (Rippka et al., 1979) at ambient CO2 and
continuous light (~3 mmol photons m-2 s-1). Samples for DNA isolation were pelleted by
centrifugation (8,000 g, 10 min at 20°C). After five freezethawing cycles in liquid N2 and at
65°C, the DNeasy Blood & Tissue kit (Qiagen GmbH, Hilden, Germany) was used to isolate
total DNA according to the instructions for Gram-negative bacteria provided by the supplier.
PCR reactions to detect the presence of CCM genes were performed with the GoTaq®
DNA polymerase kit (Promega GmbH, Mannheim, Germany) according to the instructions of
the supplier. The sequences of the new primers are listed in the Supplementary Information.
The annealing temperature was 56°C. Gel electrophoresis with ethidium bromide staining was
used to analyze the PCR products. Selected PCR products of the sodium-dependent
bicarbonate transporter genomic region in the seven Microcystis strains were sequenced by long
run Quick Shot sequencing on an Applied Biosystems 3730XL sequencer (Baseclear). The
sequence data were manually checked with the software program Chromas Lite, and
overlapping sequences were combined. Most parts were sequenced in both directions. The
sequences have been deposited in Genbank and are available under the following accession
numbers: KC896021-KC896027.

Comparison of sequence data
The CCM gene sequences of the 20 investigated Microcystis strains were aligned with ClustalW
version 2.1 (Thompson et al., 1994) to investigate variation in transcription and translation
potential as well as phylogenetic relationships among the different genotypes. Possible LysR
transcriptional regulator binding sites were defined as TNA-N7/8-TNA (Shively et al., 1998;
Woodger et al., 2007; Nishimura et al., 2008). The most likely -10 transcriptional start site was
based on Synechocystis PCC 6803 data, most commonly 5’-TAAAAT-3’ (Mitschke et al.,
2011). Maximum likelihood phylogenetic trees of bicA and sbtAB were constructed with the
software program MEGA version 5.05 (Tamura et al., 2011) using 1,000 bootstrap replicates.
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Growth experiments
We investigated the specific growth rates of axenic strains of Microcystis NIES-843, PCC 7005
and PCC 7806, which represented three contrasting Ci uptake genotypes, in different Ci
environments. A mutant of PCC 7806, incapable of MC production (PCC 7806 ΔmcyB;
Dittmann et al., 1997), was also tested to investigate possible effects of MC production. The
experimental treatments comprised three different CO2 levels in the gas flow (20±1, 400±20
and 10,000±400 ppm), with or without the addition of an alkaline buffer solution (5 mM
CAPSO-NaOH, pH 10.0) to the mineral medium. Each treatment was replicated six times.
The growth experiments were performed in 24-well microplates (Corning
Incorporated, New York, NY, USA) placed in three sterilized 1.7 L glass incubation chambers,
which in turn were placed in a large Orbital incubator (Gallenkamp, Leicester, UK) that was
maintained at 25°C and provided 120 rpm shaking and light from TL-D 30W/33-640 white
fluorescent tubes (Philips, Eindhoven, the Netherlands). The photon flux density at the wells,
measured with an LI-250 light meter (LI-COR Biosciences, Lincoln, NE, USA), was 14-16
mmol photons m-2 s-1. The mineral medium was a modified BG11 medium (Rippka et al.,
1979) with 5 mmol L-1 NaNO3 and 5 mmol L-1 NaCl, but without addition of NaHCO3 or
Na2CO3 (‘BG11*’). The glass incubation chambers were provided with CO2-enriched air at a
flow rate of 25 L h-1. The CO2-enriched air was based on CO2-depleted pressurized air (21%
O2, 78% N2; CO2 was removed by two 1 m high columns filled with NaOH pellets) to which
different amounts of pure CO2 gas were added, using the GT 1355R-2-15-A 316 SS Flow
Controllers and 5850S Mass Flow Controllers (Brooks Instrument, Hatfield, PA, USA). The
gas mixture was moistened with 25°C water to suppress evaporation from the wells and led
through a 0.20 mm Midisart 2000 filter (Sartorius Stedim Biotech GmbH, Göttingen,
Germany) to sterilize the air, before it entered the incubation chambers. The CO2
concentration in the gas mixture was checked regularly with an Environmental Gas Monitor
for CO2 (EGM-4; PP Systems, Amesbury, MA, USA).
At the start of the experiments, exponentially growing pre-cultures were diluted with
BG11* to a similar absorbance at 750 nm of A750≈0.015. The strains were randomized over the
microplates to minimize position effects. The total start volume per well was 2,200 μL.
Samples of 100 μL were taken from the wells on an almost daily basis for at least 1 week and
transferred in a sterile fume hood to 96-well microplates (Corning Incorporated) to measure
the A750 with a tunable Versamax microplate reader (Molecular Devices, Sunnyvale, CA, USA).
A few wells close to the gas inlet of the incubation chambers showed substantial evaporation
and were excluded from the data analyses. Specific growth rates were calculated from 3-5 time
points during the exponential growth phase, as the slope obtained by linear regression of the
natural logarithm of A750 versus time.
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We ran an additional experiment with larger sixwell microplates (Corning
Incorporated), using the same experimental conditions, to gather sufficient sampling volume to
characterize the Ci conditions induced by the treatments. We used three wells per treatment.
The wells were inoculated with one representative strain, Microcystis PCC 7005, at A750≈0.015,
and sampled one day after inoculation. The pH in the wells was measured with a Lab 860pH
meter in combination with a BlueLine 28 Gel pH electrode (SCHOTT Instruments GmbH,
Mainz, Germany). The well contents of the three biological replicates were combined,
centrifuged at 4,000 g for 10 min at 20°C and filtered over 0.45 mm membrane filters
(Whatman, Maidstone, UK) to determine the DIC concentration with a TOC-VCPH
analyzer (Shimadzu, Kyoto, Japan) using 3-5 technical replicates per analysis. Concentrations
of dissolved CO2 (aq), bicarbonate and carbonate were calculated from DIC and pH (Stumm
and Morgan, 1996).
Growth data of each Microcystis strain were analyzed with a two-way analysis of
variance to test whether the specific growth rates were affected by the CO2 level in the gas flow
and the alkaline buffer in the mineral medium. We used Type III Sum of Squares to account
for unequal sample sizes and the presence of significant interaction terms. Post hoc comparisons
of the means were based on Tukey’s unequal N HSD test, using a significance level α of 0.001.
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Supplementary Information
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This section contains the following data:
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Alignment of LysR-type transcriptional regulators

III.

Analysis of operon structure and transcription of CCM genes

IV.

Statistical analysis of growth experiments
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I. Primers developed in this study
Table S2.1. Overview of the Microcystis primers developed in this study for PCR analyses.
Primer name
(primer number)

Sequence (5’ 3’)

Gene
symbol

Function of
complete protein/

Accession
Locus tag

no.

Reference

(Genbank)

complex

ccmR2-F1 (1)

TTTTCTCGACCATGGCATCAC

LysR-family

This study

ccmR2-R1 (2)

TCCTTGGGATAAACCACATACCA

transcriptional

This study

ccmR2
ccmR2-R2 (3)

CAGTTGTTTCATCTGGGTGGA

bicA-F1 (4)

CTGGCTTTATGTCTGGGATCG

regulator of
sodium-dependent

MAE_62070

AP009552.1

This study

bicarbonate uptake
operon

bicA-F2 (5)

ATTGCCCTAAAAGTGGGGAT

bicA-F3 (6)

CTGGCTTTATGTCNGGGATYG

bicA-R1 (7)

CGATCCCAGACATAAAGCCAG

bicA-R2 (8)

ATCCCCACTTTTAGGGCAAT

This study

bicA

bicarbonate/

bicA-R3 (9)
bicAfrag-F4 (10)

CGTTTCTCTCCCTCTAGCTCTC

bicAfrag-R4 (11)

TCGGGATTTTTGGCGGTTAAAC

bicAfrag-F5 (12)

CTTGACGCTGTCCAAAGTTCTG

sbtA-F1 (13)

GATCATCGTCTTCATGCTGCT

sbtA-F2 (14)

TTCGGTCTCGGCATGATTG

High-affinity
bicarbonate/

sbtA-F3 (15)
sbtA-R1 (16)

AGCAGCATGAAGACGATGATC

sbtA-R2 (17)

AATCATGCCGAGACCGAAG

sbtB-F1 (18)

AAGCTCGTCATCGTCACAGAA

sbtB-R1 (19)

ACGTTGCGACTGCCTTTAC

nhaS3-R1 (20)

CTTCGAGGTAATACCGATACTGGT

MIC_4911

AM778949.1

sodium symporter

ATCCCCACYTTDAGGGCAAT

CAACACTGGCCTTTTTGATTGG

This study

Low-affinity

This study
This study
This study
This study

bicA +

Low-affinity
bicA
MAE_62080 AP009552.1
bicarbonate/
fragsodium symporter
ment

This study
This study
This study
This study

sbtA

This study
MAE_62090

AP009552.1

sodium symporter

This study
This study
This study

sbtB

nhaS3

cmpA-F1 (21)

CGGTAGCGTTTCCTATCCCT

cmpA-R1 (22)

TCCAAAGATCCTCGCGGTTA

cmpB-F1 (23)

CTCGATCGCTTTATGGCTTGG

cmpB

cmpC-R1 (24)

ACCGTTACGAGTCATAGTCAGG

cmpC

cmpD-R1 (25)

GTGGGTAATCATCAACACCGTAC

cmpD

ccmR-F1 (26)

CCTACCGTCTCAACCCAAGT

cmpA

Linked with SbtA,
function unknown
Sodium/proton
antiporter
High-affinity
ATP-dependent
bicarbonate uptake
system

This study

MAE_62100

AP009552.1

MAE_62110

AP009552.1

MAE_19990

AP009552.1

MAE_20000

AP009552.1

This study

MAE_20010

AP009552.1

This study

MAE_20020

AP009552.1

This study

MAE_15110

AP009552.1

This study
This study
This study
This study

LysR-family
ccmR
ccmR-R1 (27)
ndhF3-F1 (28)

CTGGGAGTGGCTTTTCTCTTG
AGGTCGTTGGCAAAGAAATCTTG

regulator of the
high-affinity CO2

ACAGTAATTCCTGACCCGCTT

ndhF3-R1 (29)

This study

transcriptional

This study

uptake operon
ndhF3

High-affinity CO2
uptake system

MAE_15120

AP009552.1

This study
This study
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Table S2.1 continued.
ecaB-F1 (30)

TCAATACCTCTCGTCGCCAA

ecaB-R1 (31)

CCTGGTCTGGGTTCAATCCT

ndhD3-F1 (32)

TCCATACTTGGCTACCGGAT

ndhD3-R1 (33)

TGCAGACCAAAGCGAACTAAG

chpY-F1 (34)

ATATCGCCAAAATGCCGACC

chpY-R1 (35)

GACATCATCCGCACCTGTTC

chpX-F1 (36)

TCGAGGTAGTGGGTATCCTG

chpX-R1 (37)

GTGGTAGTTAAAGGGTAAGGTGC

ndhD4-F1 (38)

ATACTGATTGCCTACACGCCT

ndhD4-R1 (39)

CCCGTGATTGGTAAACCTCTTTC

ndhF4-F1 (40)

CAGTCTCTTGGCCCAAATCTATG

ndhF4-R1 (41)

GTGAGAATTAAGGCTCCTGCG

ecaA-F1 (42)

CCCAAGAACCTTCTCCTGAAATG

ecaA-F1 (43)

GCCAATTGTTGCAGTTGTTGG

ccaA1-F1 (44)

ACTCCTGCGGTTAATACTGTGG

ccaA1-R1 (45)

GATAAATGCGATCAGCTTGGGAG

ccaA2-F1 (46)

ATTCGTTCCCGATTACATCAAGG

ccaA2-R1 (47)

AAGTTGCTCAACGGGATCG

ccmM-F1 (48)

AAGTCCACACCTTCTCTAACCTC

ccmM-R1 (49)

CTGTCGTCGCCAATGTGAA

rpoC1-F1 (50)

TCCTCAGCGAAGATCAATGGT

rpoC1-R1 (51)

GTCTTTCCGCTTCTTCTTCCAG

mcyB-F1 (52)

ATCCCATGCTCAGAGACGTT

mcyB-R1 (53)

AGATGTCCGCAGGGATTCAT

mcyE-F1 (54)

CGCTCAACCGGCTATATTCG

mcyE-R1 (55)

TCCTGCGATACAAGCTGCTA

ecaB
ndhD3
chpY
chpX
ndhD4
ndhF4
ecaA
ccaA1
ccaA2
ccmM
rpoC1
mcyB
mcyE

β-type carbonic
anhydrase
High-affinity CO2
uptake system
High-affinity CO2
uptake system
Low-affinity CO2
uptake system
Low-affinity CO2
uptake system
Low-affinity CO2
uptake system
α-type carbonic
anhydrase
Carboxysome
carbonic anhydrase
Carboxysome
carbonic anhydrase
Carboxysome
structural protein
RNA polymerase
(γ subunit)
Microcystin
synthetase gene
Microcystin
synthetase gene

MAE_15130

AP009552.1

MAE_15140

AP009552.1

MAE_15160

AP009552.1

MAE_35770

AP009552.1

MAE_58400

AP009552.1

MAE_27290

AP009552.1

MAE_14310

AP009552.1

MAE_36580

AP009552.1

MAE_36560

AP009552.1

MAE_47910

AP009552.1

MAE_11110

AP009552.1

MAE_38560

AP009552.1

MAE_38610

AP009552.1

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Figure S2.1. Graphical overview of the primers developed in this study for PCR-based detection of the ccmR2, bicA,
sbtAB and nhaS3 genes of Microcystis. The primers are numbered, and the corresponding primer sequences are
enlisted in Table S2.1, Supplementary Information.
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II. Alignment of LysR-type transcriptional regulators
We found three CcmR-like LysR transcriptional regulators in Microcystis:
1. The LysR transcriptional regulator gene ccmR has also been found in several other
cyanobacteria (e.g., Woodger et al., 2007). In Microcystis, CcmR most likely regulates
the high-affinity CO2 operon (see section III of the Supplementary Information for
the operon structure).
2.

3.

The additional LysR-type transcriptional regulator, CcmR2, most likely regulates
transcription of the sodium-dependent bicarbonate uptake genes located in the bicAsbtAB-nhaS3 operon of Microcystis.
A third LysR-type transcriptional regulator, CbbR, most likely regulates expression of

the RubisCO and Calvin-Benson cycle genes.
All 20 Microcystis strains that we investigated lacked the CmpR transcriptional regulator of the
cmpABCD operon (encoding BCT1), although this regulator is known from several other
cyanobacteria (e.g., Synechocystis PCC 6803).
Alignment of the amino acid sequences revealed high similarities between the different CcmRlike transcriptional regulators of Microcystis (Figure S2.2, Supplementary Information). CcmR
and CbbR were strongly conserved between the different Microcystis strains, with identical
protein lengths. The additional LysR transcriptional regulator, CcmR2, is very similar to
CcmR found in Microcystis and other cyanobacteria, and to CmpR of Synechocystis PCC 6803.
However, CcmR2 showed more variation between different Microcystis strains than CcmR and
CbbR, especially at the C-terminus (Figure S2.2, Supplementary Information). We did not
find a relation between the Ci uptake genotypes and the sequence of CcmR2.
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Figure S2.2 Alignment of the amino acid sequences of CcmR-like LysR transcriptional regulators of the 13
Microcystis strains of which the genome sequence was available, with Synechocystis PCC 6803 and Synechococcus
PCC 7002 as reference species. CcmR and CbbR are shown only for Microcystis strains NIES-843 and PCC 7806,
because these proteins were very similar in all 13 Microcystis strains. CcmR is shown for all 13 Microcystis strains, as
there was more variation between different strains for this protein. The amino acid sequences were aligned with
ClustalW version 2.1 (Thompson et al., 1994) and visualized with Jalview version 2.7 (Waterhouse et al., 2009).
Residues are colored according to their physicochemical properties (using the Zappo colour scheme of Jalview).
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III. Analysis of operon structure and transcription of CCM genes
Introduction
Our sequence analysis shows that the two sodium-dependent bicarbonate uptake genes bicA
and sbtAB, and the sodium/proton antiporter gene nhaS3 are all located next to each other in
the genome of Microcystis (Figure 2.1 of the main text). This suggests combined transcriptional
regulation. In this section, we investigate transcription of the CCM genes to confirm gene
expression and to unravel the operon structure of this genomic region as well as several other
CCM operons of Microcystis.

Materials and Methods
To assess transcription of the CCM genes, four Microcystis strains (NIES-843, NIVA-CYA
140, PCC 7005 and PCC 7806) representing different Ci uptake genotypes were grown in
batch culture provided with 400 ppm CO2 for 5 days. Subsequently, the batch cultures were
sparged with only 20 ppm CO2 for 1 h to induce low Ci conditions. The batch cultures were
run in 500 mL Erlenmeyer flasks shaken at 120 rpm at 25°C and continuous light of 15 µmol
photons m-2 s-1 (15W F15T8 white fluorescent tubes; GE Healthcare, Piscataway, NJ, USA),
using the modified BG11* medium described in the Materials and Methods of the main text.
Before and after sparging with 20 ppm CO2, samples of 80 mL were taken for RNA
isolation. Cells were rapidly cooled with ice and pelleted by centrifugation at 4°C (4,000 g, 10
min). The pellets were resuspended in 1 mL TRIzol (Invitrogen GmbH, Karlsruhe, Germany)
and immediately frozen in liquid N2. The samples were then either stored at -80 °C for later
processing or processed immediately. RNA isolation with TRIzol (Invitrogen) was done
according to the supplier’s instructions, using beads (0.5 mm BashingBeads; Zymo Research,
Orange, CA, USA) to facilitate cell disruption. After the phase separation steps, the DirectZolTM RNA MiniPrep kit (Zymo Research) was used for RNA purification. The in-column
DNase I digestion was included as well. The purity of the isolated RNA was analyzed
afterwards with a Nanodrop 1000 spectrophotometer (Thermo Scientific, San Jose, CA, USA)
and only samples with A260/A280 and A260/A230 values above 1.8 were used for subsequent cDNA
synthesis. 5 µg of pure RNA was used for cDNA synthesis with Superscript III (Invitrogen)
according to the supplier’s instructions. Reactions without reverse transcriptase enzyme were
used as well to test for possible DNA contamination of the samples.
PCR reactions were done on the cDNA with GoTaq® DNA polymerase, as described
in the main text, using combinations of specific primers targeting several CCM genes (Figure
S2.1, Table S2.1, Supplementary Information). Subsequently, gel electrophoresis was used to
analyze the PCR products and to confirm the presence or absence of specific transcripts. To
unravel the operon structures of the CCM genes, the observed PCR product lengths were
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compared with the expected PCR product lengths assuming that the target genes were cotranscribed. If the expected and observed PCR product lengths match, the target genes are
most likely in the same operon.

Results
The transcriptional analysis detected expression of all five different Ci uptake genes and all four
CA genes (Tables S2.2 and S2.3, Supplementary Information). Controls without added
reverse transcriptase enzyme were negative, indicating that the RNA samples were DNA-free
(Tables S2.2 and S2.3, Supplementary Information). Furthermore, gene expression was
lacking when the gene was not in the genome of the strain concerned, which demonstrates the
consistency of the results. Most gene products were detected both before and after sparging
with 20 ppm CO2. However, cmpA transcripts of strain NIES-843 were detected only in
samples taken after sparging with 20 ppm CO2 (Table S2.3, Supplementary Information),
probably due to induction of the high-affinity bicarbonate uptake system BCT1 at low CO2
levels (Omata et al., 1999).
In strain PCC 7005, bicA, sbtAB and nhaS3 were co-transcribed (Table S2.2,
Supplementary Information). Strain PCC 7806 lacked the sbtAB genes (Figure 2.1), but cotranscribed bicA and nhaS3 (Table S2.2, Supplementary Information). Strain NIES-843 had a
bicA fragment adjacent to sbtAB, and it co-transcribed this bicA fragment, sbtAB and nhaS3
(Table S2.2, Supplementary Information). Hence, the bicA promoter was still used, which
might be the reason why the bicA fragment has not been lost entirely. In strain NIVA-CYA
140, which had a transposon inserted within a complete bicA gene (Figure 2.1), co-transcripts
were detected with a forward primer around the 3’-end of bicA and a reverse primer on sbtA,
sbtB or nhaS3 (Table S2.2, Supplementary Information). However, PCR reactions with a
forward primer around the 5’-end of bicA and a reverse primer near the 3’-end of bicA yielded
no product, which is likely caused by the transposon complicating the reverse transcription
and/or PCR. In total, these patterns of co-transcription provide strong evidence that, in
Microcystis, the genes bicA (or its fragment), sbtAB (when present) and nhaS3 are located on the
same operon.
In Microcystis, and many other cyanobacteria, the ATP-dependent bicarbonate uptake
system BCT1 is encoded by the cmpABCD operon. In addition, the high-affinity CO2 genes
ndhF3, ndhD3 and chpY, the transcriptional regulator gene ccmR and the carbonic anhydrase
gene ecaB, appeared to be part of one operon as well, with the following operon structure:
ccmR-ndhF3-ecaB-ndhD3-chpY (Table S2.3, Supplementary Information). In contrast, the
genome sequences of all 13 sequenced Microcystis strains showed that the low-affinity CO2
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uptake genes ndhD4, ndhF4 and chpX are not in one operon but at separate locations in the
genome.
Sequence alignments were made of the transcriptional start sites (TSSs) of the
investigated CCM genes/operons of different Microcytis strains (data not shown). Possible LysR
CcmR/CcmR2 binding sites were found near the most likely -10 TSS of the cmpABCD
operon, high-affinity CO2 operon and sodium-dependent bicarbonate uptake operon,
indicating that the expression of these sets of Ci uptake genes is most likely strongly regulated.
Table S2.2. Transcriptional analysis of the genes ccmR, bicA, sbtA and nhaS3 in four Microcystis strains.
Expected PCR
Target genes

Primers

product length
(bp)

+RT

NIES-843

NIVA-CYA 140 PCC 7005

PCC 7806

ccmR2

1+2

204

204

204

204

204

bicA

4+8

682/1903

−

−

682

682

bicA(fragment)

10+11

84/195

84

195

195

195

sbtA

13+17

849

849

849

849

−

2512

−

4026

2346

bicA(fragment)-nhaS3 10+20

-RT

Observed PCR product length (bp)

2346/2512/
4026/5247

bicA(fragment)-sbtA

10+17 1146/2653/3874

1146

−

2653

−

bicA(fragment)-sbtB

10+19 1576/3092/4313

1576

−

3092

−

−

934

934

−

bicA(end)-sbtA

5+16

934

sbtA-sbtB

14+19

450

450

450

450

−

sbtA-nhaS3

14+20

1386-1393

±1390

±1390

±1390

−

bicA

4+8

682/1903

−

−

−

−

13+17
849
−
−
−
−
sbtA
The table compares the observed PCR product lengths of the Microcystis strains with the expected PCR product length
assuming that the enlisted target genes are co-transcribed. The observed PCR products were obtained from PCR
reactions on cDNA reverse transcribed from RNA of the target genes. If the expected and observed PCR product
lengths match, the target genes are most likely in the same operon. Dash signs (−) indicate the lack of a PCR product.
The primer sequences are provided in Table S2.1, Supplementary Information.
+RT, cDNA produced by reverse transcriptase; -RT, controls without reverse transcriptase.
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Table S2.3. Transcriptional analyses of CCM genes in four Microcystis strains.
Expected PCR
Target genes

Primers

product length
(bp)

+RT

-RT

Observed PCR product length (bp)
NIES-843

NIVA-CYA 140

PCC 7005

PCC 7806

rpoC1

50+51

144

144

144

144

144

cmpA

21+22

137

137*

137

137

137

ccmR

26+27

109

109

109

109

109

ccmR-ndhF3

26+29

2487

2487*

2487

2487

2487

ccmR-ecaB

26+31

2998-2999

−

±2999

±2999

±2999

ndhF3-ndhD3

28+33

2061-2063

±2062

±2062

±2062

±2062

ecaB-ndhD3

30+33

1578-1579

±1579

±1579

±1579

±1579

ecaB-chpY

30+35

3016/3233

−

3016

3016

3016

ndhD4

38+39

1070

1070

1070

1070

1070

ndhF4

40+41

774

774

774

774

774

chpX

36+37

937

937

937

937

937

ecaA

42+43

187

187

187

187

187

ccaA1

44+45

97

97

97

97

97

ccaA2

46+47

137

137

−

−

−

ccmM

48+49

118

118

118

118

118

rpoC1

50+51

144

−

−

−

−

The table compares the observed PCR product lengths of the Microcystis strains with the expected PCR product length
assuming that the enlisted target genes are co-transcribed. The observed PCR products were obtained from PCR
reactions on cDNA reverse transcribed from RNA of the target genes. If the expected and observed PCR product
lengths match, the target genes are most likely in the same operon. +RT, cDNA produced by reverse transcriptase; RT, controls without reverse transcriptase. Dash signs (−) indicate the lack of a PCR product. Results marked with an
asterisk (*) indicate PCR products that were detected only in samples taken after sparging with 20 ppm CO2. The
RNA polymerase gene rpoC1 was used as a control. The primer sequences are provided in Table S2.1, Supplementary
Information. Results for the sodium-dependent bicarbonate uptake genes bicA and sbtA are reported in Table S2.2,
Supplementary Information.
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IV. Statistical analysis of growth experiments
We tested whether the specific growth rates of the four Microcystis strains investigated in the
growth experiments were affected by the CO2 level in the gas flow and the alkaline buffer in
the mineral medium. The Shapiro-Wilks test indicated that the specific growth rates did not
follow a normal distribution, even after log-transformation. However, analysis of variance
(ANOVA) is relatively robust against violations of the normal distribution assumption
(Schmider et al., 2010). We therefore applied a two-way ANOVA for each Microcystis strain,
with specific growth rate as the dependent variable and the CO2 concentration in the gas flow
(pCO2) and the presence of alkaline buffer in the mineral medium as independent variables.
All treatments were replicated six times. However, some of the wells close to the gas inlet of the
incubation chambers showed substantial evaporation, and were excluded from the data
analyses. We therefore used Type III Sum of Squares to account for unequal samples sizes.
Post-hoc comparisons of the means were based on Tukey’s unequal N HSD test, using a
significance level α of 0.001.
The results of the two-way ANOVA show significant main effects of pCO2 and buffer
and a significant interaction term for strain PCC 7806, its non-toxic mutant PCC 7806
∆mcyB, and strain NIES-843 (Table S2.4, Supplementary Information). In contrast, the
specific growth rate of strain PCC 7005, which contains both bicA and sbtA, was not
significantly affected by the treatments. The results of the post-hoc comparison of the means are
presented in Figure 2.4 of the main text, and further interpretation of these statistical results is
postponed to the main text.
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Table S2.4. Results of the two-way ANOVA, with the specific growth rate of the Microcystis strain as the dependent
variable, and CO2 concentration (pCO2) and alkaline buffer as independent variables.
Effect

df1, df2

F

P

pCO2

2, 26

439.49

<0.001

buffer

1, 26

191.50

<0.001

pCO2 × buffer

2, 26

110.46

<0.001

pCO2

2, 24

212.15

<0.001

buffer

1, 24

39.32

<0.001

pCO2 × buffer

2, 24

19.34

<0.001

pCO2

2, 24

1.21

0.316

buffer

1, 24

2.32

0.141

pCO2 × buffer

2, 24

2.55

0.099

pCO2

2, 24

87.27

<0.001

buffer

1, 24

6.31

0.019

pCO2 × buffer

2, 24

14.63

<0.001

Microcystis PCC 7806

Microcystis PCC 7806 ∆mcyB

Microcystis PCC 7005

Microcystis NIES-843

Columns indicate the variables of interest, the main effects and interaction effects, the degrees of freedom (df1 and df2),
the value of the F-statistic (Fdf1,df2) and the corresponding probability (P).
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Abstract
Rising CO2 concentrations may have large effects on aquatic microorganisms. In this study, we
investigated how elevated pCO2 affects the harmful freshwater cyanobacterium Microcystis
aeruginosa. This species is capable of producing dense blooms and hepatotoxins called
microcystins. Strain PCC 7806 was cultured in chemostats that were shifted from low to high
pCO2 conditions. This resulted in a transition from a C-limited to a light-limited steady state,
with a ~2.7 fold increase of the cyanobacterial biomass and ~2.5 fold more microcystin per cell.
Cells increased their chlorophyll a and phycocyanin content, and raised their PSI/PSII ratio at
high pCO2. Surprisingly, cells had a lower dry weight and contained less carbohydrates, which
might be an adaptation to improve the buoyancy of Microcystis when light becomes more
limiting at high pCO2. Only 234 of the 4691 genes responded to elevated pCO2. For instance,
expression of the carboxysome, RuBisCO, photosystem and C metabolism genes did not
change significantly, and only a few N assimilation genes were expressed differently. The lack
of large-scale changes in the transcriptome could suit a buoyant species that lives in eutrophic
lakes with strong CO2 fluctuations very well. However, we found major responses in inorganic
carbon uptake. At low pCO2, cells were mainly dependent on bicarbonate uptake, whereas at
high pCO2 gene expression of the bicarbonate uptake systems was down-regulated and cells
shifted to CO2 and low-affinity bicarbonate uptake. These results show that the need for highaffinity bicarbonate uptake systems ceases at elevated CO2. Moreover, the combination of an
increased cyanobacterial abundance, improved buoyancy, and higher toxin content per cell
indicates that rising atmospheric CO2 levels may increase the problems associated with the
harmful cyanobacterium Microcystis in eutrophic lakes.

Introduction
Cyanobacterial blooms are a well-known cause of nuisance in eutrophic lakes (Chorus and
Bartram, 1999; Huisman et al., 2005; Merel et al., 2013). They may increase the turbidity of
the water column, suppressing the growth of submerged water plants (Scheffer, 1998), and can
produce considerable odor and taste problems (Watson et al., 2008). Moreover, cyanobacteria
can produce a variety of potent toxins, including microcystins and anatoxins, which cause liver,
digestive and neurological disease in birds, mammals and humans (Jochimsen et al., 1998;
Carmichael, 2001; Codd et al., 2005). This has led to the closure of lakes and reservoirs for
recreational use, aquaculture, drinking water and irrigation water, often with considerable
economic damage as a result (Verspagen et al., 2006; Dodds et al., 2008; Qin et al., 2010).
Several studies warn of an intensification of cyanobacterial blooms in eutrophic
waters, due to the combination of global warming (Jöhnk et al., 2008; Paerl and Huisman,
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2008; O’Neil et al., 2012) and rising CO2 concentrations in the atmosphere (Verschoor et al.,
2013; Verspagen et al., 2014a, 2014b). The dissolved inorganic carbon (Ci) concentration in
eutrophic lakes can vary strongly. Many lakes are supersaturated with dissolved CO2 (CO2(aq))
with concentrations that can go up to 10,000 ppm (Cole et al., 1994; Sobek et al., 2005;
Lazzarino et al., 2009), but lakes with high photosynthetic activities of dense cyanobacterial
blooms have often undersaturating CO2(aq) concentrations (Ibelings and Maberly, 1998;
Balmer and Downing, 2011; Verspagen et al., 2014b). Depletion of CO2(aq) during
cyanobacterial blooms is accompanied by a strong increase in pH (Talling, 1976; Jeppesen et
al., 1990; López-Archilla et al., 2004). With increasing pH, the speciation of dissolved
inorganic carbon shifts from CO2(aq) towards bicarbonate (HCO3-) and carbonate (CO32-).
Because phytoplankton species differ in their uptake rates of CO2(aq) and bicarbonate (Rost et
al., 2003; Price et al., 2008; Maberly et al., 2009), these changes in carbon speciation may
strongly affect competitive interactions between the species (Tortell et al., 2002; Rost et al.,
2008; Verschoor et al., 2013). In particular, cyanobacteria are believed to be very efficient
competitors at low CO2 conditions (Shapiro, 1997).
Many cyanobacteria have evolved a highly efficient CO2-concentrating mechanism
(CCM) to proliferate at low ambient CO2(aq) levels and to overcome the low affinity of the
primary CO2 fixing enzyme, RuBisCO (Giordano et al., 2005; Price et al., 2008; Raven et al.,
2012). The CCM of cyanobacteria works quite differently from CCMs found in eukaryotic
algae. In the latter, a pH gradient across the chloroplast thylakoid membrane in the light
secures Ci accumulation in the cytosol (Moroney and Ynalvez, 2007). In cyanobacteria, the
CCM is based on accumulation of bicarbonate in specialized compartments, called
carboxysomes, that contain the RuBisCO enzyme. Conversion of bicarbonate inside the
carboxysomes by carbonic anhydrases raises the local CO2 concentration, near RuBisCO,
which can then efficiently fix CO2 (Price et al., 2008). However, photorespiration and Mehlerlike reactions have also been identified in cyanobacteria, signifying that cyanobacterial
photosynthesis can still be limited by a low Ci availability despite their CCM (Helman et al.,
2005; Zhang et al., 2009; Hackenberg et al., 2012). Up to four flavodiiron proteins (Flv1-4)
are involved in the low Ci adaptation process, acting as an electron sink at photosystem I (PSI,
for Flv1,3) and photosystem II (PSII, for Flv2,4) (Zhang et al., 2012; Allahverdiyeva et al.,
2011; Bersanini et al., 2014).
The CCMs of fully sequenced cyanobacteria, like Synechocystis PCC 6803 and several
Synechococcus strains, have been studied in detail (Omata et al., 1999; Price et al., 2004;
Schwarz et al., 2011). This has revealed that cyanobacteria have several different Ci uptake
systems: three systems for bicarbonate uptake have been identified and two systems for CO2
uptake (Price, 2011). BicA and SbtA are both sodium-dependent bicarbonate symporters. BicA
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has a low affinity and high flux rate, whereas SbtA has a high affinity and low flux rate (Price et
al., 2004). The third bicarbonate uptake system, BCT1, has direct ATP-dependent
functionality and consists of four subunits (CmpABCD). BCT1 has a relatively high affinity
for bicarbonate and low flux rate, although its affinity is slightly lower than that of SbtA
(Omata et al., 1999, 2002; Price et al., 2008). The two CO2 uptake systems, NDH-I3 and
NDH-I4, convert CO2 that passively diffuses into the cell to bicarbonate, and consist of
multiple subunits (Price, 2011). The two CO2 uptake systems are likely NADPH-dependent
(Price et al., 2002). Functionally, NDH-I3 has a high substrate affinity and low flux rate,
whereas NDH-I4 combines a lower substrate affinity with a higher flux rate (Maeda et al.,
2002; Price et al., 2002).
From an environmental and ecological perspective, the harmful cyanobacterium
Microcystis aeruginosa (hereafter called Microcystis) is of great interest. Microcystis is one of the
more notorious cyanobacterial species, producing dense and often toxic blooms in eutrophic
lakes all over the world (Chen et al., 2003; Verspagen et al., 2006; Michalak et al., 2013). Now
that full genome analysis has been completed for a range of different Microcystis strains (e.g.,
Kaneko et al., 2007; Frangeul et al., 2008; Humbert et al., 2013), knowledge on carbon
acquisition is available, which enables detailed study of the response of Microcystis to rising
CO2 levels. Selection experiments have shown that rising CO2 levels may shift the competitive
balance between toxic and nontoxic Microcystis strains (Van de Waal et al., 2011).
Furthermore, the genetic diversity of the CCM in different Microcystis strains was recently
elucidated (Sandrini et al., 2014). This revealed that all investigated Microcystis strains
contained genes encoding the two CO2 uptake systems, the bicarbonate uptake system BCT1
and several carbonic anhydrases, but the strains differ in the presence of the bicarbonate uptake
genes bicA and sbtA.
In this study, we investigate the response of the toxic Microcystis strain PCC 7806 to
rising CO2 levels, and how its gene expression and cell physiology, including the presence of its
toxin microcystin, change at elevated pCO2. For this purpose, Microcystis was cultivated in
controlled laboratory chemostats that were shifted from low to high pCO2 conditions. We
provided the chemostats with a low CO2 partial pressure (pCO2) of 200 ppm to create Cilimited conditions. After 36 days, we raised the pCO2 level to 1450 ppm pCO2, which is a
representative level for many supersaturated lakes (Sobek et al., 2005). Our results show that
elevated CO2 leads to a highly specific transcriptome response of Microcystis, and affects the Ci
uptake, biomass, cellular composition and toxicity of Microcystis cells.
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Results
Population dynamics and inorganic carbon chemistry
During the first phase of the experiment, we used a low pCO2 concentration in the gas flow of
200 ppm to create Ci-limited conditions. In all four replicate chemostats, the cyanobacterial
abundance gradually increased over time and approached a steady state after ~17 days (Figure
3.1A). Cell growth in the chemostats
attenuated the light passing through, so that
the light penetration Iout at this first steady
state was reduced to ~6 µmol photons m-2 s-1
(Figure 3.1A). The CO2(aq) concentration
was depleted to the nano-molar range (Figure
3.1B). This was accompanied by a rise in pH
to ~11, a strong decrease in bicarbonate
concentration to ~60 µmol L-1 and a strong
increase in carbonate concentration to ~300
µmol L-1 (Figure 3.1B,C). The total DIC
concentration was not much affected during
this first phase of the experiment (Figure
3.1C).
After 36 days, we raised the pCO2
level in the gas flow to 1450 ppm pCO2. The
transition from 200 to 1450 ppm led to
major changes in pH and inorganic carbon
chemistry (Figure 3.1B,C; Figure S3.1,
Supplementary Information). Within 24 h,
the CO2(aq) concentration increased over
more than four orders of magnitude to ~30
µmol L-1, while the pH dropped back from
11 to 8 and the bicarbonate concentration
increased to ~2,000 µmol L-1 (Figure S3.1,
Supplementary Information).
Figure 3.1. Changes in cyanobacterial abundance, light, dissolved inorganic carbon (DIC) and pH during a shift
from low pCO2 (200 ppm, white area) to high pCO2 (1450 ppm, shaded area). (A) Cyanobacterial abundance
(expressed as biovolume) and light intensity penetrating through the chemostat (Iout). (B) Dissolved CO2 (CO2),
bicarbonate (HCO3-) and carbonate (CO32-) concentrations (logarithmic scale). (C) Dissolved inorganic carbon (DIC)
and pH. Error bars indicate standard deviations (n = 4).
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The enhanced CO2 availability alleviated the cyanobacteria from Ci limitation, thus enabling a
strong increase in cyanobacterial abundance (Figure 3.1A). The resultant high biomass
effectively absorbed all incident light, reducing light penetration through the chemostats to
Iout < 0.1 µmol photons m-2 s-1 (Figure 3.1A). Nitrate uptake by the growing cyanobacterial
population increased alkalinity (Figure S3.2, Supplementary Information), which initiated a
progressive further increase of the DIC concentration (Figure 3.1C). After 46 days a new
steady state was attained, with a ~2.7 fold higher cyanobacterial abundance than the previous
steady state, a DIC concentration of ~3,500 µmol L-1 consisting largely of bicarbonate and
CO2, but low light conditions (Figure 3.1A-C).
3

Cell volume, cell weight and cellular composition
Although the cell volume of Microcystis was hardly affected by the elevated pCO2, the average
dry weight of the cells decreased by 50%, from 12 to 6 pg cell-1 (Figure 3.2A). This was
accompanied by a decrease of the C and N content of the cells at elevated pCO2 (Figure 3.2B).
Remarkably, the molar C/N ratio of the cells also slightly decreased at elevated pCO2 (Figure
3.2C), despite the strong increase in Ci availability.
Major macromolecules (carbohydrates, proteins and lipids) and phosphate stored in
the cells were quantified just before and 2 weeks after raising the pCO2 level (Figure 3.2D).
The carbohydrate content (expressed as % dry weight) decreased significantly (Student t-test: t6
= 4.6, p < 0.01), whereas the protein content increased significantly at elevated pCO2 (Student
t-test: t6 = -6.8, p < 0.001) (Figure 3.2D), which is consistent with the decrease of the cellular
C/N ratio (Figure 3.2C). Lipids and phosphate contributed less to the total average cell weight
than carbohydrates. Genes involved in carbohydrate storage and polyhydroxyalkanoate (PHA)
storage showed no large changes in expression during the experiment, although minor
upregulation of the pha genes was noticeable 8 h after the switch to high pCO2 (Table 3.1).

63

Chapter 3

Figure 3.2. Changes in cell properties during a shift from low pCO2 (200 ppm, white area) to high pCO2 (1450
ppm, shaded area). (A) Average cell volume and cell weight. (B) Cellular elemental C and N content. (C) Molar C/N
ratio of the cells. (D) Dry weight composition of cells from the steady states at 200 and 1450 ppm pCO2. Error bars
indicate standard deviations (n = 4).

Pigments and photosystems
Light absorption spectra normalized at 750 nm indicated that the cellular contents of the
pigments chlorophyll a, phycocyanin and β-carotene increased at elevated pCO2 (Figure 3.3A).
The phycocyanin peak (at 626 nm) increased slightly more than the chlorophyll a peak (at 678
nm). The ratio of PSI to PSII changed, with less PSII and more PSI at elevated pCO2 (Figure
3.3B). Yet, only a few genes involved in pigment synthesis and none of the photosystem genes
changed expression significantly after exposure to high pCO2 (Table 3.1).
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Table 3.1. Genes responding to rising pCO2 and involved in pigment synthesis, photosystems, C metabolism, C
storage, N assimilation and stress response.
Gene or IPF
numbera

Log2 values at different time points (h)d

Gene
function

Annotationc

categoryb

Pigment genes (3 of the 33)
cpcI
8
Phycocyanin synthesis
crtO
2
Beta-carotene synthesis
IPF_1003
16
Beta-carotene synthesis
Photosystem genes (0 of the 31)
C metabolism genes (2 of the 38)
Glycolysis and oxidative
zwf
6
pentose phosphate
pathway
icd
6
Citric acid cycle
C storage genes (4 of the 15)
Polyhydroxyalkanoate
phaC
5
storage
Polyhydroxyalkanoate
phaA
5
storage
Polyhydroxyalkanoate
phaB
5
storage
Polyhydroxyalkanoate
5
phaE
storage
N assimilation genes (9 of the 29)
glnN
1
GS/GOGAT
gltB
1
GS/GOGAT
14
Nitrate transport
nrtA
nrtB
14
Nitrate transport
ntcB
1
Nitrate transport
1
Nitrite reductase
nirA
IPF_1263
14
Ammonium transport
urtA
14
Urea transport
IPF_5363
14
Urea transport
Stress-related genes (7 of the 22)
flv2
15
Flavoprotein
flv4
15
Flavoprotein
isiA
8
Chlorophyll-binding
isiB
8
Flavodoxin
12
Sigma factor
sigB
sigE
12
Sigma factor
12
Sigma factor
sigH

0.75

2

4

8

24

72

336

ns
ns
ns

ns
ns
0.94

ns
ns
0.99

ns
1.05
ns

ns
ns
ns

0.93
ns
ns

0.92
ns
ns

ns

ns

ns

0.90

ns

ns

ns

ns

ns

ns

0.95

ns

ns

ns

ns

ns

ns

1.13

ns

ns

ns

ns

ns

ns

1.18

ns

ns

ns

ns

ns

ns

1.15

ns

ns

ns

ns

ns

0.91

1.20

ns

ns

ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

1.24
ns
1.08
0.99
1.05
0.92
1.15
ns
0.91

1.51
ns
1.02
ns
0.90
ns
1.44
0.94
1.01

0.94
0.91
ns
ns
ns
ns
0.97
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns

1.16
ns
ns
ns
ns
ns
ns
ns
ns

1.45
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

-1.81
-2.31
-1.47
-1.03
ns
ns
-1.30

ns
ns
-1.33
ns
ns
0.94
-1.36

ns
ns
ns
ns
ns
ns
-1.59

ns
ns
ns
ns
-1.16
ns
-2.49

ns
ns
-1.76
ns
ns
ns
-2.62

a

IPF numbers are the locus tags of Microcystis PCC 7806 in the EMBL database (AM778843-AM778958).

b

Gene function categories (CyanoBase): (1) amino acid biosynthesis, (2) biosynthesis of cofactors, prosthetic groups

and carriers, (5) central intermediary metabolism, (6) energy metabolism, (8) photosynthesis and respiration, (12)
transcription, (14) transport and binding proteins, (15) other categories, (16) hypothetical.
c

GS/GOGAT: glutamine synthetase/glutamine-2-oxoglutarate amidotransferase.

d

Log2 values quantify gene expression at the given time point (after increasing the pCO2) with respect to gene

expression at t = 0 (just before increasing the pCO2). Only the responsive genes are shown; the complete data set
including all nonresponsive genes is provided in Table S3.4, Supplementary Information. ns: not significant.
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Figure 3.3 Light absorption and emission spectra of cells grown at low pCO2 (200 ppm) and high pCO2 (1450
ppm). (A) Light absorption spectra normalized at 750 nm, with peaks of chlorophyll a (436 and 678 nm), β-carotene
(shoulder at 490 nm) and phycocyanin (626 nm). (B) 77K fluorescence emission spectra normalized based on the
mean emission at 600-660 nm, with peaks of PSI (695 nm) and PSII (720 nm). The spectra are the average of four
biological replicates.

Secondary metabolites including toxins
The microcystin concentration stabilized at ~300 µg L-1 at low pCO2 and increased six-fold to
~2,000 µg L-1 at high pCO2 (Figure 3.4A). The microcystin content per cell was ~15 fg cell-1 at
the steady state at low pCO2, and increased to ~38 fg cell-1 at high pCO2. Other secondary
metabolites produced by Microcystis PCC 7806 include aeruginosin, microcyclamide,
cyanopeptolin and polyketides. However, expression of the microcystin, aeruginosin,
microcyclamide and cyanopeptolin operons did not change significantly (Figure 3.4B). In
contrast, the expression of two polyketide synthase operons (PKS I/III) increased strongly 72
and 336 h after increasing the pCO2.
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Figure 2.4. Changes in microcystin concentration and gene expression of secondary metabolite genes. (A) Total
microcystin concentration and microcystin content per cell, during the shift from low pCO2 (200 ppm, white area) to
high pCO2 (1450 ppm, shaded area). Error bars indicate standard deviations (n = 4). (B) Changes in expression of the
secondary metabolite genes after the increase of pCO2 to 1450 ppm. Expression changes are quantified as log2 values.
Red indicates significant upregulation and green significant downregulation; non-significant changes are in black.
Hierarchical clustering was used to order the genes. The underlying data are presented in Table S3.4, Supplementary
Information.
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Carbon, nitrogen and stress-related genes
Several but not all genes involved in the CCM of Microcystis responded to elevated CO2
(Figure 3.5). Expression of the cmpABCD operon encoding the BCT1 bicarbonate uptake
system and the bicA-nhaS3 operon encoding the BicA bicarbonate uptake system was strongly
reduced after 2 h at high pCO2 and remained low during the next 2 weeks. Expression levels of
the transcriptional regulators ccmR (upstream of the high-affinity CO2 uptake operon) and
ccmR2 (upstream of the bicA-nhaS3 operon) were also downregulated at elevated pCO2. In
contrast, expression of the CO2 uptake genes remained unchanged, except for a slight
downregulation of the ndhF3 gene involved in high-affinity CO2 uptake. Expression of genes
for carboxysome formation (ccmK2-4, ccmL, cmmM, ccmN and ccmO), RuBisCO (rbcL, rbcS
and rbcX) and carbonic anhydrases (ccaA, ecaA and ecaB) remained constant as well (Figure
3.5). Results of the microarray experiments were validated with RT-qPCR for selected CCM
genes, which gave similar results (Figure S3.3, Supplementary Information).
Only a few genes involved in C metabolism and N assimilation showed significant
changes in expression at elevated pCO2 (Table 3.1). Expression of glnN, encoding for a
glutamine synthetase, was upregulated at elevated pCO2. The genes nrtA and nrtB involved in
nitrate uptake, nirA involved in nitrite reduction, and ntcB involved in the control of N
assimilation were slightly upregulated shortly after increasing the pCO2.
Several stress-related genes were downregulated at elevated pCO2, including the
flavodiiron protein genes flv2 and flv4, the iron-stress chlorophyll-binding protein gene isiA
and the sigma factor sigH (Table 3.1).

Figure 3.5. Changes in expression of the CO2-concentrating mechanism (CCM) genes after the increase of pCO2 to
1450 ppm. Expression changes are quantified as log2 values. Red indicates significant upregulation and green
significant downregulation; non-significant changes are in black. Hierarchical clustering was used to order the genes.
The underlying data are presented in Table S3.4, Supplementary Information.
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Physiological assay of Ci uptake
To assess the activity of the bicarbonate uptake systems BicA and BCT1, O2 evolution was
studied as a function of bicarbonate availability (Figure 3.6A). We added 25 mmol L-1 NaCl to
enable sodium-dependent bicarbonate uptake by BicA. The experiments were performed at pH
9.8, at which DIC contains only ~0.03% CO2(aq). Without DIC in the medium the samples
did not evolve O2, but their O2 evolution resumed after addition of NaHCO3. Cells from the
chemostats at 200 ppm pCO2 had a higher affinity at low NaHCO3 concentrations (5-100
µmol L-1) than cells from the chemostats at 1450 ppm pCO2. At higher NaHCO3
concentrations (300-10,000 µmol L-1), cells from both pCO2 conditions reached a plateau in
O2 evolution (Figure 3.6A). These results suggest that the high-affinity bicarbonate uptake
system BCT1 was active in the chemostats at low pCO2 (200 ppm) but not at elevated pCO2
(1450 ppm), while the low-affinity bicarbonate uptake system BicA was active at both pCO2
levels.

Figure 3.6. Inorganic carbon uptake kinetics of cells
grown at low pCO2 (200 ppm) and high pCO2 (1450
ppm). (A) Bicarbonate response curves (O2 evolution
rates) of cells grown at low versus high pCO2 after
addition of different concentrations of NaHCO3 at pH
9.8. (B) O2 evolution rates in the presence and absence of
LiCl, at pH 7.8 and pH 9.8. The cells were provided with
200 µmol L-1 KHCO3. Lithium ions block sodiumdependent bicarbonate uptake, while differences in pH
produce

different

concentrations

of

CO2(aq)

and

bicarbonate. Error bars indicate standard deviations (n =
4). Bars with different letters were significantly different, as
tested by a one-way analysis of variance with post hoc
comparison of the means (α = 0.05).
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To further explore the involvement of the Ci uptake systems, we added lithium ions
to inhibit the sodium-dependent bicarbonate uptake of BicA (Figure 3.6B). These experiments
were performed at pH 7.8 and pH 9.8, at which DIC contains 3.7% and 0.03% CO2(aq),
respectively. For cells taken from both low and high pCO2 chemostats, we found high activity
at pH 7.8 and at pH 9.8. However, addition of 25 mmol L-1 LiCl resulted in high activity at
pH 7.8 but not at pH 9.8. At pH 7.8, the conversion of bicarbonate to CO2 and subsequent
uptake by the CO2 uptake systems likely compensated for the inactivation of BicA by lithium
ions. In contrast, at pH 9.8, when CO2(aq) is negligible and Ci uptake relies on bicarbonate,
the inactivation of BicA by lithium ions was not compensated and drastically reduced Ci
uptake. These results suggest that, in the chemostats, both BicA and the CO2 uptake systems
were active at both pCO2 conditions.

Discussion
Alleviation from Ci limitation
During dense blooms in eutrophic and hypertrophic lakes, cyanobacterial growth can become
limited by a low Ci availability (Ibelings and Maberly, 1998; Balmer and Downing, 2011;
Verspagen et al., 2014b). Our experiments show that at low atmospheric pCO2 levels, the
photosynthetic activity of the cyanobacteria depleted the CO2(aq) concentration to the
nanomolar range, while the bicarbonate and carbonate concentrations were orders of
magnitude higher, which forced cells to primarily use bicarbonate as carbon source. An increase
in pCO2 shifted the growth conditions from very low CO2(aq) concentrations and modest
light availability to higher CO2(aq) concentrations but lower light levels (Figure 3.1). The
Microcystis population in our experiments benefited strongly from the increased CO2(aq)
availability, and accelerated cell division during the subsequent transient phase. This
demonstrates that growth was indeed Ci limited at low pCO2 levels. The increased
cyanobacterial abundance reduced light availability, until the cyanobacterial population settled
at a new steady state. Hence, our experiments support the prediction (Verspagen et al., 2014b)
that rising CO2 levels will alleviate cyanobacteria from Ci limitation, and are likely to increase
the cyanobacterial abundance in eutrophic and hypertrophic lakes.
Surprisingly, the increase in pCO2 induced changes in the expression of only 234
genes of Microcystis PCC 7806 (Figure S3.4, Supplementary Information). This is only ~5%
of the total number of protein-encoding genes investigated in this study, and many of these
showed differential expression at only a few time points. For instance, only 0.6% of the genes
were differentially expressed at the time point of 24 h after the rise in CO2. In contrast, in
other studies, 20-25% of the genes of Synechocystis PCC 6803 (Eisenhut et al., 2007) and 5070
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55% of the genes of Synechococcus elongatus PCC 7942 (Schwarz et al., 2011) were
differentially expressed after 24 h of Ci limitation.
The much stronger transcriptome response in these two latter studies than in our
results might be explained by differences in experimental design. Eisenhut et al. (2007) and
Schwarz et al. (2011) exposed the cells to Ci starvation, which ceased cell growth and induced a
large stress response. In contrast, the growth rate in our chemostat experiments was kept
relatively high, which resulted in a milder response to elevated CO2. An alternative explanation
might be that the cyanobacterium Microcystis shows a much more specific transcriptome
response to changing Ci conditions than Synechocystis and Synechococcus. Microcystis is a
buoyant cyanobacterium that can develop dense blooms in eutrophic lakes, where it is typically
exposed to a wide range of different CO2 conditions (Verspagen et al., 2014b). A highly
specific transcriptome response that mainly targets the Ci uptake systems could preserve energy
and offer a robust strategy for a species that often experiences strongly fluctuating Ci
conditions.

Changes in expression of CCM genes
Our results show that the bicarbonate uptake genes encoding for BCT1 and BicA were
downregulated at elevated pCO2 (Figure 3.5). Additionally, expression of the transcriptional
regulator ccmR2, located upstream of the bicA-nhaS3 operon, was lowered.
BCT1 has a relatively high affinity for bicarbonate (K0.5 ~10-15 µmol L-1) and a low
flux rate (Omata et al., 2002). In line with expectation, expression of the genes cmpABCD
encoding BCT1 was highest at the low pCO2 condition. This is further supported by the
bicarbonate response curves of the O2 optode experiments, which showed high-affinity
bicarbonate uptake at low pCO2 but not at high pCO2 (Figure 3.6A). The high activity of
BCT1 in low pCO2 conditions is consistent with previous studies with other cyanobacteria,
which showed enhanced expression of the cmpABCD genes upon induction of Ci limitation
(Woodger et al., 2003; Eisenhut et al., 2007; Schwarz et al., 2011).
Conversely, BicA has a relatively low affinity for bicarbonate (K0.5 ~70-350 µmol L-1)
while it has a high flux rate (Price et al., 2004). Contrary to expectation, the bicA expression
was highest at low pCO2, where the bicarbonate concentration was only ~60 µmol L-1 (Figure
3.1B). This was also observed in a study of Synechococcus PCC 7002, where the expression of
bicA was enhanced by Ci limitation (Woodger et al., 2007). However, it differs from studies of
Synechocystis PCC 6803, which found that the expression of bicA was not much affected by the
pCO2 level (Wang et al., 2004; Eisenhut et al., 2007). Our results show that, even though the
bicA gene of Microcystis PCC 7806 was less expressed at high pCO2, the BicA enzyme was still
active at high pCO2. This is apparent from the O2 optode experiments in which we blocked
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BicA activity with lithium ions (Figure 3.6). Hence, BicA appears active at a relatively wide
range of bicarbonate concentrations.
Compared to several other Microcystis strains, Microcystis PCC 7806 lacks the
bicarbonate uptake system SbtA (Sandrini et al., 2014), which has an even higher affinity for
bicarbonate (K0.5 < 2 µmol L-1) than BCT1 (Price et al., 2004). Therefore, Microcystis PCC
7806 seems less adapted to very low bicarbonate conditions than SbtA-containing Microcystis
strains, and was likely trying to take up as much bicarbonate as possible by expressing both
BCT1 and BicA at the low pCO2 condition, even though the BicA uptake system did not
operate very efficiently at that stage.
In contrast to the strong response of the bicarbonate uptake genes, gene expression of
the CO2 uptake systems was not affected by elevated pCO2 (Figure 3.5). For instance, the chpX
and chpY genes, encoding for the CO2 hydration subunit of the low-affinity and high-affinity
CO2 uptake systems, respectively, were constitutively expressed in Microcystis PCC 7806. The
constitutive expression of chpX is consistent with studies of other cyanobacteria (Woodger et
al., 2003; Wang et al., 2004; Schwarz et al., 2011). However, the constitutive expression of
chpY contrasts with studies of other cyanobacteria, which found that chpY was highly inducible
when cells were exposed to Ci limitation (Price et al., 2004; Wang et al., 2004; Schwarz et al.,
2011). Constitutive expression of the CO2 uptake systems indicates that at low CO2(aq)
concentrations the Microcystis cells were still capable of CO2 uptake. This was confirmed by the
O2 optode experiments, which showed that CO2 uptake was active at both pCO2 levels when
bicarbonate uptake was blocked by lithium ions (Figure 3.6B).
Expression of the transcriptional regulator ccmR, located upstream of the high-affinity
CO2 uptake operon, was strongly downregulated at high pCO2 (Figure 3.5). This is
noteworthy, because expression of the high-affinity CO2 uptake genes did not respond to
elevated pCO2. Possibly, CcmR regulates the expression of the cmpABCD operon of
Microcystis, which was strongly downregulated at high pCO2. This would be consistent with
the observation that CmpR, a known transcriptional regulator of the cmpABCD operon in
other cyanobacteria, is lacking in Microcystis (Sandrini et al., 2014). Indeed, Woodger et al.
(2007) previously showed that CcmR in Synechococcus PCC 7002 does not only control the
high-affinity CO2 uptake operon but also the expression of other CCM genes.
Interestingly, gene expression of several key components of the CCM, including
carboxysome, RuBisCO and carbonic anhydrase genes, was not affected by elevated pCO2
(Figure 3.5), suggesting that cells did not alter carboxysome component numbers. This is
counterintuitive, since Ci availability strongly increased after the upshift in pCO2. Yet, it seems
that Microcystis simply adjusted its Ci uptake arsenal to deal with the change in Ci availability.
In contrast, studies that induced Ci limitation in Synechocystis PCC 6803 and Synechococcus
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elongatus PCC 7942 observed downregulation of carboxysomal genes after 24 h (Eisenhut et
al., 2007; Schwarz et al., 2011). Possibly, the cyanobacteria in these latter studies did not need
to produce new carboxysomes, because their growth rate was arrested in the experiments of
Eisenhut et al. (2007) and Schwarz et al. (2011). This differs from our chemostat experiments,
in which the growth rate was kept relatively high by the dilution rate, and hence carboxysome
production should be maintained. Therefore, differences in experimental design might explain
these results. Alternatively, the contrasting results might reflect species-specific differences,
where Microcystis displays a milder response to fluctuating Ci conditions than these other
cyanobacteria (see preceding discussion).
3

Reduced expression of stress-related genes
Our results show reduced expression of several stress genes (flv2, flv4, isiA and sigH) at elevated
CO2 (Table 3.1). Flavodiiron proteins have previously been linked to acclimation to low Ci
conditions (Zhang et al., 2009, Allahverdiyeva et al., 2011; Bersanini et al., 2014). Flv2 and
Flv4 are unique for cyanobacteria. They are involved in photoprotection of the PSII complex
(Zhang et al., 2009), and can function as electron sink (Bersanini et al., 2014). Reduced
expression of the flavodiiron protein genes flv2 and flv4 at elevated pCO2 is in agreement with
previous studies with Synechocystis PCC 6803 (Wang et al., 2004; Eisenhut et al., 2007).
The iron-stress chlorophyll-binding protein IsiA can function as a storage unit for
spare chlorophyll molecules, as a PSI antenna enhancing the light harvesting ability, and in
addition can protect PSII from photooxidative stress (Yeremenko et al., 2004; Havaux et al.,
2005). Reduced expression of the isiA gene at elevated pCO2 likely signifies lower levels of
oxidative stress, which shifted the IsiA-bound spare chlorophylls to new chlorophyll protein
complexes.
Sigma factors are involved in transcription initiation. Expression of sigH typically
increases with general stress (Huckauf et al., 2000; Hakkila et al., 2013). The expression of
sigH was lowered in our study after the increase in pCO2 (Table 3.1), indicating that the cells
perceived less stress at this stage.

Increased toxins per cell at elevated CO2?
Our results show that cells of Microcystis PCC 7806 contained a 2.5 times higher microcystin
content at elevated pCO2. Similar results were found in an earlier study with Microcystis HUB
5-2-4, where elevated CO2 also produced a transition from Ci to light limitation and an
approximately 2-2.5 fold increase in microcystin content (Van de Waal et al., 2009). This
suggests that rising CO2 levels will increase the toxicity of Microcystis cells.
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In contrast to the increase of the cellular microcystin content, expression of the mcy
genes remained constant during the shift from low pCO2 to high pCO2 (Figure 3.4B). Gene
expression may not be equivalent to abundance of the final gene product, and a further
complication is that microcystins are synthesized by non-ribosomal peptide synthetases
(Dittmann et al., 1997). The control mechanisms for the synthetase activity are largely
unknown, but it has been suggested that amino acid availability may play a decisive role (Tonk
et al., 2008; Van de Waal et al., 2010a).
The microarray results showed a strong increase in two polyketide synthase operons
(PKS I/III) at elevated pCO2 (Figure 3.4B). These operons were described previously
(Frangeul et al., 2008; Makower et al., 2015), yet the structure of the actual produced
compounds and their exact function remain unknown. Polyketides have diverse biological
functions and many have pharmacological and toxicological properties. Further research is
needed to know more about the polyketides of cyanobacteria.

Other physiological responses to elevated CO2
Our results also point at several other physiological changes in response to rising pCO2 levels.
For example, the dry weight of cells decreased ~2 fold at elevated pCO2, but the cells were
hardly smaller (Figure 3.2A). This was accompanied by a reduced cellular C storage, lower
cellular C/N ratio and reduced carbohydrate content at elevated pCO2 (Figure 3.2B-D). A
lower cellular C content at elevated CO2 contradicts the common expectation that rising CO2
levels will increase the carbon content of phytoplankton cells (e.g., Van de Waal et al., 2010b;
Finkel et al., 2010; Verschoor et al., 2013). However, recent experiments showed that also
other Microcystis strains do not increase their C/N ratio at elevated CO2 when provided with an
ample nutrient supply (Verspagen et al., 2014a). A possible explanation for these observations
might be that cells do not require large amounts of C reserves in the presence of plentiful Ci in
the environment. Furthermore, changes in carbohydrate content are known to play a role in
the vertical migration of Microcystis (Thomas and Walsby, 1985; Visser et al., 1997; Wallace et
al., 2000). A strong decrease in cellular dry matter and carbohydrate content will increase the
buoyancy of cells, which may be particularly advantageous when cells experience low light
levels. The shift from Ci to light limitation induced by rising CO2 concentrations may thus
stimulate the formation of surface blooms in Microcystis-dominated lakes.
Elevated pCO2 levels also led to an increase in the photosynthetic pigments and in the
PSI/PSII ratio of the cells (Figure 3.3A,B). Most likely, this response is due to the reduced
light availability caused by the denser cultures at elevated pCO2. This process, known as
photoacclimation, is well known to occur in cyanobacteria (Deblois et al., 2013). Yet,
expression of the psa and psb genes for photosystem components remained unaltered.
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We did not observe many changes in the genes involved in C and N metabolism
(Table 3.1). One exception is the upregulation of glnN, that encodes for a glutamine synthase.
The expression of glnN has been linked with nitrogen stress (Reyes et al., 1997). In this way the
N metabolism of the cells responds subtly to changes in Ci availability caused by high pCO2
levels.

Concluding remarks
We investigated the genetic and physiological response of the harmful cyanobacterium
Microcystis to rising CO2. The experiments were conducted in chemostats, which provide ideal
conditions to study microorganisms in a controlled environment. Yet, chemostats provide a
simplified experimental setting in comparison to the complexity of the natural world. In lakes,
buoyancy regulation enables Microcystis populations to form dense blooms at the water surface
(Reynolds and Walsby, 1975; Huisman et al., 2004), where they intercept the influx of
atmospheric CO2 (Ibelings and Maberly, 1998). Hence, the formation of surface blooms is a
successful strategy to avoid low CO2 availability deeper in the water column (Paerl and Ustach,
1982). However, despite their proximity to the surface, dissolved CO2 concentrations can be
strongly depleted and pH may exceed 9 during surface blooms of buoyant cyanobacteria
(López-Archilla et al., 2004; Verspagen et al., 2014b). The high concentration of cells in
blooms causes a high local demand for inorganic carbon and consequently extreme carbon
limitation (Ibelings and Maberly, 1998), resembling the conditions in our CO2-limited
laboratory experiments.
In our experiments, elevated CO2 alleviated Microcystis cells from Ci limitation. In
response, Microcystis induced changes in the expression of a relatively limited number of genes,
including several genes involved in Ci uptake. The expression of several stress-related genes was
reduced at elevated CO2, while only a few key genes at control sites of cellular C/N metabolism
were regulated. At elevated CO2, Microcystis cells halted its high-affinity bicarbonate uptake
systems, and relied on CO2 and low-affinity bicarbonate uptake systems. This supports earlier
results that high-affinity bicarbonate uptake systems will become less essential with rising CO2
(Sandrini et al., 2014). This may ultimately lead to an evolutionary loss of high-affinity Ci
uptake systems, as shown in evolution experiments with the green alga Chlamydomonas
reinhardtii. This green alga lost its ability to induce high-affinity Ci uptake while maintaining
its low-affinity Ci uptake after 1,000 generations at elevated CO2 levels (Collins and Bell,
2004; Collins et al., 2006).
In addition to changes in Ci uptake, elevation of the CO2 concentrations in our
experiments also led to a higher population abundance, increased buoyancy of the cells, and
higher toxin content per Microcystis cell. This indicates that the current rise in atmospheric
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CO2 levels may strongly increase the problems associated with the harmful cyanobacterium
Microcystis in eutrophic lakes.

Materials and Methods
Chemostat experiment
The axenic strain Microcystis strain PCC 7806 was obtained from the Pasteur Culture
Collection (Paris, France). The strain was originally isolated from the Braakman reservoir, the
Netherlands in 1972. It contains genes for the two CO2 uptake systems, the bicarbonate
uptake systems BCT1 (high affinity) and BicA (low affinity), but lacks the high-affinity
bicarbonate uptake system SbtA (Sandrini et al., 2014). The Microcystis strain was pre-cultured
in four 2-L Erlenmeyer flasks using modified BG11 medium (Rippka et al., 1979) with 10
mmol L-1 NaNO3 and without Na2CO3 or NaHCO3, at an incident light intensity of 15 µmol
photons m-2 s-1, 400 ppm CO2, and a temperature of 25°C. Regular microscopy did not reveal
contaminations.
The experiment was carried out in four replicate chemostats designed for
phytoplankton growth (Huisman et al., 2002) using the same modified BG11 medium. Each
chemostat consisted of a flat culture vessel that was illuminated from one side (the front
surface) to obtain a unidirectional light gradient. We applied a constant incident irradiance (Iin)
of 50 µmol photons m-2 s-1 using white fluorescent tubes (Philips Master TL-D 90 De Luxe
18W/965, Philips Lighting, Eindhoven, the Netherlands). The chemostats had an optical path
length of 5 cm and an effective working volume of 1.8 L. The temperature in the chemostats
was maintained at 25°C using a stainless steel cooling finger connected to a water bath (Haake
A28F/AC200; Thermo Fisher Scientific, Pittsburgh, PA, USA). The dilution rate was set at
0.01 h-1.
The chemostats were bubbled with CO2-enriched air at a flow rate of 25 L h-1. The
CO2-enriched air was based on pressurized air (21% O2, 78% N2), from which the CO2 was
removed by a CO2 adsorption air dryer (Ecodry K-MT6; Parker Zander, Lancaster, NY, USA)
and four 1 m high columns filled with NaOH pellets. Subsequently, different amounts of pure
CO2 gas were added using GT 1355R-2-15-A 316 SS Flow Controllers and 5850S Mass Flow
Controllers (Brooks Instrument, Hatfield, PA, USA) to obtain the desired CO2 concentration.
The gas mixture was moistened with 25°C water to suppress evaporation and led through a
0.20 µm Midisart 2000 filter (Sartorius Stedim Biotech GmbH, Göttingen, Germany) to
sterilize the air, before it entered the chemostats. The CO2 concentration in the gas mixture
was checked regularly with an Environmental Gas Monitor for CO2 (EGM-4; PP Systems,
Amesbury, MA, USA).
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Prior to the experiment, the four chemostats were inoculated with Microcystis from
exponentially growing pre-cultures. The cultures were allowed to acclimate to the new
chemostat conditions for ten days. Subsequently, the cultures were diluted to an initial
cyanobacterial abundance of ~60 mm3 L-1 to start the experiment. The CO2 concentration in
the gas mixture was 200±10 ppm CO2 during the first 36 days of the experiment (and also
during the preceding acclimation phase). After 36 days, the CO2 concentration was raised to
1450±50 ppm CO2. The experiment was run for 50 days, during which the chemostats were
sampled three to five times per week.

Light and cyanobacterial abundance
The incident irradiance (Iin) and the irradiance penetrating through the chemostat vessel (Iout)
were measured with a LI-COR LI-250 quantum photometer (LI-COR Biosciences, Lincoln,
NE, USA) at ten positions on the front and back surface of the chemostat vessels, respectively.
Cell numbers, biovolumes and average cell size of samples were determined in triplicate using a
Casy 1 TTC cell counter with a 60 µm capillary (Schärfe System GmbH, Reutlingen,
Germany). Dry weight was determined in duplicate by filtering 0.75-10 mL of sample over
pre-weighted 1.2 µm pore size 25 mm GF/C glass filters (Whatman GmbH, Dassel,
Germany). Filters with cells were dried for two days in a 60°C oven, transferred to a desiccator
to cool to room temperature, and subsequently weighted again.

Aquatic chemistry
The pH of the samples was measured immediately after sample collection with a Lab 860 pH
meter in combination with a BlueLine 28 Gel pH electrode (SCHOTT Instruments GmbH,
Mainz, Germany). For dissolved inorganic carbon (DIC) concentration, alkalinity and nitrate
measurements, samples of 40 mL were immediately centrifuged (5 min at 4,000 g and 20°C).
The pellets were used for cellular C and N analysis, whereas the supernatant was filtered over
0.45 µm pore size 47 mm polyethersulfone membrane filters (Sartorius AG, Goettingen,
Germany). The filtrate was transferred to sterile plastic urine tubes (VF-109SURI; Terumo
Europe N.V., Leuven, Belgium). The tubes were filled completely and stored at 4°C until
further analysis. DIC (three to five technical replicates) was measured with a TOC-VCPH
TOC analyzer (Shimadzu, Kyoto, Japan). Concentrations of CO2(aq), bicarbonate and
carbonate were calculated from DIC and pH (Stumm and Morgan, 1996). Alkalinity was
determined with a 716 DMS Titrino titrator (Metrohm Applikon B.V., Schiedam, the
Netherlands), based on the amount of 0.01 or 0.1 mol L-1 HCl added to reach pH 4.5 (ISO
9963-1:1994). The nitrate concentration was measured with a TNM-1 nitrogen detector
(Shimadzu, Kyoto, Japan) attached to the TOC-VCPH TOC analyzer.
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Cellular composition
Cellular C and N contents were determined by gently washing the pellets obtained from the
previous centrifugation twice (5 min at 4,000 g and 20°C) with a C- and N-free solution (10
mmol L-1 NaCl and 10 mmol L-1 K2HPO4 pH 8.0). The washed pellets were stored at -20°C
until further analysis. Subsequently, the pellets were freeze dried, and the C and N content of 5
mg homogenized freeze-dried powder was analyzed using a Vario EL Elemental Analyzer
(Elementar Analysensysteme GmbH, Hanau, Germany).
To determine the cellular carbohydrate, lipid, protein and phosphate content, 2 mL
samples were centrifuged and the pellets were stored at -20°C until further analysis.
Carbohydrate was quantified using the phenol-sulphuric acid method, with D-glucose (Merck
Millipore, Darmstadt, Germany) as standard (Dubois et al., 1956). Lipids were extracted with
methanol and chloroform, and subsequently the lipid content was quantified using the
sulphuric acid-vanillin-phosphoric acid method, with Triolein (>99%, Sigma-Aldrich Co, St
Louis, MO, USA) as standard (Izard and Limberger, 2003). Proteins were quantified with the
Bradford assay, using Brilliant Blue G-250 and bovine serum albumin as standard (Bradford,
1976). Cellular P was obtained by oxidizing cells with potassium persulfate for 1 h at 100°C
(Wetzel and Likens, 2000), after which the phosphate concentration was measured
colorimetrically according to Murphy and Riley (1962).

In vivo absorption spectra
Light absorption spectra of the samples were scanned from 400 to 750 nm with a bandwidth of
0.4 nm using an Aminco DW-2000 double-beam spectrophotometer (Olis Inc., Bogart, GA,
USA). BG11 medium without cells was used as baseline and the spectra were normalized based
on the absorbance at 750 nm.

Low temperature fluorescence
Relative amounts of PSI and PSII were determined using an Olis DM 45 77K
spectrofluorometer connected to an Olis photon counter (Olis Inc., Bogart, GA, USA).
Glycerol (30% final concentration) was added to the samples, which were transferred to 3 mL
polystyrene cuvettes (Sigma-Aldrich Co, St Louis, MO, USA) and frozen in liquid nitrogen.
The excitation wavelength was 440 nm for chlorophyll a. Emission spectra of the samples were
measured in triplicate at 600-750 nm, and normalized based on the mean emission at 600-660
nm.
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Microcystin analysis
Microcystis PCC 7806 produces two microcystin variants, [Asp3]MC-LR and MC-LR (Tonk et
al., 2009). To determine the intracellular unbound microcystin content (cf. Meissner et al.,
2013), 1-5 mL samples were filtered over 1.2 µm pore size 25 mm GF/C filters (Whatman
GmbH, Dassel, Germany). The filters were stored at -20°C and subsequently freeze dried.
Microcystins were extracted with 75% MeOH and analysed with HPLC according to Van de
Waal et al. (2011), using a Shimadzu LC-20AD HPLC system with a SPD-M20A photodiode
array detector (Shimadzu, Kyoto, Japan). Peaks of [Asp3]MC-LR and MC-LR could not be
completely separated. Therefore, both peaks were summed and are referred to as total
microcystin. Earlier chemostat experiments showed that extracellular microcystin
3

concentrations in the water phase were negligible (e.g., Van de Waal et al., 2011).

RNA extraction
RNA samples for transcriptome analysis were taken from all four chemostats, at 0 hours (just
before increasing the pCO2) and at 0.75, 2, 4, 8, 24, 72 and 336 h after increasing the pCO2
from 200 to 1450 ppm. Fresh culture samples of ~40 mL were immediately cooled on ice and
centrifuged for 5 min at 4,000 g and 4°C in a pre-cooled centrifuge. The pellets were
immediately resuspended in 1 mL TRIzol (Life Technologies, Grand Island, NY, USA), frozen
in liquid nitrogen and stored at -80 °C. Subsequently, RNA was extracted with TRIzol
(Invitrogen) according to the supplier’s instructions, using beads (0.5 mm BashingBeads;
Zymo Research, Orange, CA, USA) to facilitate cell disruption. After the phase separation
steps, the Direct-ZolTM RNA MiniPrep kit (Zymo Research) was used for RNA purification.
The in-column DNase I digestion was included as well. RNA concentrations were quantified
using a Nanodrop 1000 spectrophotometer (Thermo Scientific, San Jose, CA, USA), and all
RNA samples had A260/A280 and A260/A230 values above 1.8. The quality of the RNA extracts
was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Amstelveen, the
Netherlands).

cDNA synthesis for microarray analysis
The cDNA library was prepared using the Superscript III Reverse Transcriptase kit (Invitrogen,
Carlsbad, CA, USA) according to Eisenhut et al. (2007), with incorporation of Cy3-dUTP or
Cy5-dUTP (Amersham Biosciences Benelux, Roosendaal, the Netherlands) in the cDNA.
Non-incorporated fluorescent nucleotides were removed with the QIAquick PCR purification
kit (Qiagen, Venlo, the Netherlands). The reverse transcription and fluorescent dye
incorporation efficiency were monitored with a Nanodrop 1000 spectrophotometer (Thermo
Scientific, San Jose, CA, USA).
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Microarray design
The transcriptome study was performed on two Agilent 8×60K two-color microarray chips
(Agilent Technologies, Amstelveen, the Netherlands). The microarray design and probe library
of Microcystis PCC 7806 was based on Makower et al. (2015), which was partly derived from
Straub et al. (2011). The sequence-specific oligonucleotide probes (60-mers) targeted 4,691
protein-coding genes, which corresponds to 88.6% of the total predicted protein-coding genes
in the annotated genome of Microcystis PCC 7806 (Frangeul et al., 2008). On average, five
different probes per gene were used. Cy3- and Cy5-labeled cDNA probe samples from just
before and at specific time points after increasing the pCO2 in the four chemostats were
combined. A loop design was used, in which samples from the same chemostat but different
time points were compared (Table S3.1). The hybridization, washing and array reading were
performed as described by Eisenhut et al. (2007).

Microarray data analysis
The array data were analyzed with the R package Limma version 3.18.13 (Smyth, 2005;
www.bioconductor.org; www.R-project.org). After background correction (‘minimal method’),
within-array normalization was applied using global loess normalization. Subsequently, the
data was log2 transformed. Between-array normalization was applied using A-quantile
normalization (Bolstad et al., 2003). Log2 expression values for the different time points (after
increasing the pCO2) were calculated with respect to the reference value at t = 0 (just before
increasing the pCO2). Expression values of multiple probes per gene were averaged. Hence, for
each gene we obtained four expression values per time point, based on the four replicate
chemostats. For each time point, p-values were calculated from the moderated t-statistic, and
were adjusted for multiple hypothesis testing by controlling the false discovery rate (Storey and
Tibshirani, 2003). Log2 gene expression values of < -0.9 or > 0.9 (similar to Nodop et al.,
2008 and Schwarz et al., 2011), and p-values < 0.01 were considered differentially expressed.
Visual representation was done using hierarchical clustering and heatmaps with the hclust and
heatmap.2 functions of the R gplots package version 2.13.0. The expression values,
corresponding

p-values

and

gene

function

according

to

CyanoBase

(http://genome.microbedb.jp/cyanobase/Synechocystis/genes/category) of all investigated genes
are listed in Table S3.2, Supplementary Information.

RT-qPCR gene expression analysis
To validate the microarray results, we also investigated changes in gene expression of several
CCM genes and the mcyB gene using RT-qPCR. We designed gene-specific primers (Table
S3.3, Supplementary Information). Secondary structure analysis of the primers was checked
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with OligoAnalyzer 3.1 (Integrated DNA Technologies, Coralville, IA, USA) and the in silico
specificity was assessed using Primer-BLAST (Ye et al., 2012). The specificity of the primers
was confirmed with normal PCR on genomic DNA using the GoTaq® Hot Start DNA
polymerase kit (Promega GmbH, Mannheim, Germany) combined with gel electrophoresis.
For the RT-qPCR gene expression analysis, we used the same RNA samples as for the
microarray analysis at the time points 0 h, 4 h and 336 h (2 weeks) after increasing the pCO2.
cDNA was synthesized by reverse transcription of the RNA samples with Superscript III
(Invitrogen) according to the supplier’s instructions, using 250 ng random hexamers
(Amersham Biosciences Benelux, Roosendaal, the Netherlands) and 5 µg of pure RNA in a
total reaction volume of 20 µL. Next, the RNase H treatment (New England Biolabs, Ipswich,
MA, USA) was applied to remove any RNA complementary to the cDNA. Subsequently, the
qPCR Maxima® SYBR Green Master Mix (2x) (Thermo Fisher Scientific, Pittsburgh, PA,
USA) was applied on the cDNA samples according to the supplier’s instructions, in an ABI
7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The two step
cycling protocol was used, with a denaturation temperature of 95°C (15 s) and a combined
annealing/extension temperature of 60°C (60 s) during 40 cycles. The reactions contained 0.3
µmol L-1 primers and 1 µL of 10 times diluted cDNA from the RT reaction in a total reaction
volume of 25 µL. Other reaction components were added as instructed by the supplier. ROX
solution was used to correct for any well-to-well variation and melting curve analysis was
performed on all measured samples to rule out non-specific PCR products.
Amplification efficiencies of individual runs (E) were calculated with LinRegPCR
(version 2012.3; Ramakers et al., 2003; Ruijter et al., 2009) and were between 1.8 and 2.0
(Table 3.3). Time point 0 (just before the pCO2 was increased) was used as reference sample,
and 16S rRNA was used as reference gene. Each RT-qPCR plate contained a reference sample
and samples with primers targeting 16S rRNA to overcome plate effects. For each individual
sample, two technical replicates were measured and the average of the two measurements was
used in the data analysis. The data were baseline corrected using LinRegPCR, and the same
software was used to calculate quantification cycle (Cq) values. LinRegPCR did not detect
samples without amplification, without a plateau, with a baseline error or noise error, or with
deviating amplification efficiencies. Negative control samples did not show significant
amplification. For each gene, we calculated the relative gene expression with respect to time
point 0 using 16S rRNA as reference gene according to the 2-∆∆Ct method (Livak and
Schmittgen, 2001). MS Excel version 2010 and SPSS version 20.0 were used for the statistical
analyses. A one-tailed t-test was used to assess whether the change in gene expression with
respect to time point 0 was significant (again with n = 4 expression values per time point, based
on the four replicate chemostats). An independent samples t-test was used to detect differences
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between the 4 h and 2 week samples. The false discovery rate (FDR) was used to correct for
multiple hypothesis testing (Benjamini and Yekutieli, 2001; FDR adjusted p values<0.05).

O2 optode experiments
In mineral medium without nitrate, the O2 evolution rate of cyanobacterial cells exposed to
saturating light provides a good proxy of their Ci uptake rate (Miller et al., 1988). We therefore
measured O2 evolution with an Oxy-4 mini O2 optode (PreSens GmbH, Regensburg,
Germany) to study the Ci uptake of samples from the steady-state chemostats at 200 and 1450
ppm pCO2. External carbonic anhydrase activity in Microcystis was previously shown to be
negligible (Song and Qiu, 2007). Fresh cell samples were pelleted (4,000 g for 5 min at 20°C),
washed 1x and then resuspended in Ci- and nitrate-depleted modified BG11 medium (no
added NaNO3 and NaCO3/NaHCO3, but with 25 mmol L-1 NaCl and 10 mmol L-1 CAPSONaOH added at pH 9.8; the medium was aerated with N2 gas for 4h before usage). The
absorbance at 750 nm (A750) of washed and resuspended samples was 0.300. Three mL of
sample was inserted into custom-made glass incubation chambers (four measurements were
done at the same time), each connected to an O2 optode. The glass chambers were connected
to a RM6 water bath (Lauda, Lauda-Königshofen, Germany) to keep the temperature of the
samples at 20.3°C. Magnetic stirring was used for mixing. The O2 optode sensors were
calibrated with N2 gas (‘0%’) and air (‘100%’). A saturating amount of light (500 µmol
photons m-2 s-1) was used, which was provided by KL1500 compact Schott lamps (Schott AG,
Mainz, Germany). Subsequently, specific amounts of NaHCO3 were added (5, 20, 100, 300,
1000 or 10,000 µmol L-1), after which the rate of O2 evolution (µmol L-1 min-1) was measured.
The evolution was expressed per mg of chlorophyll a. Photosynthetic pigments were extracted
with 90% acetone and analyzed using HPLC with photodiode array detection (LC-20AD
liquid chromatographs, SIL-20A auto sampler, CTO-20AC column oven, SPD-M20A diode
array detector, RF-10AXL fluorescence detector; Shimadzu, Kyoto, Japan). Identification of
chlorophyll a was based on the characteristic absorbance at 664 nm and the specific retention
time compared with a standard obtained from DHI Group (Copenhagen, Denmark).
To evaluate the activity of the different Ci uptake systems, we investigated O2
evolution in the presence and absence of 25 mmol L-1 LiCl. Lithium ions are known to inhibit
the activity of the sodium-dependent bicarbonate uptake systems (e.g., Espie et al., 1988). The
experiments were performed at pH 7.8 (using 10 mmol L-1 TES-KOH pH 7.8 buffer) and pH
9.8 (using 10 mmol L-1 CAPSO-KOH pH 9.8 buffer) to vary the relative availability of CO2
and HCO3-, using Ci and N depleted modified BG11 medium containing 25 mmol L-1 NaCl
to which 200 µmol L-1 KHCO3 was added after initial Ci depletion. To test if O2 evolution
rates differed significantly between the treatments, one-way analysis of variance was used with
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post hoc comparison of the means based on Tukey’s test (n = 4 replicates per treatment).
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I. Supplementary Figures

3
Figure S3.1. Changes in inorganic carbon chemistry and pH during the first 24 h after increasing the pCO2. (A)
Dissolved inorganic carbon (DIC) and pH. (B) Dissolved CO2, bicarbonate and carbonate concentrations. Error bars
indicate standard deviations (n = 4).

Figure S3.2. Changes in alkalinity and nitrate concentration during the shift from low pCO2 (200 ppm, white area)
to high pCO2 (1450 ppm, shaded area). (A) Alkalinity. (B) Nitrate concentration. Error bars indicate standard
deviations (n = 4).
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Figure S3.3. Changes in gene expression of CCM genes and the microcystin gene mcyB assessed with RT-qPCR, at
4 h and 2 weeks after the shift from low pCO2 (200 ppm) to high pCO2 (1450 ppm). Error bars indicate standard
deviations (n = 4). * significantly different (p < 0.05) from the zero time point (200 ppm). # significant difference (p <
0.05) between the time points of 4 h and 2 weeks after the increase to 1450 ppm. The p-values were corrected for
multiple hypothesis testing.
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Figure S3.4. Overview of all genes responding to rising pCO2. The expression changes are shown as log2 values. Red
indicates significant upregulation and green significant downregulation; non-significant changes are in black.
Hierarchical clustering was used to order the genes. Genes with superscript * are also shown in the main text. The
complete data set can be found in Table S3.2, Supplementary Information.

II. Supplementary Tables
Table S3.1. Microarray chip loading scheme.
Sample IDa

Biological
replicate

Chip

Array

Dye

Slide side

t0

1

1

3

Cy5

R

t0

2

1

4

Cy3

R

t0

3

2

11

Cy3

R

t0

4

2

12

Cy5

R

t0.75

1

1

1

Cy5

R

t0.75

2

1

2

Cy3

R

t0.75

3

2

9

Cy3

R

t0.75

4

2

10

Cy5

R

t2

1

1

5

Cy3

L
R

a

t2

2

1

4

Cy5

t2

3

2

13

Cy5

L

t2

4

2

12

Cy3

R

t4

1

1

3

Cy3

R

t4

2

1

2

Cy5

R

t4

3

2

11

Cy5

R

t4

4

2

10

Cy3

R

t8

1

1

5

Cy5

L

t8

2

1

6

Cy3

L

t8

3

2

13

Cy3

L

t8

4

2

14

Cy5

L

t24

1

1

7

Cy3

L

t24

2

1

6

Cy5

L

t24

3

2

15

Cy5

L

t24

4

2

14

Cy3

L

t72

1

1

7

Cy5

L

t72

2

1

8

Cy3

L

t72

3

2

15

Cy3

L

t72

4

2

16

Cy5

L

t336

1

1

1

Cy3

R

t336

2

1

8

Cy5

L

t336

3

2

9

Cy5

R

t336

4

2

16

Cy3

L

The samples ID’s indicate the time after increasing the pCO2.
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Table S3.2. Complete transcriptome data.
The complete transcriptome data are provided in the Supplementary Material of Sandrini et al. (2015a). Frontiers in
Microbiology 6: 401. doi: 10.3389/fmicb.2015.00401.
Table S3.3. Microcystis primers used in the RT-qPCR gene expression analysis.
Primer name Sequence 5’ 3’ (length)
16S
rRNA-F
16S
rRNA-R

GTCGAACGGGAATCTTC
GGAT (21)
GCTAATCAGACGCAAGC
TCTTC (22)

bicA-F

CAAGCTAACGGTCGCAT
CAT (20)

bicA-R

AGGCACATCACTCAAGT
CCA (20)

cmpA-F

GTTAAACACCCAGGGTA
ACGGA (22)

cmpA-R

GCTAACCAGTAACGAAT
CCAGAAGT (25)

chpX-F

CCTGTCAAGTCCTCCTC
TCAT (21)

chpX-R

TTCAGGATACCCACTAC
CTCG (21)

chpY-F

ATATCGCCAAAATGCCG
ACC (20)

chpY-R

GACATCATCCGCACCTG
TTC (20)

rbcX-F

CGGATCATGACGGTAAG
AGAACA (23)

rbcX-R

ATTCCGATGTCTCTGGT
TGACT (22)

ccmM-F

AAGTCCACACCTTCTCT
AACCTC (23)

ccmM-R

CTGTCGTCGCCAATGTG
AA (19)

ccaA-F

ACTCCTGCGGTTAATAC
TGTGG (22)

ccaA-R

GATAAATGCGATCAGCT
TGGGAG (23)

ecaA-F

CCCAAGAACCTTCTCCT
GAAATG (23)

ecaA-R

GCCAATTGTTGCAGTTG
TTGG (21)

mcyB-F

ATCCCATGCTCAGAGAC
GTT (20)

mcyB-R

AGATGTCCGCAGGGATT
CAT (20)

Gene
symbol

Locus tag

Accession no.
(Genbank)

Expected
product
size (bp)

Amplification
efficiency (E)a

16S rRNA

IPF_5548

AM778951.1

132

1.88±0.03

Reference
This study
This study
This study

bicA

IPF_4911

AM778949.1

157

1.87±0.02
This study
This study

cmpA

IPF_2181

AM778958.1

180

1.85±0.01
This study
This study

chpX

IPF_1842

AM778957.1

113

1.89±0.01
This study

chpY

IPF_1545

AM778958.1

114

1.80±0.02

rbcX

IPF_2531

AM778933.1

157

1.85±0.02

Sandrini et al.,
2014
Sandrini et al.,
2014
This study
This study

ccmM

ccaA

ecaA

mcyB

IPF_5695

IPF_5538

IPF_4566

IPF_375

AM778933.1

AM778919.1

AM778932.1

AM778952.1

118

97

187

163

1.87±0.01

Sandrini et al.,
2014
Sandrini et al.,
2014

1.87±0.01

Sandrini et al.,
2014
Sandrini et al.,
2014

1.86±0.01

Sandrini et al.,
2014
Sandrini et al.,
2014

1.88±0.01

Sandrini et al.,
2014
Sandrini et al.,
2014

a

The average amplification efficiency (E) ± s.d. of 12-36 samples for each primer pair was calculated using LinRegPCR

(version 2012.3).
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Table S3.4. Expression of genes involved in pigment synthesis, photosystems, CCM, C metabolism, C storage, N
assimilation, stress response and secondary metabolites.
Gene expression changes after increasing pCO2 (log2 values)c
t = 0.75 t = 2
t=4
t=8
t = 24 t = 72 t = 336

IPF/genea

IPFa

Function
categoryb

Annotation

Pigment genes
chlG
chlL
chlN
chlB
chlH
chlI
chlP
acsF
chlD
chlM
3758
644
apcA
apcB1
apcC
2153
2154
2636
nblB
cpcB
cpcA
cpcI
cpcF
cpcE
crtO
crtQ
crtP1
crtH
crtP2
crtE
861
1003
4676

1784
2403
2405
1478
2836
4936
4969
4518
4280
5642
3758
644
881
882
883
2153
2154
2636
2775
4221
4222
4223
4758
4760
1740
5749
2974
4648
2656
4168
861
1003
4676

2
2
2
2
17
2
2
16
2
2
2
8
8
8
8
17
17
17
8
8
8
8
8
8
2
2
2
16
17
2
2
16
2

Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Chlorophyll a synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Phycocyanin synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis
Beta-carotene synthesis

-0.041
0.182
0.212
0.162
-0.033
-0.182
0.237
0.089
0.001
-0.042
-0.028
0.179
0.061
-0.067
-0.011
-0.004
0.024
-0.007
-0.029
0.039
-0.008
0.112
-0.114
-0.208
0.236
-0.118
-0.018
0.047
-0.061
0.078
-0.301
0.308
0.042

-0.086
0.008
0.147
0.281
-0.027
-0.207
0.428
0.256
0.059
0.103
0.018
0.124
0.328
0.297
0.188
-0.130
-0.095
-0.109
-0.016
0.216
0.229
0.190
-0.222
-0.108
0.444
0.011
-0.056
0.034
0.105
-0.027
-0.211
0.935
0.027

-0.022
-0.285
-0.110
-0.032
0.025
-0.334
0.167
0.258
-0.009
0.017
-0.282
0.183
0.223
0.150
0.144
-0.168
-0.122
-0.068
-0.056
0.311
0.282
0.293
-0.200
-0.103
0.700
0.075
-0.111
0.094
0.144
0.107
-0.406
0.989
-0.025

0.181
-0.355
-0.123
0.044
-0.198
-0.078
0.304
0.328
0.227
0.051
-0.025
0.151
0.532
0.453
0.405
0.010
-0.066
-0.160
0.044
0.373
0.380
0.338
-0.065
0.074
1.051
-0.209
-0.352
-0.065
-0.056
0.200
-0.449
0.622
0.039

0.340
-0.441
-0.319
-0.131
-0.231
0.099
-0.038
0.021
0.393
-0.011
-0.122
0.178
0.410
0.293
0.339
0.033
-0.066
-0.255
0.250
0.259
0.264
0.379
0.079
0.240
0.359
0.063
0.263
0.061
-0.072
0.379
-0.290
0.495
-0.117

0.274
0.086
-0.014
0.254
-0.069
-0.343
-0.186
0.018
-0.073
-0.093
-0.187
0.216
0.572
0.238
0.501
0.046
-0.052
-0.110
0.229
0.509
0.371
0.926
-0.017
-0.051
0.511
-0.024
0.178
0.167
0.028
0.451
-0.431
0.292
0.011

0.102
0.243
0.248
0.181
0.069
-0.574
-0.125
-0.165
-0.230
-0.246
-0.515
0.667
0.338
-0.048
0.333
0.022
0.023
-0.094
0.266
0.620
0.425
0.919
-0.125
-0.274
0.321
0.017
0.153
0.242
-0.009
0.437
-0.548
0.284
0.112

Photosystem genes
psaA
474
psaB
476
psaC
3989
psaD
2761
psaE
446
psaF
3393
psaI
2821
psaJ
3392
psaK1
3184
psaK2
5244
psaL
2822
psbA1
4371
psbA2
868
psbV
4990
psbK
1293
psb27
5583
psbP
2468
psb28
4328
psbZ
3202
psbL
5911
4776
4776
PsbU
5553

8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem I
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II

0.012
-0.193
0.094
0.111
0.026
-0.070
0.063
-0.128
-0.091
-0.094
0.182
-0.445
-0.324
0.176
-0.108
0.073
0.011
-0.181
0.075
-0.038
-0.029
-0.164

0.305
0.269
0.426
0.244
0.411
0.199
0.353
0.183
0.188
0.351
0.492
-0.144
-0.108
0.325
-0.021
-0.041
0.011
-0.180
0.176
0.046
0.025
0.050

0.193
0.092
0.123
0.266
0.219
0.124
0.194
0.165
0.014
0.512
0.357
-0.278
-0.195
0.342
-0.048
-0.065
0.060
-0.183
0.299
-0.066
-0.048
0.039

0.199
0.116
0.282
0.195
0.442
0.022
0.142
-0.009
0.222
0.825
0.385
-0.423
-0.321
0.414
0.149
0.233
0.156
-0.015
0.149
-0.149
-0.135
0.245

-0.044
-0.188
0.053
0.084
0.219
-0.042
0.010
-0.055
-0.042
0.424
0.186
-0.492
-0.394
0.499
0.051
0.469
-0.027
-0.086
0.098
0.042
0.003
0.101

-0.036
-0.739
0.066
0.280
0.344
0.061
-0.127
-0.044
-0.228
0.360
0.352
-0.714
-0.468
0.536
-0.349
0.532
0.141
-0.169
0.295
0.156
0.097
-0.265

-0.047
-0.978
0.072
0.327
0.159
0.002
-0.166
-0.134
-0.260
0.321
0.217
-0.770
-0.452
0.546
-0.141
0.544
0.228
-0.137
0.430
0.160
0.239
-0.317
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PsbN
psbC
psbD1
psbO
psb29
psbQ
psbI
psbH
psbW

5537
3580
3579
4364
658
4959
1964
1588
4806

8
8
17
8
16
16
8
8
8

CO2-concentrating mechanism genes
ndhD4
1459
8
chpY
1545
8
ndhD3
1546
8
ecaB
1547
8
ndhF3
1548
8
ccmR
1549
10
chpX
1842
8
ccmR2
2166
10
cmpD
2177
14
cmpC
2178
14
cmpB
2180
14
cmpA
2181
14
rbcS
2530
8
rbcX
2531
8
rbcL
2532
8
ccmN
2533
8
ccmO
3425
8
ccmK3
3718
8
ecaA
4566
8
bicA
4911
14
nhaS3
4912
14
ndhF4
5045
8
ccmK2
5495
8
ccaA
5538
8
ccmM
5695
8
ccmK4
5855
8
ccmL
6196
8
C metabolism genes
cbbZ
4853
5105
5105
glcD
2797
glcF
4338
5118
5118
glyA
1726
serA
3464
ilvG
3465
ilvB
864
4195
4195
cbbR
556
gap2
4508
gap1
2286
pgk
2454
tpi
5206
zwf
2448
pgi
942
pfkA1
2807
4300
4300
862
862

6
16
6
6
15
1
1
1
1
17
10
8
6
6
8
6
6
6
6
6

Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II
Photosystem II

0.117
0.009
0.103
-0.057
-0.027
-0.080
-0.033
-0.068
0.104

0.082
0.304
0.195
0.183
-0.195
-0.169
0.034
-0.033
0.058

-0.043
0.163
0.197
0.025
-0.185
-0.020
-0.098
-0.012
0.065

-0.222
0.143
-0.032
0.140
-0.439
0.069
-0.153
-0.065
0.178

-0.211
0.121
0.086
0.131
0.198
0.112
-0.095
0.035
0.323

-0.095
-0.176
0.286
-0.145
0.202
0.114
-0.086
-0.047
0.326

-0.006
-0.259
0.336
-0.220
0.277
0.153
-0.055
-0.054
0.143

CO2 uptake
CO2 uptake
CO2 uptake
Carbonic anhydrase
CO2 uptake
Transcriptional regulator
CO2 uptake
Transcriptional regulator
Bicarbonate uptake
Bicarbonate uptake
Bicarbonate uptake
Bicarbonate uptake
RuBisCO subunit
RuBisCO chaperone
RuBisCO subunit
Carboxysome
Carboxysome
Carboxysome
Carbonic anhydrase
Bicarbonate uptake
Na+/H+ antiporter
CO2 uptake
Carboxysome
Carbonic anhydrase
Carboxysome
Carboxysome
Carboxysome

0.179
-0.622
-0.729
-0.370
-0.902
-1.966
-0.087
0.028
-1.508
-2.230
-2.621
-1.904
-0.291
-0.268
-0.189
-0.407
-0.155
-0.179
-0.040
-0.606
-0.658
0.099
-0.262
0.062
-0.364
-0.135
-0.282

0.136
-0.677
-0.815
-0.362
-1.066
-3.207
-0.140
-0.794
-1.282
-3.198
-4.187
-3.938
-0.312
-0.425
-0.365
-0.452
-0.115
-0.200
-0.105
-2.232
-2.353
0.030
-0.248
-0.058
-0.361
-0.194
-0.323

0.111
-0.780
-0.824
-0.491
-1.286
-4.152
-0.203
-1.778
-1.694
-4.119
-5.126
-6.177
-0.431
-0.389
-0.401
-0.453
-0.092
0.087
-0.186
-4.532
-4.460
0.375
-0.212
0.175
-0.288
0.197
-0.218

0.313
-0.541
-0.583
-0.286
-1.053
-4.022
-0.134
-1.775
-1.406
-3.376
-4.457
-5.793
-0.016
-0.097
-0.075
-0.011
0.073
0.135
-0.249
-4.562
-4.269
0.671
0.059
0.183
0.036
0.338
0.031

0.209
-0.300
-0.279
-0.038
-0.506
-3.479
-0.179
-1.055
-1.251
-3.315
-4.396
-5.226
0.215
0.221
0.260
0.245
0.151
0.273
-0.177
-3.327
-3.186
0.892
0.226
0.351
0.231
0.456
0.205

0.498
-0.200
0.013
0.191
-0.262
-2.252
-0.106
-0.296
-1.435
-3.374
-4.120
-4.793
0.044
0.295
0.372
0.175
0.220
0.180
-0.213
-2.171
-2.270
0.952
0.234
0.606
0.188
0.398
0.356

0.483
-0.167
-0.054
0.170
-0.342
-2.119
-0.086
-0.390
-1.510
-3.455
-4.102
-4.650
0.009
0.316
0.407
0.150
0.228
0.264
-0.132
-1.735
-1.798
0.703
0.248
0.629
0.176
0.439
0.316

C2 cycle
C2 cycle
C2 cycle
C2 cycle
C2 cycle
C2 cycle
C2 cycle
Glycerate pathway
Glycerate pathway
Glycerate pathway
Calvin-Benson cycle
Calvin-Benson cycle
Calvin-Benson cycle
Calvin-Benson cycle
Calvin-Benson cycle
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP

-0.027
0.041
0.005
-0.051
0.019
0.144
-0.197
0.089
-0.030
0.069
0.013
-0.023
0.154
-0.108
-0.057
0.348
0.093
-0.086
0.150
-0.138

0.011
0.262
-0.099
-0.109
0.134
0.125
-0.048
0.218
-0.142
0.099
-0.267
0.020
0.388
-0.005
-0.178
0.503
0.196
0.117
0.227
0.164

0.065
0.245
-0.333
-0.125
-0.145
-0.243
0.018
0.209
-0.204
0.171
-0.281
-0.057
0.341
-0.127
-0.298
0.760
0.301
0.167
0.131
-0.036

-0.102
-0.023
-0.280
-0.013
0.291
-0.317
0.208
0.132
0.123
0.233
-0.109
-0.104
0.710
-0.021
-0.589
0.903
0.193
0.759
0.483
-0.171

-0.151
0.202
-0.182
0.100
-0.058
-0.164
0.017
0.173
0.318
0.180
0.120
0.268
-0.264
0.198
0.221
-0.019
0.291
-0.053
-0.168
-0.196

0.073
0.043
-0.120
0.023
-0.514
-0.030
-0.180
0.090
-0.028
0.112
0.305
0.163
-0.015
-0.094
0.178
0.333
0.495
-0.175
-0.008
-0.343

0.067
0.229
-0.105
-0.004
-0.505
-0.076
-0.395
0.318
-0.147
-0.012
0.367
0.144
-0.167
-0.069
0.320
0.527
0.527
-0.476
-0.086
-0.521
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Table S3.4 continued.
4919
eno
4761
628
5643
5946
665
4658
nifj
ppc
5068
2629
gltA
acnB
icd
fumC
sdhA
sdhB

4919
6528
4761
628
5643
5946
665
4658
4303
1728
5068
2629
4674
5675
1980
4474
5037
5962

15
6
6
17
6
6
6
6
8
6
17
6
6
15
6
6
6
6

Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Glycolysis and PPP
Citric acid cycle
Citric acid cycle
Citric acid cycle
Citric acid cycle
Citric acid cycle
Citric acid cycle

-0.067
0.078
-0.060
0.479
0.058
-0.001
-0.089
-0.193
0.319
-0.096
0.131
0.092
0.371
0.071
0.147
0.011
0.254
0.125

0.214
0.455
0.061
0.364
0.323
-0.035
-0.015
-0.174
0.454
0.113
0.443
0.316
0.607
0.218
0.434
0.169
0.441
0.190

0.234
0.350
0.157
0.461
0.626
-0.114
0.043
-0.443
0.274
0.409
0.738
0.110
0.774
0.027
0.639
0.231
0.282
0.048

0.341
0.517
0.305
0.523
0.632
-0.048
0.036
-0.259
0.717
0.334
0.848
-0.004
0.880
-0.168
0.955
0.145
0.886
0.293

0.247
0.033
0.425
0.104
-0.069
0.029
0.075
-0.132
-0.317
0.165
-0.043
0.029
-0.144
-0.307
-0.026
-0.026
-0.008
-0.141

-0.280
-0.158
0.271
0.587
0.085
0.074
-0.020
-0.319
-0.002
0.042
0.033
0.047
0.097
-0.383
0.165
-0.308
-0.218
-0.060

-0.419
-0.150
0.038
0.880
0.002
0.147
-0.080
-0.546
-0.187
0.167
-0.073
-0.179
0.177
-0.265
-0.009
-0.226
-0.467
-0.136

C storage genes
phaC
4967
phaA
4962
phaB
4963
phaE
4966
glgP2
2422
glgP1
5378
glgB
1591
3632
3632
glgA2
3726
glgA1
5358
glgC
112
623
623
1564
1564
1565
1565
1566
1566

5
5
5
5
5
5
5
5
5
5
5
16
6
17
6

Polyhydroxyalkanoate
Polyhydroxyalkanoate
Polyhydroxyalkanoate
Polyhydroxyalkanoate
Starch/glycogen
Starch/glycogen
Starch/glycogen
Starch/glycogen
Starch/glycogen
Starch/glycogen
Starch/glycogen
Starch/glycogen
Sucrose synthesis
Sucrose synthesis
Sucrose synthesis

0.304
0.469
0.367
0.349
0.046
0.058
-0.084
0.033
-0.257
-0.249
0.031
0.166
0.137
0.103
0.073

0.581
0.783
0.675
0.665
0.344
0.217
-0.036
0.026
-0.201
-0.095
0.117
0.088
-0.048
-0.112
-0.013

0.856
0.888
0.899
0.911
0.213
0.506
-0.047
0.113
-0.411
-0.020
0.045
-0.112
-0.606
-0.426
-0.282

1.132
1.176
1.150
1.204
0.517
0.899
-0.134
0.420
-0.696
0.097
0.067
0.058
-0.578
-0.496
-0.341

-0.027
-0.019
0.041
-0.033
-0.386
-0.162
-0.095
0.065
-0.209
0.121
0.203
0.172
-0.768
-0.663
-0.530

0.299
0.452
0.404
0.320
-0.423
0.184
-0.088
0.057
-0.037
-0.048
0.228
0.194
-0.882
-0.649
-0.556

0.197
0.273
0.256
0.143
-0.368
0.041
-0.040
0.106
0.043
-0.155
0.268
0.268
-0.865
-0.596
-0.544

N assimilation genes
gcvT
3351
gcvP
5353
gcvH
4892
phdD
4856
glnA
3887
glnN
5525
gltB
3409
glsF
4630
nrtA
2949
nrtB
2950
ntcB
535
nirA
3545
5474
5474
5724
5724
1263
1263
ureG
2471
ureC
2853
ureB
6535
ureA
6536
ureD
592
ureF
1116
ureE
3586
urtA
5362
5363
5363

6
6
6
6
1
1
1
1
14
14
1
1
14
17
14
5
5
5
5
5
5
5
14
14

Gly cleavage system
Gly cleavage system
Gly cleavage system
Gly cleavage system
GS/GOGAT
GS/GOGAT
GS/GOGAT
GS/GOGAT
Nitrate transport
Nitrate transport
Nitrate transport
Nitrite reductase
Ammonium transport
Ammonium transport
Ammonium transport
Urease encoding genes
Urease encoding genes
Urease encoding genes
Urease encoding genes
Urease encoding genes
Urease encoding genes
Urease encoding genes
Urea transport
Urea transport

-0.112
-0.036
-0.330
-0.072
0.236
1.092
0.290
-0.086
0.743
0.738
0.861
0.765
-0.090
0.083
0.498
-0.123
-0.052
0.067
0.046
-0.105
0.002
0.131
0.331
0.545

0.005
0.031
-0.175
-0.047
0.553
1.240
0.399
-0.125
1.082
0.992
1.054
0.921
0.047
0.240
1.147
-0.164
0.265
0.038
0.037
-0.231
-0.005
0.137
0.834
0.907

0.035
-0.220
0.124
-0.132
0.495
1.510
0.419
-0.277
1.023
0.882
0.902
0.806
0.059
0.196
1.438
-0.089
0.469
0.091
0.085
-0.360
-0.072
0.013
0.941
1.008

0.165
-0.436
0.192
-0.031
0.595
0.937
0.913
-0.245
0.344
0.418
0.516
0.348
-0.021
0.026
0.968
0.002
0.711
0.101
0.062
-0.307
-0.182
-0.004
0.706
0.822

0.213
-0.198
0.353
-0.032
-0.170
0.637
0.113
-0.080
0.346
0.360
0.570
0.326
-0.010
-0.091
0.818
-0.045
0.414
0.106
0.064
-0.167
-0.069
-0.046
0.466
0.625

0.075
-0.338
0.127
-0.061
-0.025
1.164
0.398
-0.219
0.591
0.618
0.797
0.496
-0.135
-0.145
0.586
-0.300
0.393
0.307
0.221
-0.188
-0.074
-0.029
0.407
0.848

0.053
-0.376
-0.109
-0.076
-0.037
1.448
0.104
-0.309
0.757
0.823
0.722
0.849
0.002
0.041
0.463
-0.195
0.112
0.135
0.157
-0.114
-0.023
0.245
0.244
0.790
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5364
urtD
urtE
cynS
narB

5364
5366
5367
869
1469

14
14
14
1
1

Urea transport
Urea transport
Urea transport
Other
Other

0.407
0.345
0.321
0.344
0.503

0.754
0.672
0.616
0.436
0.586

0.856
0.865
0.847
0.324
0.387

0.657
0.562
0.598
0.133
0.160

0.469
0.441
0.432
0.292
0.221

0.666
0.667
0.580
0.512
0.500

0.604
0.523
0.489
0.316
0.542

Stress-related genes
flv1
2831
flv2
2588
flv3
5216
flv4
2586
sodB1
3451
sodB2
4715
1-cys prx
5966
2-cys prx
1847
tII prx
5431
prxQB1
2514
prxQB2
4076
prxQB3
3971
isiA(C242)
5322
isiA(C305)
4218
isiB
4217
sigA
4798
sigB
2772
sigD
6533
sigE
5730
sigF
5732
sigG
5143
sigH
392

17
15
17
15
17
4
15
4
15
14
14
17
8
8
8
12
12
12
12
12
12
12

Flavoprotein
Flavoprotein
Flavoprotein
Flavoprotein
Other
Other
Other
Other
Other
Other
Other
Other
Other
Other
Other
Sigma factor
Sigma factor
Sigma factor
Sigma factor
Sigma factor
Sigma factor
Sigma factor

-0.060
-1.425
0.072
-1.871
-0.019
0.048
0.034
-0.172
-0.341
-0.062
-0.103
-0.060
-0.452
-0.432
-0.227
0.151
-0.145
-0.174
0.415
0.130
-0.083
-0.109

-0.101
-1.372
0.278
-1.616
-0.034
0.076
0.190
-0.286
-0.626
-0.054
-0.149
-0.038
-0.452
-0.560
-0.385
0.358
-0.041
-0.172
0.809
-0.165
0.254
-0.630

-0.066
-1.806
0.239
-2.307
0.258
0.135
0.346
-0.337
-0.737
0.016
-0.376
-0.256
-1.467
-1.550
-1.034
0.447
-0.024
-0.526
0.835
0.388
0.262
-1.299

-0.097
-1.556
-0.100
-2.078
0.488
0.066
0.867
-0.596
-0.139
0.269
-0.422
-0.518
-1.329
-1.238
-0.838
0.294
-0.638
-0.966
0.937
0.299
0.009
-1.360

0.013
-1.601
-0.066
-2.020
0.563
0.206
-0.098
-0.107
0.603
-0.005
-0.293
-0.142
-1.062
-0.998
-0.669
-0.037
-0.869
-0.614
-0.069
0.252
-0.091
-1.591

0.122
-1.028
0.095
-1.621
0.710
0.190
0.121
-0.382
0.180
-0.051
-0.414
-0.377
-1.116
-1.110
-0.718
0.077
-1.158
-0.804
0.256
0.649
-0.259
-2.489

0.141
-1.024
0.281
-1.632
0.550
0.333
-0.071
-0.273
-0.080
-0.174
-0.352
-0.405
-1.757
-1.740
-0.857
0.318
-0.860
-0.778
0.351
0.858
-0.073
-2.621

Secondary metabolite
41
41
42
42
43
43
44
44
45
45
47
47
48
48
50
50
51
51
3353
3353
3354
3354
3355
3355
3356
3356
3357
3357
3358
3358
3360
3360
3361
3361
3362
3362
aerA
223
224
224
225
225
aerB
226
228
228
aerD
229
aerE
230
aerF
231
232
232
aerG
233
234
234
235
235

17
17
17
16
17
17
17
15
17
17
17
17
17
17
17
17
17
17
17
17
17
17
15
17
17
17
17
17
17
17

Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Polyketide synthesis (I/III)
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis
Aeruginosin synthesis

0.806
0.844
0.776
0.895
0.734
0.801
0.902
1.089
1.076
0.550
0.678
0.683
0.735
0.763
0.721
0.789
0.743
0.669
-0.148
0.066
0.002
0.007
-0.018
0.035
-0.098
-0.006
-0.054
0.010
-0.021
0.067

-0.305
-0.286
-0.214
-0.322
-0.437
-0.317
-0.263
-0.031
0.109
-0.694
-0.682
-0.681
-0.374
-0.311
-0.350
-0.342
-0.246
-0.347
-0.025
0.083
0.053
0.084
-0.048
-0.026
-0.250
-0.165
-0.046
-0.105
-0.113
0.003

0.501
0.581
0.514
0.530
0.393
0.331
0.432
0.470
0.487
0.476
0.168
0.286
0.274
0.285
0.204
0.276
0.271
0.271
0.079
0.327
0.296
0.180
0.259
0.283
-0.073
0.047
0.180
0.310
0.241
0.037

-0.747
-0.794
-0.781
-0.953
-0.973
-0.853
-1.036
-1.133
-1.068
-0.111
-0.262
-0.230
-0.140
-0.068
-0.141
-0.120
-0.113
-0.268
0.269
0.376
0.340
0.376
0.347
0.354
0.197
0.313
0.440
0.602
0.515
0.224

-0.316
-0.301
-0.416
-0.308
-0.399
-0.123
-0.057
0.512
0.573
0.213
0.064
0.031
0.099
0.133
0.052
0.090
0.006
-0.058
0.094
0.104
0.095
0.217
0.232
0.196
0.066
0.153
0.294
0.353
0.242
0.115

4.628
4.835
4.389
5.261
4.855
4.667
5.091
5.804
5.464
4.515
4.182
4.052
3.416
3.358
3.172
3.316
3.223
3.200
-0.001
0.436
0.445
0.292
0.449
0.433
0.220
0.353
0.253
0.486
0.389
0.050

4.242
4.364
4.026
4.761
4.376
4.175
4.748
5.359
5.045
4.820
4.566
4.376
3.576
3.580
3.446
3.609
3.495
3.411
-0.233
0.361
0.321
0.156
0.328
0.365
0.034
0.217
0.074
0.259
0.151
-0.017
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mcyJ
mcyI
mcyH
mcyG
mcyF
mcyE
mcyD
mcyA
mcyB
mcyC
mcaG
mcaF
mcaI
mcaH
mcaE
mcaD
mcaC
mcaB
mcaA
mcnC
mcnB
mcnA

367
368
369
370
371
372
373
374
375
377
3995
3996
3998
3999
4000
4004
4005
4007
4010
3135
3136
3137

17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcystin synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Microcyclamide synthesis
Cyanopeptolin synthesis
Cyanopeptolin synthesis
Cyanopeptolin synthesis

0.089
0.072
-0.049
0.079
0.108
0.107
-0.233
-0.131
0.057
0.091
-0.059
0.002
-0.077
-0.110
-0.042
-0.036
0.221
0.123
0.149
-0.030
-0.121
-0.167

0.053
0.022
-0.117
0.043
-0.028
0.000
-0.113
-0.049
0.120
0.128
-0.152
-0.026
-0.152
-0.199
0.259
-0.120
0.224
0.126
0.152
-0.025
-0.109
-0.108

0.219
0.203
-0.043
0.098
0.225
0.245
-0.041
0.064
0.141
0.309
-0.134
0.040
-0.122
-0.330
0.059
-0.340
0.041
-0.010
0.024
-0.001
-0.009
-0.068

0.175
0.236
0.026
0.151
0.335
0.376
0.298
0.278
0.248
0.418
-0.137
0.059
-0.110
-0.278
-0.124
-0.254
0.041
-0.018
0.000
0.033
-0.076
-0.134

-0.014
0.045
-0.008
0.118
-0.026
0.104
-0.035
0.122
0.024
0.163
-0.142
0.229
-0.044
-0.170
-0.415
-0.173
0.029
0.045
0.118
0.000
-0.219
-0.343

-0.061
0.093
-0.041
0.159
0.084
0.151
-0.136
0.042
0.166
0.236
-0.071
0.275
0.123
-0.027
-0.316
-0.259
0.236
0.177
0.256
-0.107
-0.145
-0.268

-0.025
0.092
-0.177
0.183
0.028
0.039
-0.421
-0.157
0.117
0.163
-0.082
0.250
-0.017
-0.155
-0.215
-0.440
0.281
0.100
0.121
-0.213
-0.260
-0.379

Microcystis PCC 7806 was grown in chemostats at 200 ppm pCO2 and subsequently exposed to 1450 ppm pCO2.
a

The IPF numbers are the locus tags of Microcystis PCC 7806 in the EMBL database (AM778843-AM778958).

b

The function categories are based on CyanoBase, which has grouped genes

into 18 categories

(http://genome.microbedb.jp/cyanobase/Synechocystis/genes/category): (1) amino acid biosynthesis; (2) biosynthesis of
cofactors, prosthetic groups, and carriers; (3) cell envelope; (4) cellular processes; (5) central intermediary metabolism;
(6) energy metabolism; (7) fatty acid, phospholipid and sterol metabolism; (8) photosynthesis, and respiration; (9)
purines, pyrimidines, nucleosides, and nucleotides; (10) regulatory functions; (11) DNA replication, restriction,
modification, recombination, and repair; (12) transcription; (13) translation; (14) transport and binding proteins; (15)
other categories; (16) hypothetical; (17) unknown.
c

Log2 values quantify gene expression at the given time point (in h after increasing the pCO2) with respect to gene

expression at t = 0 (just before increasing the pCO2). The presented log2 values are the average values of multiple
probes per gene and four biological replicates (chemostats).
Grey shading indicates significant changes in gene expression (p < 0.01), where p-values were adjusted for multiple
hypothesis testing. The complete table (including the p-values) is provided in the Supplementary Material of Sandrini
et al. (2015a). Frontiers in Microbiology 6: 401. doi: 10.3389/fmicb.2015.00401.
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Abstract
Cyanobacteria are generally assumed to be effective competitors at low CO2 levels because of
their efficient CO2-concentrating mechanism (CCM), yet how bloom-forming cyanobacteria
will respond to rising CO2 concentrations is less clear. Here, we investigate changes in CCM
gene expression at ambient CO2 (400 ppm) and elevated CO2 (1100 ppm) in six strains of the
harmful cyanobacterium Microcystis. All strains downregulated cmpA encoding the high-affinity
bicarbonate uptake system BCT1 at elevated CO2, whereas both the low- and high-affinity
CO2 uptake genes were expressed constitutively. Four strains downregulated the bicarbonate
uptake genes bicA and/or sbtA, whereas two strains showed constitutive expression of the bicAsbtA operon. In one of the latter strains, a transposon insert in bicA caused low bicA and sbtA
transcript levels, which made this strain solely dependent on BCT1 for bicarbonate uptake.
Activity measurements of the inorganic carbon (Ci) uptake systems confirmed the CCM gene
expression results. Interestingly, genes encoding the RuBisCO enzyme, structural carboxysome
components and carbonic anhydrases were not regulated. Hence, Microcystis mainly regulates
the initial uptake of inorganic carbon, which might be an effective strategy for a species
experiencing strongly fluctuating Ci concentrations. Our results show that CCM gene
regulation of Microcystis differs among strains. The observed genetic and phenotypic variation
in CCM responses may offer an important template for natural selection, leading to major
changes in the genetic composition of harmful cyanobacterial blooms at elevated CO2.

Introduction
CO2 concentrations in the atmosphere may double during this century (IPCC 2014). In
marine ecosystems, enhanced dissolution of atmospheric CO2 causes ocean acidification (Orr et
al., 2005; Doney et al., 2009). In freshwaters, however, CO2 concentrations may vary widely.
In many lakes, the dissolved CO2 concentration exceeds the concentration expected from
equilibrium with the atmosphere, due to the input of large amounts of organic carbon from
terrestrial systems (Cole et al., 1994; Sobek et al., 2005). Conversely, the photosynthetic
activity of dense phytoplankton blooms can deplete the CO2 concentration far below
atmospheric levels, which increases pH and makes bicarbonate the most abundant inorganic
carbon species (Talling, 1976; Balmer and Downing, 2011; Verspagen et al., 2014b).
Cyanobacteria are often considered to be very successful competitors at low CO2 levels
(Shapiro, 1997; Low-Décarie et al., 2011), and global warming is predicted to favor an
expansion of cyanobacterial blooms in eutrophic waters (Paerl and Huisman, 2008; Davis et
al., 2009; O’Neil et al., 2012). However, the response of bloom-forming cyanobacteria to
elevated CO2 levels is not yet well understood.
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Cyanobacteria typically use a CO2-concentrating mechanism (CCM) with up to five
different uptake systems for inorganic carbon (Ci): three for bicarbonate and two for CO2
uptake (Price, 2011). The two sodium-dependent bicarbonate uptake systems, BicA and SbtA,
are present in some but not all freshwater cyanobacteria (Price et al., 2004; Rae et al., 2011;
Sandrini et al., 2014). BicA combines a low affinity for bicarbonate with a high flux rate,
whereas SbtA usually has a high affinity for bicarbonate but a low flux rate (Price et al., 2004;
Du et al., 2014). Hence, BicA operates more effectively at high bicarbonate concentrations and
vice versa SbtA at low bicarbonate concentrations (Price et al., 2004; Sandrini et al., 2014). The
third bicarbonate system, BCT1, is present in most freshwater cyanobacteria, and resembles
SbtA with a high affinity for bicarbonate and a low flux rate. However, in contrast to SbtA,
BCT1 does not require sodium and is directly ATP-dependent (Omata et al., 1999). The two
CO2 uptake systems, NDH-I3 and NDH-I4, are also present in most freshwater cyanobacteria,
and convert the passively diffusing CO2 inside the cell into bicarbonate via NADPH-driven
electron flow (Maeda et al., 2002). NDH-I3 combines a high affinity for CO2 with a low flux
rate, whereas NDH-I4 combines a low affinity with a high flux rate (Maeda et al., 2002; Price
et al., 2002). Inside the cyanobacterial cells, bicarbonate accumulates in the cytoplasm and then
diffuses into the carboxysomes, where it is converted back to CO2 via carbonic anhydrases to
enable efficient carbon fixation by RuBisCO (Price, 2011).
Microcystis is a harmful cyanobacterium that forms dense blooms in lakes all over the
world (Verspagen et al., 2006; Qin et al., 2010; Mickalak et al., 2013). Moreover, many strains
are capable of producing microcystin, which is a powerful hepatotoxin for birds, mammals and
humans (Jochimsen et al., 1998; Huisman et al., 2005). Recently, it was shown that Microcystis
strains show considerable genetic diversity in their Ci uptake genes (Sandrini et al., 2014).
Some strains lack the sbtA gene (genotype I), other strains lack bicA (genotype II), and again
others contain the genes for all five Ci uptake systems (genotype III). Some strains also acquired
transposon inserts in the bicA-sbtA operon (Sandrini et al., 2014), but it is unknown if this
affects expression of bicA and sbtA in these strains. Although expression of the CCM genes has
been extensively studied in the model cyanobacterium Synechocystis PCC 6803 (Omata et al.,
2001; McGinn et al., 2003; Wang et al., 2004; Eisenhut et al., 2007), CCM gene expression
patterns of the environmentally relevant cyanobacterium Microcystis have attracted only recent
interest (Penn et al., 2014; Sandrini et al., 2015a; Steffen et al., 2015).
In this study, we compare expression of the Ci uptake genes in response to changing
CO2 conditions among Microcystis strains representative of the different Ci uptake genotypes.
Studies with Synechocystis PCC 6803 showed that genes for the high-affinity uptake systems for
CO2 (NDH-I3) and bicarbonate (SbtA and BCT1) are induced at low CO2, whereas expression
of low-affinity Ci uptake systems (BicA and NDH-I4) remains unaltered (Wang et al., 2004;
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Eisenhut et al., 2007). It seems likely that the same expression patterns apply to Microcystis,
although the presence of different Ci uptake genotypes could lead to variation in gene
expression among Microcystis strains. We therefore defined two hypotheses for our study: (1)
high-affinity Ci uptake genes are downregulated at elevated CO2 (1100 ppm), whereas (2) lowaffinity Ci uptake genes are expressed constitutively in Microcystis. To investigate these
hypotheses, we compared the CCM gene expression of six Microcystis strains at ambient and
elevated CO2 levels. Furthermore, we measured O2 evolution of the strains exposed to different
Ci conditions to compare the activity of their Ci uptake systems. The results reveal an
unexpected diversity of CO2 responses within the genus Microcystis.

Materials and Methods
Microcystis strains
We studied six Microcystis strains with different Ci uptake systems (Figure 4.1). The Ci uptake
genotypes of these strains were described in a previous study (Sandrini et al., 2014). Strain
PCC 7806 contains the bicA gene but lacks the sbtA gene, and belongs to Ci uptake genotype I.
Strains NIES-843 and CCAP 1450/11 contain the sbtA gene but lack a complete bicA gene,
and hence belong to genotype II. Strain NIVA-CYA 140 combines sbtA with a complete bicA
gene that is no longer functional because of a transposon insert, and therefore this strain was
also assigned to genotype II. Strains HUB 5-3 and PCC 7005 contain both the bicA and sbtA
genes in the same operon, and are therefore assigned to genotype III (Figure 4.1). The four
genes encoding the high-affinity bicarbonate transporter BCT1 (cmpABCD) as well as the
genes encoding the high-affinity CO2 uptake system NDH-I3 (chpY, ndhD3, ndhF3 and other
ndh genes) and the low-affinity CO2 uptake system NDH-I4 (chpX, ndhD4, ndhF4 and other
ndh genes) were present in all six strains (Sandrini et al., 2014). Moreover, genome-wide
microarray analysis showed that Microcystis PCC 7806 expresses all its CCM genes (Sandrini et
al., 2015a).
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Figure 4.1. The bicA-sbtA operon of the six Microcystis strains of this study. Gene ccmR2 encodes a LysR
transcriptional regulator that most likely regulates the expression of the bicA-sbtA operon. Some strains contain a
complete bicA gene, whereas others only contain a small fragment. The grey arrows (IS605 and ISMae4) indicate
transposon inserts. Gene sbtB encodes a protein that regulates the activity of SbtA (Du et al., 2014). Gene nhaS3
encodes a proton/sodium antiporter. The IPF numbers are the locus tags of PCC 7806, and the MAE numbers are the
locus tags of NIES-843. The protein sequence identity between the Microcystis strains is 99% for BicA and 97-99% for
SbtA.

Experimental set-up
We used the exponential phase of batch culture experiments exposed to ambient pCO2 (400
ppm) and elevated pCO2 (1100 ppm) in the gas flow to study gene expression and activity of
the Ci uptake systems.
First, the six Microcystis strains were precultured in 1 L Erlenmeyer flasks in modified
BG11 medium (Rippka et al., 1979; with 10 mmol L-1 NaNO3 and no added
Na2CO3/NaHCO3) for one week. The precultures were incubated at 25°C with 400 ppm of
pCO2 and at 120 rpm in an orbital shaker incubator (Gallenkamp, Leicester, UK), with light
provided by TL-D 30W/33-640 white fluorescent tubes (Philips, Eindhoven, the Netherlands)
at 20 µmol photons m-2 s-1. Microscopy checks did not reveal any contaminations.
Subsequently, new 1 L Erlenmeyer flasks with 400 mL modified BG11 medium were
inoculated with the exponentially growing pre-cultures at an OD750 of ~0.080. Four biological
replicates were used for each strain. The Erlenmeyer flasks were topped with foam stoppers to
allow gas exchange and placed in an Infors HT Multritron Pro incubator (Infors Benelux,
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Doetinchem, the Netherlands) at 25°C, 400 ppm pCO2 and shaken at 120 rpm. Light was
provided by white fluorescent tubes (Gro-lux F36W/Gro-T8; Havells-Sylvania Germany
GmbH, Erlangen, Germany). It was recently shown that microcystins can bind to RuBisCO
during oxidative stress (Zilliges et al., 2011), which may affect CO2 fixation. Therefore, we
decided to use low light levels of 20 µmol photons m-2 s-1during the batch culture experiments,
to minimize possible effects of microcystins on carbon fixation. After two days at 400 ppm, the
pCO2 in the incubator was increased to 1100 ppm. The pCO2 concentration in the gas
mixture was checked regularly with an Environmental Gas Monitor for CO2 (EGM-4; PP
Systems, Amesbury, MA, USA). The flasks were sampled on a daily basis, and after four days
the experiment was ended.

pH, DIC and cell counts
The pH was measured immediately after sampling with a Lab 860 pH meter in combination
with a BlueLine 28 Gel pH electrode (SCHOTT Instruments GmbH, Mainz, Germany).
To determine the concentrations of dissolved inorganic carbon (DIC), culture
samples were immediately pelleted (5 min at 4,000 g and 20°C). Supernatant was filtered over
0.45 µm pore size 47 mm polyethersulfone membrane filters (Sartorius AG, Goettingen,
Germany). The filtrate was transferred to sterile plastic urine analysis tubes (VF-109SURI;
Terumo Europe N.V., Leuven, Belgium), which were filled completely (using a needle to leave
all air out), and stored at 4°C until analysis. A TOC-VCPH TOC analyzer (Shimadzu, Kyoto,
Japan) was used to determine DIC (measured three- to five-fold per sample). DIC
concentrations were converted to CO2(aq), bicarbonate and carbonate concentrations using the
measured pH of the samples (Stumm and Morgan, 1996).
Cell numbers and biovolumes of samples from the different cultures were determined
in triplicate using a Casy 1 TTC cell counter with a 60 µm capillary (Schärfe System GmbH,
Reutlingen, Germany). Because the strains differed in cell size, we report the cyanobacterial
abundances as biovolumes.

RNA extraction
Just before and 20 h after increasing pCO2 from 400 to 1100 ppm, 40 mL samples were taken
for reverse transcription-quantitative PCR (RT-qPCR) analysis, immediately cooled on ice and
centrifuged for 5 minutes at 4,000 g and 4°C in a pre-cooled centrifuge. The pellets were
immediately resuspended in 1 mL TRIzol (Life Technologies, Grand Island, NY, USA), frozen
in liquid nitrogen and stored at -80°C. Subsequent RNA extraction and purification was done
as described before (Sandrini et al., 2015a). RNA concentrations were quantified using a
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Nanodrop 1000 spectrophotometer (Thermo Scientific, San Jose, CA, USA), and all RNA
samples had A260/A280 and A260/A230 values above 1.8.

RT-qPCR analysis
We investigated the expression of CCM genes using primers designed in this and previous
studies (Sandrini et al., 2014, 2015a) (Table S4.1, Supplementary Information). The
transcripts of the following CCM genes were targeted: cmpA (encoding a subunit of the highaffinity bicarbonate transporter BCT1), bicA and sbtA (the two sodium-dependent bicarbonate
transporters), chpX (hydration subunit of the low-affinity CO2 uptake system NDH-I4), chpY
(hydration subunit of the high-affinity CO2 uptake system NDH-I3), ccmR and ccmR2 (two
CCM transcriptional regulators), rbcX (chaperone for RuBisCO), ccmM (structural component
of the carboxysomes), ccaA1 and ccaA2 (two carboxysomal carbonic anhydrases), and ecaA
(periplasmic carbonic anhydrase). In addition, we targeted transcripts of the 16S rRNA gene
and mcyB gene (microcystin synthetase).
Reverse transcription reactions were done as described previously (Sandrini et al.,
2015a), using Superscript III (Life Technologies, Grand Island, NY, USA). Subsequently, the
qPCR Maxima® SYBR Green Master Mix (2x) (Thermo Fisher Scientific, Pittsburgh, PA,
USA) was applied with our primers to the obtained cDNA samples as described before
(Sandrini et al., 2015a), to analyze PCR amplification in a ABI 7500 Real-Time PCR device
(Applied Biosystems, Foster City, CA, USA). The two-step cycling protocol was used, with a
denaturation temperature of 95°C (15 s) and a combined annealing/extension temperature of
60°C (60 s) during 40 cycles. Melting curve analysis was performed on all measured samples to
rule out non-specific PCR products. ROX solution (passive reference dye) was used to correct
for any well-to-well variation.
We calculated relative changes in gene expression after 20 h of elevated pCO2 using
the 16S rRNA gene as reference gene. The LinRegPCR software tool version 2012.3
(Ramakers et al., 2003; Ruijter et al., 2009) was used for baseline correction, calculation of
quantification cycle (Cq) values and calculation of the amplification efficiency (E) of each
individual run using linear regression (Table S4.1, Supplementary Information).
Amplification efficiencies of individual samples were between 1.8 and 2.0. Relative changes in
gene expression were calculated with the comparative CT method (Livak and Schmittgen,
2001).
One-tailed t-tests were applied to identify significant changes in gene expression (n =
4 biological replicates), using the false discovery rate (FDR) to correct for multi-hypothesis
testing (Benjamini et al., 2001). FDR adjusted p-values < 0.05 combined with log2 expression
changes of < -0.8 or > 0.8 were considered significant.
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O2 evolution experiments
We studied the activity of different Ci uptake systems of Microcystis strains acclimated to low or
high CO2 levels using O2 measurements with an Oxy-4 mini O2 optode (PreSens GmbH,
Regensburg, Germany). In mineral medium without nitrate, the initial O2 evolution rate
reflects the Ci uptake rate of cyanobacteria (Sandrini et al., 2015a; Miller et al., 1988). Cells
acclimated to low CO2 levels were obtained from batch cultures exposed to 400 ppm pCO2 for
four days. As a result, the Ci availability of the mineral medium was low, CO2(aq) was depleted
to 0.0018±0.0004 µmol L-1 and the bicarbonate concentration was 76±10 µmol L-1 (Figure
S4.1, Supplementary Information). Cells acclimated to high CO2 levels were obtained from
batch cultures exposed to 400 ppm pCO2 for two days, and subsequently to 1100 ppm pCO2
for two days. The Ci availability in these cultures was high, CO2(aq) was 4.2±1.3 µmol L-1 and
the bicarbonate concentration 1062±43 µmol L-1 (Figure S4.1, Supplementary Information).
Samples from these batch cultures were pelleted (4,000 g for 5 min at 20°C), washed
1x and then resuspended in Ci-deplete and N-deplete modified BG11 medium (no added
NaCO3/NaHCO3 and NaNO3, but with added 0.1 mmol L-1 NaCl and 10 mmol L-1 CAPSOKOH pH 9.8). The medium was aerated with N2 gas before usage. The response of the cells
was studied at pH 9.8, to mimic dense blooms in which bicarbonate is the dominant Ci
species. The OD750 of washed and resuspended samples was 0.300, and 3 mL of these samples
was inserted into custom-made double walled glass incubation chambers equipped with sensors
connected to the O2 optode device. The glass chambers were connected to a RM6 water bath
(Lauda, Postfach, Germany) to keep the temperature of the samples constant at 20.3°C.
Magnetic stirring was used for mixing. The O2 optode sensors were calibrated with N2 gas (0%
oxygen) and pressurized air (21% oxygen). A saturating amount of light was provided by
KL1500 compact Schott lamps (Schott AG, Mainz, Germany). Saturating light levels lead to
high O2 evolution rates, which facilitate detection of differences between the treatments. In
pilot experiments, we found that the photosynthetic rates (expressed per chlorophyll a [chl a])
of strains PCC 7806 and PCC 7005 were saturated at ~400 µmol photons m-2 s-1, and did not
decrease up to 1,000 µmol photons m-2 s-1. Therefore, we used an incident light intensity (Iin) =
500 µmol photons m-2 s-1 for the O2 evolution experiments.
At the start of the experiments, cells were allowed to take up all remaining Ci in the
incubation chambers, which was monitored by a gradual decrease of the O2 evolution.
Subsequently, the rate of O2 evolution (mg L-1 min-1) was measured during 15 min intervals in
a control treatment without additions and after adding 20, 300 or 10,000 µmol L-1 of KHCO3
in the presence of different concentrations of NaCl and LiCl (Table 4.1). The different
bicarbonate concentrations stimulate different Ci uptake systems. Sodium ions were added to
stimulate the sodium-dependent bicarbonate transporters BicA and SbtA, whereas lithium ions
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were added to block bicarbonate uptake. In total, we applied six different treatments, which
each activated or suppressed one or more different Ci uptake systems (Table 4.1). The units
were converted to µmol O2 · mg-1 chl a · min-1 using data from chlorophyll a measurements
that were acquired with HPLC as described previously (Sandrini et al., 2015a). For each strain
acclimated at low or high pCO2 levels, we tested if O2 evolution rates were different between
the treatments using one-way analysis of variance with post hoc comparison of the means based
on Tukey’s HSD test (α = 0.05; n = 4 per treatment).
Table 4.1. Treatments in the O2 evolution experiments, to study activity of the different Ci uptake systems.
Treatment

Dissolved inorganic carbon
Active Ci uptake system(s)

KHCO3

NaCl

LiCl

CO2(aq)

HCO3-

(µmol L-1)

(mmol L-1)

(mmol L-1)

(µmol L-1)

(µmol L-1)

0

0.1

0

0

0

None (control)

20

0.1

0

0.006

15.80

BCT1

20

25

0

0.006

15.80

BCT1, SbtA

300

25

0

0.090

236.7

BCT1, SbtA, BicA

300

25

25

0.090

236.7

None

10,000

25

25

3.000

7891

NDH-I3, NDH-I4

Different concentrations of KHCO3-, NaCl and LiCl were added to induce or block the activity of specific Ci uptake
systems. The resulting CO2(aq) and HCO3- concentrations expected at pH 9.8 and 20.3°C are shown. The last
column indicates which Ci uptake systems are mostly active at the applied conditions.

Results
Changes in DIC and pH at elevated CO2
Six Microcystis strains (PCC 7806, NIES-843; CCAP 1450/10; NIVA-CYA 140; HUB 5-3
and PCC 7005) with different Ci uptake systems were grown at atmospheric pCO2 conditions
of 400 ppm (Figure 4.2). Assuming equilibrium with this atmospheric pressure, one would
expect a CO2(aq) concentration of 13.5 µmol L-1, and the pH of the mineral medium without
cells would be ~7. However, owing to the photosynthetic activity of the Microcystis population,
the CO2(aq) concentration was depleted to <0.1 µmol L-1, the bicarbonate concentration was
<330 µmol L-1, and the pH increased to 10-11 depending on the strain (Figures 4.2 and 4.3).
After two days, we raised the pCO2 in the gas flow to 1100 ppm. As a consequence, the
CO2(aq) concentration increased to 1-12 µmol L-1 depending on the strain, the bicarbonate
concentration increased to 800-1500 µmol L-1, and the pH dropped 1-2 units (Figures 4.2 and
4.3).
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Figure 4.2. Growth and pH during the exponential phase in batch cultures of six Microcystis strains. (A) PCC 7806.
(B) NIES-843. (C) CCAP 1450/10. (D) NIVA-CYA 140. (E) HUB 5-3. (F) PCC 7005. The batch cultures were
exposed to 400 ppm pCO2 in the gas flow for two days (shaded area), and thereafter the pCO2 concentration was
increased to 1100 ppm (non-shaded area). The mineral medium contained 10 mmol L-1 sodium ions. Error bars
indicate standard deviation (n = 4 biological replicates).
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Figure 4.3. Dissolved CO2 and bicarbonate concentration during the exponential phase in batch cultures of six
Microcystis strains. (A) PCC 7806. (B) NIES-843. (C) CCAP 1450/10. (D) NIVA-CYA 140. (E) HUB 5-3. (F) PCC
7005. The batch cultures were exposed to 400 ppm pCO2 in the gas flow for two days (shaded area), and thereafter the
pCO2 concentration was increased to 1100 ppm (non-shaded area). The mineral medium contained 10 mmol L-1
sodium ions. Error bars indicate standard deviation (n = 4 biological replicates).
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Changes in gene expression at elevated CO2
Expression of selected CCM genes was monitored before and 20 h after increasing the pCO2 in
the gas flow (Figure 4.4 and Table S4.2, Supplementary Information). At elevated pCO2, all
strains showed significant downregulation of cmpA, although four strains (PCC 7806, CCAP
1450/10, NIVA-CYA 140, PCC 7005) showed a stronger downregulation than two others
(NIES-843 and HUB 5-3). The sbtA gene encoding for the high-affinity bicarbonate
transporter SbtA was significantly downregulated in strains NIES-843, CCAP 1450/10 and
HUB 5-3, but was constitutively expressed in strains NIVA-CYA 140 and PCC 7005. The
bicA gene encoding for the low-affinity bicarbonate transporter BicA was downregulated in
strains PCC 7806 and HUB 5-3, but was also constitutively expressed in strains NIVA-CYA
140 and PCC 7005. None of the six strains showed significant changes in gene expression of
the CO2 uptake genes chpX and chpY (Figure 4.4).

4

Figure 4.4. Heatmap of changes in gene expression at elevated CO2 for each of the six Microcystis strains. Gene
expression changes were obtained by RT-qPCR applied to samples taken before and 20 h after increasing the pCO2
level from 400 to 1100 ppm. The color bar indicates log2 values. Significant downregulated genes are shown in green,
significant upregulated genes are shown in red, and non-significant changes (p > 0.05) or log2 values between -0.8 and
0.8 are shown in black. Genes not measured are shown in white and genes absent in strains are marked with ‘x’. The
detailed RT-qPCR results are presented in Table S4.2, Supplementary Information.
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Expression of the CCM transcriptional regulator ccmR was reduced significantly at
elevated CO2 in all strains, except strain HUB 5-3. In contrast, expression of the additional
transcriptional regulator ccmR2 located upstream of the bicA-sbtA operon of Microcystis did not
change significantly in any of the strains. Expression of several other CCM genes (rbcX, ccmM,
ccaA1, ccaA2 and ecaA) was also not affected by elevated CO2 in any of the strains.
Expression of mcyB was unaltered in PCC 7806 and NIES-843, and increased slightly
but significantly in NIVA-CYA 140.

Ci uptake activity of low- and high-CO2 acclimated cells
We studied O2 evolution of the Microcystis strains to compare the activity of their Ci uptake
systems when the strains were acclimated to low or high CO2 conditions (Figure 4.5). We
applied six different treatments to activate different Ci uptake systems, as explained in Table
4.1. For the interpretation of these results, we note that the response of the O2 evolution rates
to the treatments can be compared within each strain at a given pCO2 level (i.e., within the
panels of Figure 4.5), but cannot be compared quantitatively among the strains or among the
two different pCO2 levels (i.e., among the panels of Figure 4.5). The reason is that other
factors also influence the O2 evolution rates, for example, the pigment concentrations and
amounts of PSI and PSII may differ between strains and can also change with elevated CO2
(Sandrini et al., 2015a). The results can be compared among strains in a relative sense, for
example two different strains can show a significant increase in O2 evolution after addition of
20 µmol L-1 KHCO3, while a third strain does not. The O2 evolution rates of strain NIES-843
were highly variable among the biological replicates and declined strongly after two hours.
Repetition of the O2 evolution experiments with this strain did not improve the results,
indicating that NIES-843 could not withstand the incubation conditions. Therefore, we only
report the results for the other five Microcystis strains.
For cells acclimated to low Ci conditions, addition of 20 µmol L-1 KHCO3 in the
presence of only 0.1 mmol L-1 NaCl induced significantly more O2 production than the
control for all strains, except for strain HUB 5-3 which showed a non-significant response
(Figure 4.5A-E). This result indicates that BCT1 was active in all strains, although its activity
was low in strain HUB 5-3. Application of 20 µmol L-1 KHCO3 and 25 mmol L-1 NaCl led to
a significantly higher O2 production than at 20 µmol L-1 KHCO3 and 0.1 mmol L-1 NaCl for
strains PCC 7806, CCAP 1450/10 and HUB 5-3. This result indicates that in response to the
added sodium ions these three strains activated their sodium-dependent bicarbonate
transporter SbtA. However, strain PCC 7806 does not have SbtA, and its response might
indicate activation of the other sodium-dependent bicarbonate transporter BicA. The O2
production at 300 µmol L-1 KHCO3 and 25 mmol L-1 NaCl was not significantly higher than
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at 20 µmol L-1 KHCO3 and 25 mmol L-1 NaCl for any of the strains. This result indicates that
cells acclimated to low Ci conditions relied largely on the high-affinity transporters BCT1 and
SbtA for their bicarbonate uptake. Subsequent addition of 25 mmol L-1 LiCl (in the presence
of 300 µmol L-1 KHCO3 and 25 mmol L-1 NaCl) blocked bicarbonate uptake, and as a
consequence O2 production of all strains was reduced to similar levels as the control treatment.
Finally, addition of 10,000 µmol L-1 KHCO3 in the presence of 25 mmol L-1 LiCl and 25
mmol L-1 NaCl strongly increased the CO2(aq) concentration in the medium (Table S4.1,
Supplementary Information) and restored O2 production in all strains (Figure 4.5A-E). Since
lithium still blocked bicarbonate uptake, this result indicates that CO2 uptake was active in all
strains.
For cells acclimated to high Ci conditions, addition of 20 µmol L-1 KHCO3 in the
presence of only 0.1 mmol L-1 NaCl induced significantly more O2 production than the
control only for strain PCC 7005 (Figure 4.5F-J). This result indicates that the high-affinity
bicarbonate transporter BCT1 was hardly active in any of the strains acclimated to high Ci
conditions, except strain PCC 7005. Application of 20 µmol L-1 KHCO3 and 25 mmol L-1
NaCl led to a significantly higher O2 production than at 0.1 mmol L-1 NaCl for strains PCC
7806, HUB 5-3 and PCC 7005, indicating that these strains activated their sodium-dependent
bicarbonate transporter SbtA. Strain PCC 7806 does not have SbtA, and its response might
indicate activation of the other sodium-dependent bicarbonate transporter BicA. The O2
production at 300 µmol L-1 KHCO3 and 25 mmol L-1 NaCl was significantly higher than at 20
µmol L-1 KHCO3 and 25 mmol L-1 NaCl for strains PCC 7806 and HUB 5-3, indicating that
their low-affinity but high-flux bicarbonate transporter BicA was active when cells were
acclimated to high Ci conditions. Subsequent addition of 25 mmol L-1 LiCl blocked
bicarbonate uptake, and as a consequence O2 production of all strains was reduced to similar
levels as the control treatment. Finally, addition of 10,000 µmol L-1 KHCO3 in the presence of
25 mmol L-1 LiCl and 25 mmol L-1 NaCl increased O2 production in comparison to the
control (Figure 4.5F-J), indicating that CO2 uptake was active in all strains.
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Figure 4.5. Activity of Ci uptake systems of five Microcystis strains, inferred from O2 evolution. The strains were
acclimated to either (A-E) low CO2 levels, or (F-J) high CO2 levels. O2 evolution was measured after addition of
different concentrations of KHCO3, NaCl and LiCl to induce or block the activity of specific Ci uptake systems, as
indicated in Table 4.1. Error bars indicate standard deviation (n = 4 biological replicates per treatment). Different
letters above the bars indicate significant differences between the treatments, as tested by one-way analysis of variance
with post hoc comparison of the means based on Tukey’s HSD test (α = 0.05).

110

CO2 responses of different Microcystis strains

Discussion
Evaluation of hypotheses
Our results enable evaluation of the hypotheses that (1) high-affinity Ci uptake genes of
Microcystis are downregulated at elevated CO2 (1100 ppm), whereas (2) low-affinity but highflux Ci-uptake genes are constitutively expressed. Consistent with the first hypothesis, our
results show that the cmpA gene encoding the bicarbonate-binding subunit of the high-affinity
bicarbonate transporter BCT1 was downregulated in all strains. Down-regulation of BCT1 at
elevated CO2 could potentially be cost effective for the cells, because bicarbonate uptake by
BCT1 is expected to require 1 ATP molecule per molecule of bicarbonate (Table 4.2).
However, the other high-affinity bicarbonate uptake gene, sbtA, was downregulated at elevated
CO2 in only three of the five sbtA-containing strains. Furthermore, the gene chpY encoding the
hydration subunit of the high-affinity CO2 uptake system NDH-I3 was not down-regulated at
elevated CO2 in any of the strains. Hence, the first hypothesis applies to cmpA (BCT1) and
partly to sbtA of the two high-affinity bicarbonate uptake systems, but does not apply to chpY
of the high-affinity CO2 uptake system.
Consistent with the second hypothesis, the gene chpX encoding the hydration subunit
of the low-affinity CO2 uptake system NDH-I4 was constitutively expressed in all strains.
However, the low-affinity bicarbonate uptake gene, bicA, was constitutively expressed only in
strains NIVA-CYA 140 (where it is not functional because of a transposon insert; Figure 4.1)
and PCC 7005, but was downregulated at elevated CO2 in strains PCC 7806 and HUB 5-3.
Hence, the second hypothesis is supported by chpX (NDH-I4), whereas the low-affinity
bicarbonate uptake gene bicA shows a more variable response.

General observations
Given that both hypotheses received only partial support, what general observations can still be
obtained from the gene expression patterns of the Microcystis strains? First, it is noteworthy that
several Ci uptake systems and one of their transcriptional regulators were regulated in response
to elevated CO2, whereas other important CCM genes encoding the enzyme RuBisCO,
structural components of the carboxysome and carbonic anhydrases were not regulated at all
(Figure 4.4). Furthermore, a recent transcriptome study of Microcystis PCC 7806 found that
expression of the ppc gene, encoding phosphoenolpyruvate (PEP) carboxylase involved in an
alternative Ci assimilation pathway, also remained constant at elevated CO2 conditions
(Supplementary Table 4 in Sandrini et al., 2015a). These results indicate that the CCM genes
of Microcystis respond to elevated CO2 mainly at the very first steps of the carbon fixation
process, by regulating the initial acquisition of inorganic carbon. Microcystis is a buoyant
cyanobacterium that can develop dense blooms in eutrophic lakes, where it will be exposed to
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large fluctuations in CO2 availability at both daily and seasonal time scales (Maberly, 1996). A
highly specific response that mainly adjusts the initial Ci uptake systems, without large changes
in expression of the carboxysome genes and genes of the downstream carbon assimilation
pathways, could preserve energy and offer a robust strategy for a species that often experiences
strongly fluctuating Ci conditions (Sandrini et al., 2015a).
Second, all Ci uptake genes investigated in this study were either downregulated or
remained unchanged at elevated CO2; none of them were upregulated. Hence, all Ci uptake
systems that a strain was capable to produce, were available for the cells at low CO2 levels,
including the low-affinity Ci uptake systems. Third, the genes chpX and chpY of both CO2
uptake systems were expressed constitutively, which might again be an adaptation to
fluctuating CO2 conditions. Constitutive expression of the high-affinity CO2 uptake system
NDH-I3 might also be an adaptation to intercept low intracellular concentrations of CO2
leaking from the carboxysomes.

Methodological aspects
Previously, the cellular response of strain PCC 7806 to elevated CO2 was investigated in
highly-controlled chemostats using whole-genome microarrays (Sandrini et al., 2015a). In the
present study we simplified the experimental set-up to batch cultures and limited our analysis
to a smaller set of genes using RT-qPCR, which enabled investigation of a larger number of
strains. We included strain PCC 7806 in our present study, to check the consistency of the
results.
Strain PCC 7806 downregulated expression of cmpA and bicA at elevated CO2 in
both the previous and the present study (Figure 4.4). Furthermore, both studies showed
constitutive expression of the CO2 uptake, carboxysomal and RuBisCO genes and
downregulation of the transcriptional regulator gene ccmR, although ccmR2 was only
downregulated in the previous study (Sandrini et al., 2015a). Moreover, the O2 evolution data
of PCC 7806 show that BCT1 and BicA were both active at low pCO2 conditions (Figure
4.5A), whereas BicA but not BCT1 was active at high pCO2 conditions (Figure 4.5F), in
agreement with the previous study (Sandrini et al., 2015a). Hence, the results of both studies
are in good agreement, which gives confidence in the applied methods.
In our O2 evolution experiments, the cells were exposed to different salt treatments
(Table 4.1). This could potentially bias the results, because Microcystis strains differ in their salt
tolerance and potassium ion sensitivity (Sandrini et al., 2015b). In particular, strain PCC 7005
is very sensitive to elevated potassium ion concentrations and lacks several salt tolerance genes,
whereas strain PCC 7806 is much more tolerant to potassium ions and can withstand 170
mmol L-1 NaCl (Tonk et al., 2007; Sandrini et al., 2015b). We therefore tried to minimize salt
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stress, by exposing the cells to the different treatments for only 15 min. The results show that
even the salt- and potassium-sensitive strain PCC 7005 maintained high O2 evolution rates in
the treatment with the highest salinity (10 mmol L-1 KHCO3, 25 mmol L-1 LiCl and 25 mmol
L-1 NaCl; Figure 4.5), and hence the applied salinities apparently did not hinder the activity of
the cells during this short time interval.

Expression and activity of the sodium-dependent Ci uptake genes
Expression of the sodium-dependent bicarbonate uptake genes bicA and sbtA varied widely
among the strains. Even similar genotypes, such as strains HUB 5-3 and PCC 7005 that both
belong to genotype III (bicA+sbtA), showed contrasting expression patterns for their
bicarbonate uptake genes (Figure 4.4). These two strains have bicA and sbtA located in one
operon (Sandrini et al., 2015a), and hence co-transcription explains why the expression
patterns of these two genes are coupled (Figure 4.4). The O2 evolution data indicate that HUB
5-3 mainly relies on its sodium-dependent bicarbonate uptake systems at low Ci conditions
(Figure 4.5D), whereas PCC 7005 mainly relies on ATP-dependent bicarbonate uptake by
BCT1 (Figure 4.5E). Hence, a reduction of the cellular investments in bicarbonate uptake at
elevated CO2 would be most effective by downregulation of the bicA-sbtA operon for HUB 5-3
and by down-regulation of BCT1 for PCC 7005, in line with the observed changes in gene
expression (Figure 4.4).
Strain NIVA-CYA 140 contains sbtA but has a transposon insert in the middle of a
complete bicA gene (Figure 4.1), and was therefore assigned to Ci uptake genotype II (no bicA)
(Sandrini et al., 2015a). At low pCO2 the transcription level of sbtA (relative to 16S rRNA) was
~45x lower in this strain than in the other strains, indicating that the transposon insert
interfered with transcription of the bicA-sbtA operon. Indeed, the strain depended strongly on
BCT1 at low pCO2 conditions, as evidenced from lack of stimulation by added sodium ions in
the O2 evolution experiments (Figure 4.5C), whereas the strain depended mainly on CO2
uptake at high pCO2 conditions (Figure 4.5H). Hence, most likely this strain does not use the
sodium-dependent bicarbonate uptake systems BicA and SbtA, and therefore has a phenotype
that deviates from all other Microcystis strains.
Strain CCAP 1450/10 also has a transposon insert, located between a small bicA
fragment and a complete sbtA gene (Figure 4.1). Yet, the gene expression results (Figure 4.4)
and the O2 evolution data (Figure 4.5B) show that the transposon insert did not hinder
expression of sbtA in this strain.
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Comparison of CCM gene regulation of Microcystis with other cyanobacteria
Previously, the CCM genes of the model cyanobacteria Synechocystis PCC 6803, Synechococcus
PCC 7002 and Synechococcus 7942 were studied in detail (Omata et al., 1999; Ohkawa et al.,
2000; Omata et al., 2001; Shibata et al., 2002; McGinn et al., 2003; Woodger et al., 2003;
Price et al., 2004; Wang et al., 2004; Eisenhut et al., 2007; Schwarz et al., 2011; Burnap et al.,
2015). Comparison of the CCM genes of our Microcystis strains with these model
cyanobacteria reveals several similarities and differences (Tables 4.2 and 4.3).
In all cyanobacteria investigated thus far, genes encoding the ATP-dependent highaffinity bicarbonate transporter BCT1 are induced at low Ci conditions, whereas genes
encoding the low-affinity CO2 uptake system NDH-I4 are constitutively expressed (Table 4.2).
Hence, our two hypotheses do apply to the genes of these two uptake systems. The constitutive
expression of genes encoding the high-affinity CO2 uptake system NDH-I3 in all Microcystis
strains and the high-affinity bicarbonate transporter SbtA in some Microcystis strains deviates
from the induction of these genes in the other three cyanobacteria. The presence and
expression of bicA appears quite variable, not only in Microcystis but also in other
cyanobacteria.
The CCM transcriptional regulators also differ among the cyanobacteria (Table 4.3).
CcmR can regulate transcription of several Ci uptake genes. In Synechocystis PCC 6803, CcmR
appeared to be a repressor of sbtA and the high-affinity CO2 operon, but not of bicA (Wang et
al., 2004; Schwarz et al., 2011). In contrast, in Synechococcus PCC 7002, CcmR appeared to be
a repressor of bicA and sbtA, and possibly the high-affinity CO2 uptake operon (Woodger et al.,
2007; Burnap et al., 2015). In Microcystis, CcmR probably regulates expression of the
cmpABCD operon (encoding for BCT1), since downregulation of ccmR at elevated pCO2
coincided with downregulation of the cmpA gene (Figure 4.4). Synechocystis PCC 6803 and
Synechococcus PCC 7942 use another transcriptional regulator, CmpR, for the cmpABCD
operon (Omata et al., 2001; Schwarz et al., 2011), which is absent from Microcystis. CcmR2 is
the most likely transcriptional regulator for the bicA and sbtA genes in Microcystis, given the
location of ccmR2 upstream of the bicA-sbtA operon (Sandrini et al., 2014).
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Table 4.2. Gene expression of the five different Ci uptake systems in Microcystis and three model cyanobacteria.
Ci uptake system
(genes involved)

BCT1
(cmpABCD)

Gene expressionb
Energy costa

Microcystis
strains*
Inducible under

1 ATP per HCO3-

low pCO2
Constitutively

SbtA

0.5 ATP per HCO3

(sbtA)

-

expressed/
inducible under
low pCO2 / −

Synechocystis
PCC 6803*

0.25 ATP per HCO3-

(bicA)

pCO2
Inducible

Inducible

under low

under low

pCO2

pCO2

pCO2

inducible under

expressed

Inducible
under low

−

pCO2

4

Inducible

Inducible

Inducible

under low

under low

under low

pCO2

pCO2

pCO2

Constituvely

Constituvely

Constituvely

Constituvely

expressed

expressed

expressed

expressed

Constituvely

(chpY and others)

CO2 to HCO3- conversion

expressed

NDH-I4

1 NADPH per

(chpX and others)

CO2 to HCO3- conversion

McGrath and Long, 2014)

Inducible

Inducible

Constitutively

1 NADPH per

References

under low

under low

expressed/

NDH-I3

(Price et al., 2002, 2011a;

−

pCO2

low pCO2 / −

c

Synechococcus
PCC 7942*

Inducible
under low

Constitutively
BicA

Synechococcus
PCC 7002#

(Wang et al.,
This study

2004; Eisenhut
et al., 2007)

(Woodger et
(Woodger et

al., 2003;

al., 2007)

Schwarz et al.,
2011)

a

The estimated energy costs of the different C i uptake systems are indicated in terms of molecules of ATP or NADPH

per molecule CO2 or HCO3-.
b

The Microcystis strains, Synechocystis PCC 6803 and Synechococcus PCC 7942 originate from freshwater (brackish

water for Microcystis PCC 7806); Synechococcus PCC 7002 has a marine origin. A dash (−) indicates that the Ci uptake
system is absent.
c

The source or reference(s)are indicated in the bottem row for each column of data.
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Table 4.3. Presence and function of CCM transcriptional regulators in Microcystis and three model cyanobacteria.
Transcriptional

Location in

regulator

genome

CcmR

Upstream of highaffinity CO2
uptake operon

CcmR2

Upstream of
bicA-sbtA operon

Functiona
Microcystis

Synechocystis
PCC 6803

Repressor/

Repressor of sbtA

activator of

and high-affinity

cmpABCD operon

CO2 operon

(BCT1)

(not bicA)

Synechococcus
PCC 7002
Repressor of
sbtA and bicA
(possibly of

cmpABCD operon
(BCT1) or

CO2 operon)

Repressor/
activator of

−

−

−

bicA/sbtA operon
Activator of
−

cmpABCD operon

Activator of

−

cmpABCD operon

(possibly repressor of
sbtA and high-affinity

separate location

CO2 operon)
This study and

Referencesb

−

high-affinity

Upstream of
CmpR

Synechococcus
PCC 7942

(Sandrini et al.,
2014)

(Figge et al., 2001;
Wang et al., 2004; )

(Woodger et (Woodger et al., 2003;
al., 2007)

Price et al., 2008)

a

A dash (−) indicates that the transcriptional regulator is absent.

b

The source or reference(s) are indicated in the bottem row for each column of data.

Ecological implications
In conclusion, our results reveal an unexpected diversity in CO2 responses of cyanobacteria. It
was already known that Microcystis strains differ in their Ci uptake genes, which promotes
variation in their CO2 response (Sandrini et al., 2014). Our results show that, on top of this
genotypic diversity, there is also considerable phenotypic variation because strains with the
same Ci uptake genes can show contrasting expression patterns and may differ widely in the
activity of their Ci uptake systems. In other words, cyanobacterial strains differ in their
adaptation to changing CO2 conditions not only because of variation in genetic composition
but also because of further variation at the transcriptional and physiological level.
It is often argued that cyanobacteria generally have a very effective CCM, and are
therefore particularly strong competitors at low CO2 levels in comparison to eukaryotic
phytoplankton (Shapiro, 1997). However, we know now that there is major variation in the
CCM tactics among cyanobacteria, and even among different strains within the same genus.
Some Microcystis strains perform well at low CO2, whereas other strains are much better
116

CO2 responses of different Microcystis strains
competitors under high CO2 conditions (Sandrini et al., 2014; Van de Waal et al., 2011). This
genetic and phenotypic variation in Ci uptake systems provides cyanobacterial communities
with the potential for rapid adaptation and acclimation to changing CO2 conditions. These
differential responses also indicate that the ongoing rise in atmospheric CO2 concentrations is
likely to be more beneficial for some cyanobacterial strains than for others, which may lead to
major changes in the genetic composition of harmful cyanobacterial blooms.
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Supplementary Information

Figure S4.1. Dissolved CO2 (CO2(aq)) and bicarbonate concentrations in batch cultures of Microcystis strains
exposed to ambient pCO2 (400 ppm; light grey symbols) or elevated pCO2 (1100 ppm; dark grey symbols) in the
gas flow. CO2(aq) and bicarbonate concentrations were determined after four days of culturing. Error bars indicate
standard deviation (n = 4).
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Table S4.1. Microcystis primers used in this study for RT-qPCR gene expression analyses.
Primer name

Sequence 5’ 3’
(length)
GTCGAACGGGAATCT

16SrRNA-F TCGGAT (21)

GCTAATCAGACGCAA

16SrRNA-R GCTCTTC (22)
cmpA-F

GTTAAACACCCAGGG
TAACGGA (22)

cmpA-R

GCTAACCAGTAACGA
ATCCAGAAGT (25)

sbtA-F
sbtA-R
bicA-F
bicA-R
chpX-F
chpX-R
chpY-F
chpY-R
ccmR-F
ccmR-R
ccmR2-F
ccmR2-R
rbcX-F
rbcX-R

CTGGCCTTTTTGATT
GGTGG (20)
AGGTTGGAATTGCGG
ATGG (19)
CAAGCTAACGGTCGC
ATCAT (20)
AGGCACATCACTCAA
GTCCA (20)
CCTGTCAAGTCCTCC
TCTCAT (21)
TTCAGGATACCCACT
ACCTCG (21)
ATATCGCCAAAATGC
CGACC (20)
GACATCATCCGCACC
TGTTC (20)
CCTACCGTCTCAACC
CAAGT (20)
ACAGTAATTCCTGAC
CCGCTT (21)
TCCTTGGGATAAACC
ACATACCA (23)
TTTTCTCGACCATGG
CATCAC (21)
CGGATCATGACGGTA
AGAGAACA (23)
ATTCCGATGTCTCTG
GTTGACT (22)

ecaA-F

AAGTCCACACCTTCT
CTAACCTC (23)
CTGTCGTCGCCAATG
TGAA (19)
ACTCCTGCGGTTAAT
ACTGTGG (22)
GATAAATGCGATCAG
CTTGGGAG (23)
ATTCGTTCCCGATTA
CATCAAGG (23)
AAGTTGCTCAACGGG
ATCG (19)
CCCAAGAACCTTCTC
CTGAAATG (23)

ecaA-R

GCCAATTGTTGCAGT
TGTTGG (21)

ccmM-F
ccmM-R
ccaA1-F
ccaA1-R
ccaA2-F
ccaA2-R

mcyB-F
mcyB-R

ATCCCATGCTCAGAG
ACGTT (20)
AGATGTCCGCAGGGA
TTCAT (20)

Function of
Accession Expected
Amplification
complete
Locus taga
no.
product
Reference
efficiency (E)b
protein/complex
(Genbank) size (bp)
Sandrini et al.,
Used here as
2015a
reference gene for
16S rRNA
IPF_5548 AM778951.1
157
1.91±0.07
Sandrini et al.,
quantification of
2015a
gene expression
Sandrini et al.,
High-affinity ATP2015a
dependent
IPF_2181 AM778958.1
cmpA
180
1.86±0.02 Sandrini et al.,
bicarbonate uptake
2015a
system
Gene
symbol

sbtA

High-affinity
bicarbonate/sodium MAE_62090 AP009552.1
symporter

bicA

Low-affinity
bicarbonate/sodium IPF_4911
symporter

143

1.87±0.02

AM778949.1

132

1.88±0.02

chpX

Low-affinity CO2
uptake system

IPF_1842

AM778957.1

113

1.88±0.02

chpY

High-affinity CO2
uptake system

IPF_1545

AM778958.1

114

1.80±0.04

ccmR

Transcriptional
regulator of CCM
genes

IPF_1549

AM778958.1

109

1.88±0.02

ccmR2

Transcriptional
regulator of CCM
genes

IPF_2166

AM778949.1

204

1.86±0.02

rbcX

RuBisCO
chaperone, in
operon with
RuBisCO L/S
subunit genes

IPF_2531

AM778933.1

157

1.86±0.01

ccmM

Carboxysome
structural protein

IPF_5695

AM778933.1

118

1.87±0.02

ccaA

Carboxysome
carbonic anhydrase

IPF_5538

AM778919.1

97

1.88±0.02

ccaA2

Carboxysome
MAE_36560 AP009552.1
carbonic anhydrase

137

1.88±0.02

ecaA

α-type carbonic
anhydrase;
presumably mainly
present in the
periplasmic space

IPF_4566

AM778932.1

187

1.86±0.02

mcyB

Microcystin
synthesis

IPF_375

AM778952.1

163

1.86±0.03

This study
This study
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014
Sandrini et al.,
2014

a

The locus tags are from Microcystis PCC 7806 (IPF) and Microcystis NIES-843 (MAE).

b

The amplification efficiency E for the individual primers sets was based on 32-48 amplification curves, except for

ccaA2 that was based on only 8 curves.
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Table S4.2. Changes in gene expression at elevated CO2 for each of the six Microcystis strains.
Microcystis strain

PCC 7806

NIES-843

CCAP 1450/10

NIVA-CYA 140

120

Gene

Log2 relative gene
expression change

Standard deviation

FDR adjusted
p-values

cmpA
bicA
chpX
chpY
ccmR
ccmR2
rbcX
ccmM
ccaA1
ecaA
mcyB
cmpA
sbtA
chpX
chpY
ccmR
ccmR2
rbcX
ccmM
ccaA1
ccaA2
mcyB
cmpA
sbtA
chpX
chpY
ccmR
ccmR2
rbcX
ccmM
ccaA1
ecaA
mcyB
cmpA
sbtA
bicA
chpX
chpY
ccmR
ccmR2
rbcX
ccaA1
ecaA
mcyB

-6.998
-3.093
0.132
-0.101
-3.778
-0.436
0.062
-0.244
0.144
-0.367
-0.276
-1.713
-1.818
0.154
0.575
-3.683
-0.393
0.839
0.642
0.246
-0.169
0.758
-3.830
-2.870
-0.036
0.026
-2.165
-0.695
0.399
0.041
-0.279
-0.253
-0.252
-7.225
-0.432
0.274
-0.366
0.111
-1.837
-0.370
-0.712
-0.482
0.094
0.966

1.456
0.407
0.097
0.205
0.548
0.079
0.509
0.204
0.091
0.046
0.107
0.486
0.273
0.261
0.607
0.377
0.256
0.369
0.387
0.178
0.284
0.539
0.171
0.590
0.483
0.541
0.428
0.369
0.051
0.304
0.485
0.402
0.415
0.348
0.766
0.198
0.373
0.229
0.291
0.704
0.318
0.733
0.144
0.290

0.011
0.007
0.130
0.458
0.007
0.010
0.848
0.168
0.104
0.007
0.040
0.022
0.007
0.412
0.254
0.007
0.109
0.052
0.096
0.462
0.412
0.127
0.007
0.011
0.906
0.930
0.011
0.072
0.007
0.843
0.414
0.399
0.411
0.002
0.417
0.127
0.246
0.459
0.007
0.444
0.053
0.399
0.399
0.023
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Table S4.2 continued.
0.433
cmpA
-1.169
0.037
sbtA
0.619
-2.703
0.013
0.775
bicA
-3.235
0.014
chpX
-0.162
0.414
0.530
-0.390
0.446
0.271
chpY
HUB 5-3
ccmR
0.723
0.068
-1.425
0.552
0.114
ccmR2
-0.820
rbcX
0.221
0.111
0.068
0.092
0.247
0.542
ccmM
ccaA1
-0.310
0.356
0.271
-0.458
0.511
0.269
ecaA
cmpA
0.600
-4.328
0.007
0.518
0.489
0.124
sbtA
bicA
0.591
0.202
0.031
chpX
0.346
0.177
0.068
chpY
0.123
0.301
0.521
PCC 7005
ccmR
0.349
-1.635
0.011
0.369
0.395
0.254
ccmR2
rbcX
-0.612
0.956
0.399
ccmM
-0.513
0.768
0.399
0.306
0.123
ccaA1
0.043
ecaA
0.519
0.155
0.023
Gene expression changes were obtained by RT-qPCR applied to samples taken before and 20 h after increasing the
pCO2 level from 400 to 1100 ppm. Bold values in the ‘Log2 relative gene expression’ column indicate expression
changes < -0.8 or > 0.8. Bold values in the ‘FDR adjusted p-values’ column indicate significant changes (p < 0.05).
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Abstract
Rising atmospheric CO2 concentrations are likely to affect many ecosystems worldwide.
However, it is still an open question to what extent elevated CO2 will induce evolutionary
changes in photosynthetic organisms (Collins and Bell, 2004; Raven et al., 2012; Low-Decarie
et al., 2013). Here, we show rapid microevolutionary adaptation of a harmful cyanobacterium
to changes in inorganic carbon (Ci) availability. We studied the cyanobacterium Microcystis, a
notorious genus that is responsible for many toxic cyanobacterial blooms worldwide (Paerl and
Huisman, 2008; Qin et al., 2010; Michalak et al., 2013). Microcystis displays genetic variation
in the Ci uptake systems BicA and SbtA (Sandrini et al., 2014), where BicA has a low affinity
for bicarbonate but high flux rate, whereas SbtA has a high affinity but low flux rate (Price et
al., 2004; Price, 2011; Sandrini et al., 2014). Laboratory competition experiments showed that
the strain composition shifted from dominance by a bicA+sbtA strain at low CO2 to coexistence
by a bicA strain and another bicA+sbtA strain at high CO2. Similarly, in a eutrophic lake,
bicA+sbtA strains were dominant when Ci concentrations were depleted during a dense
cyanobacterial bloom, but were replaced by bicA strains when Ci concentrations increased later
in the season. Strains with only sbtA formed a minor component of the Microcystis population.
Hence, our results provide both laboratory and field evidence that increasing carbon
concentrations induce rapid adaptive changes in the genotype composition of harmful
cyanobacterial blooms.

Introduction
Atmospheric CO2 concentrations are predicted to double during this century. Species may
adapt to elevated CO2 by the sorting of existing genetic variation and the establishment of new
beneficial mutations. These evolutionary processes can alter the physiological and ecological
response of species to future CO2 levels (Raven et al., 2012). Several recent laboratory studies
have investigated the potential for evolutionary changes in response to rising CO2
concentrations (Collins and Bell, 2004; Collins et al., 2006; Lohbeck et al., 2012; Low-Decarie
et al., 2013; Scheinin et al., 2015). For instance, selection experiments with the green alga
Chlamydomonas reinhardtii revealed that some cell lines grown at elevated CO2 levels for 1,000
generations grew more slowly at ambient CO2, presumably because mutations reduced the
effectiveness of CO2 acquisition (Collins and Bell, 2004; Collins et al., 2006). Other lab studies
argue that elevated atmospheric CO2 fails to evoke specific evolutionary adaptation in
phytoplankton species (Low-Décarie et al., 2013). Thus far, however, the specific genetic and
molecular changes underlying evolutionary responses to rising CO2 are not well understood,
evolutionary adaptation to changing CO2 conditions has rarely been investigated within
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complex species assemblages (Scheinin et al., 2015) and has never been reported from natural
waters.
Dissolved CO2 (CO2(aq)) concentrations can be depleted by phytoplankton blooms
in eutrophic lakes (Ibelings and Maberly, 1998; Balmer and Downing, 2011; Gu et al., 2011),
which provides an opportunity to study adaptation to changes in carbon availability.
Cyanobacteria use a CO2-concentrating mechanism (CCM) to overcome low concentrations of
CO2(aq) in their environment. The cyanobacterial CCM is based on the uptake of CO2 and
bicarbonate, and subsequent accumulation of inorganic carbon (Ci) in specialized
compartments, called carboxysomes, for CO2 fixation by the enzyme RuBisCO (Price, 2011).
Five Ci uptake systems are known in cyanobacteria. Two CO2 uptake systems and the ATPdependent bicarbonate transporter BCT1 are present in most freshwater cyanobacteria (Rae et
al., 2011; Sandrini et al., 2014). Two other bicarbonate uptake systems, BicA and SbtA, are
less widespread. Both are sodium-dependent symporters, but BicA has a low affinity for
bicarbonate and high flux rate, whereas SbtA has a high affinity and low flux rate (Price et al.,
2004). Affinity refers here to the effectiveness of bicarbonate uptake at low bicarbonate
concentrations, whereas the flux rate refers to the bicarbonate uptake rate at high bicarbonate
concentrations.
Cyanobacteria produce dense and often toxic blooms in many eutrophic lakes
worldwide (Qin et al., 2010; Michalak et al., 2013; Verspagen et al., 2014b), and are predicted
to expand with eutrophication and global warming (Paerl and Huisman, 2008; O’Neil et al.,
2012; Verspagen et al., 2014b). We recently compared CCM gene sequences of 20 strains of
the ubiquitous cyanobacterium Microcystis (Sandrini et al., 2014). Interestingly, some strains
lacked the high-flux bicarbonate uptake gene bicA, whereas others lacked the high-affinity
bicarbonate uptake gene sbtA. Hence, three different Ci uptake genotypes can be distinguished:
sbtA strains (with sbtA but no or incomplete bicA), bicA strains (with bicA but no sbtA), and
bicA+sbtA strains (Figure 5.1). The three genotypes produce different phenotypes. Laboratory
experiments showed that the growth rate of the sbtA genotype is reduced at high Ci levels, the
bicA genotype has reduced growth at low Ci levels, whereas the bicA+sbtA genotype maintains a
constant growth rate across a wide range of Ci levels (Sandrini et al., 2014). Here, we test the
potential for adaptive microevolution of Microcystis in response to elevated CO2, by
investigating changes in the relative frequencies of the different Ci uptake genotypes in
laboratory competition experiments and a field study.
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Figure 5.1. The three Ci uptake genotypes of Microcystis. The variable genomic regions (Sandrini et al., 2014) contain
the transcriptional regulator gene ccmR2, the sodium-dependent bicarbonate uptake genes bicA and sbtA, a posttranslation regulator gene of SbtA known as sbtB, and the sodium/proton antiporter gene nhaS3.

Results
We ran competition experiments in three chemostats at low CO2 (100 ppm) and three
chemostats at high CO2 (1,000 ppm) levels. Each chemostat was inoculated with five
Microcystis strains, including two sbtA strains (CCAP 1450/10 and HUB 5-2-4), one bicA
strain (PCC 7806) and two bicA+sbtA strains (PCC 7005 and PCC 7941) (Table S5.1,
Supplementary Information). Four strains produced the hepatotoxin microcystin, whereas
PCC 7005 was the only non-toxic strain. In the low CO2 chemostats, the total Microcystis
biomass increased until a steady state was reached, at which the CO2(aq) and bicarbonate
concentration were depleted to 1.5×10-4 µmol L-1 and 15 µmol L-1, respectively, and pH
increased to 11.2 (Figure 5.2A,C). The high CO2 chemostats produced a 2.5-fold higher
Microcystis biomass, with much higher steady-state CO2(aq) and bicarbonate concentrations of
10 µmol L-1 and 2700 µmol L-1, respectively, and a lower pH of 8.8 (Figure 5.2B,D).
In the low CO2 chemostats, the toxic bicA+sbtA strain PCC 7941 competitively
replaced the two sbtA strains, the bicA strain and the non-toxic bicA+sbtA strain, and comprised
~90% of the total Microcystis population at steady state (Figure 5.2E). In contrast, in the high
CO2 chemostats, the non-toxic bicA+sbtA strain PCC 7005 and the toxic bicA strain PCC
7806 coexisted, with relative abundances of ~60% and ~30%, respectively, at steady state
(Figure 5.2F). Selection coefficients, calculated from the replacement rates of the strains and
their generation times, ranged from 0.16 to 0.62 in the low CO2 chemostats and from 0.08 to
0.20 in the high CO2 chemostats (Figure S5.1 and Table S5.2, Supplementary Information).
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Figure 5.2. Laboratory competition experiments with five Microcystis strains at low and high CO2 levels. Left panels
show low CO2 chemostats and right panels high CO2 chemostats. (A,B) Microcystis biomass (expressed as biovolume)
and the light intensity Iout transmitted through the chemostats. (C,D) Concentrations of dissolved CO2 (CO2(aq)) and
bicarbonate, and pH. (E,F) Relative abundances of the five Microcystis strains. The data points show the mean values
(±1 s.d.) of three replicated chemostat experiments.
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Our field study was carried out in Lake Kennemermeer, the Netherlands, in summer
and autumn of 2013 (Figure 5.2A). Water temperature was 20-23°C in summer, and then
gradually declined to 11°C in early autumn (Figure S5.2, Supplementary Information). The
lake contained high phytoplankton abundances, with particularly dense blooms in weeks 26-28
and week 36 (Figure 5.3B). Total phytoplankton biovolume consisted for >95% of
cyanobacteria, including Pseudoanabaenaceae, small Chroococcales, Anabaenopsis hungarica
and Microcystis spp. (Figure S5.2, Supplementary Information). Microcystis can produce a
potent family of hepatotoxins, known as microcystins (Codd et al., 2005). The Microcystis
population was dominated by potentially toxic genotypes containing the microcystin
synthetase gene mcyB (Figure S5.2, Supplementary Information). Concentrations of
Microcystis and the two dominant microcystin types, MC-LR and MC-RR, peaked in week 34
(Figure 5.3C). The MC-LR concentration (up to 23.2 µg L-1) exceeded the provisional
guideline for safe drinking water (1 µg L-1) by the World Health Organization as well as
common guidelines for recreational waters (Ibelings et al., 2014), justifying closure of the lake
for recreation.
In summer, CO2(aq) concentrations in the lake were reduced below 3.5 µmol L-1 and
were strongly depleted to <0.4 µmol L-1 in weeks 28-30 and week 36 (Figure 5.3D). When
phytoplankton abundance decreased in autumn, the CO2(aq) concentration increased to ~15
µmol L-1, equilibrating with the atmospheric pCO2 levels (390 ppm). CO2 depletion during
the summer bloom led to a strong increase in pH, with values up to ~10 during the two peaks
in phytoplankton abundance (Figure 5.3B; Pearson correlation of pH vs log CO2: ρ = -0.98, n
= 10, p < 0.001). At pH between 8 and 10, bicarbonate is the dominant Ci species. Bicarbonate
concentrations showed similar temporal dynamics as the CO2(aq) concentration (Figure 5.3D;
Pearson correlation of CO2(aq) vs bicarbonate: ρ = 0.90, n = 10, p < 0.001). The sodium
concentration in the lake (measured in week 29) was 12.7±0.4 mmol L-1, which allows
maximum or near-maximum activity of the sodium-dependent bicarbonate transporters BicA
and SbtA, since both transporters have half-saturation constants of 1-2 mmol L-1 sodium (Price
et al., 2004; Du et al., 2014).
All three Ci uptake genotypes of Microcystis were present in the lake (Figure 5.1;
Tables S5.3 and S5.4, Supplementary Information), but their relative abundances changed
during the study period (Figure 5.4A). The sbtA strains represented ~20% of the Microcystis
population during the entire season (Figure 5.4B). The bicA+sbtA strains dominated the
Microcystis population in weeks 24-32, especially during the strong CO2 depletion in weeks 2829, but were largely replaced by bicA strains in late summer and autumn when Ci
concentrations in the lake increased. Relative abundances of the bicA+sbtA strains were
negatively correlated with the bicarbonate concentration (Figure 5.4C; Pearson correlation: ρ =
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-0.84, n = 10, p < 0.01), whereas those of the bicA strains were positively correlated with
bicarbonate (Figure 5.4D; Pearson correlation: ρ = 0.91, n = 10, p < 0.001). Replacement of
bicA+sbtA strains by bicA strains occurred in ~2 months. With a generation time of 1.5-5.2
days (Wilson et al., 2006), this corresponds to 12-42 generations and a selection coefficient of
0.06-0.19 per generation, which is comparable to the selection coefficients in the chemostats
(Figure S5.3, Table S5.2, Supplementary Information).

Figure 5.3. Phytoplankton biomass and inorganic carbon speciation in Lake Kennemermeer. (A) Map of Lake
Kennemermeer with the sampling station. (B) Total phytoplankton biomass (expressed as biovolume) and pH. (C)
Microcystis biomass (expressed as biovolume) and concentrations of the two most abundant microcystin variants (MCLR and MC-RR). (D) Concentrations of CO2(aq), bicarbonate and carbonate. Data points represent the mean (±1
s.d.) of three replicate measurements; error bars that are not visible do not exceed the size of the symbols.
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5

Figure 5.4. Ci uptake genotypes of Microcystis in the lake study. (A) Relative abundances of the three Ci uptake
genotypes (sbtA strains, bicA strains and bicA+sbtA strains). (B-D) Relation between the relative abundances of the C i
uptake genotypes and the bicarbonate concentration. The data points show the mean (± 1 s.d.) of three replicate
measurements. The trend lines are based on linear regression (n = 10).

Discussion
Our laboratory competition experiments and field study both show major changes in strain
composition, with dominance by bicA+sbtA strains at low Ci conditions that were (partly)
replaced by bicA strains at high Ci conditions (Figures 5.2 and 5.4). Previous studies have
shown that the high-affinity but low-flux enzyme SbtA is more effective at low Ci conditions,
whereas the low-affinity but high-flux enzyme BicA is more effective at high Ci conditions
(Price, 2011; Sandrini et al., 2014, 2015a). Hence, the trade-off between affinity and flux rate
offers a likely explanation for the observed shift in strain composition. The same trade-off can
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also explain the reversal in competitive dominance in earlier competition experiments (Van de
Waal et al., 2011; Sandrini et al., 2014). We note that, in Microcystis, bicA and sbtA are located
on the same operon, and hence are co-transcribed in bicA+sbtA strains (Sandrini et al., 2014).
Superfluous production of the SbtA enzyme or its post-transcriptional down-regulation, for
example by SbtB (Du et al., 2014), will be costly when SbtA cannot be efficiently used, which
will disfavour bicA+sbtA strains at high bicarbonate concentrations. Hence, our results provide
laboratory and field evidence demonstrating that bicA strains have a strong selective advantage
at high Ci availability.
At a broader level, our results show that natural selection enables adaptive changes of
cyanobacteria in response to variation in resource availability. In our case, these adaptive
changes are most likely caused by sorting of existing genetic variation rather than by de novo
mutations. This implies that at the time scale of cyanobacterial bloom development, the traits
(in this case, the Ci uptake kinetics) of cyanobacterial species may change due to a reshuffling
of the relative abundances of different genotypes within the species. Hence, predictions of
harmful algal bloom development cannot be made assuming that the species traits remain
stable. Instead, an eco-evolutionary approach will be required (Hairston et al., 2005; Buckling
et al., 2009; Schoener, 2011), in which traits evolve in response to changes in environmental
conditions that are at least partly induced by the phytoplankton blooms themselves.
In conclusion, our study shows that changes in Ci availability act as an important
selective factor in cyanobacterial communities. These changes may cause a seasonal succession
of different Ci uptake genotypes during bloom development. At longer time scales, rising
atmospheric CO2 levels create a steeper pCO2 gradient across the air-water interface during
dense summer blooms, which will lead to a higher influx of atmospheric CO2 into lakes
(Balmer and Downing, 2011; Cole et al., 2010). Rising atmospheric CO2 levels may therefore
result in less intense CO2 depletion during blooms (Verspagen et al., 2014b), and a later onset
and shorter duration of CO2-depleted conditions during the summer period. Our results
suggest that high-flux Ci uptake genotypes will become relatively more abundant when CO2
concentrations increase. Hence, future harmful algal blooms will most likely have a genetic
composition that differs from contemporary blooms and will be tuned to the high-CO2
conditions.

Materials and Methods
Competition experiments
Competition experiments were conducted in CO2-controlled chemostats designed specifically
for phytoplankton studies (Van de Waal et al., 2011; Sandrini et al., 2015a). The chemostats
consisted of flat culture vessels with an optical path length of 5 cm and an effective working
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volume of 1.8 L. The chemostats were illuminated from one side at a constant incident
irradiance of Iin = 40 µmol photons m-2 s-1 using white fluorescent tubes (Philips Master TL-D
90 De Luxe 18 W/965, Philips Lighting, Eindhoven, the Netherlands). The chemostats were
maintained at a constant temperature of 25°C and aerated with different CO2 concentrations
(Sandrini et al., 2015a; 100 or 1,000 ppm pCO2) at a flow rate of 30 L h-1. The chemostats
were run at a dilution rate of 0.2 day-1 and the Microcystis strains were grown in a nutrient-rich
mineral medium (Sandrini et al., 2015a) without (bi)carbonate salts.
Microcystis strains CCAP 1450/10, HUB 5-2-4, PCC 7806, PCC 7005 and PCC
7941 (Table S5.1, Supplementary Information) were pre-cultured in monoculture chemostats
at 400 ppm CO2. Subsequently, six chemostats were each inoculated with the five pre-cultured
strains mixed at equal initial abundances and a total initial Microcystis biovolume of ~160 mm3
L-1. Three chemostats were exposed to 100 ppm pCO2 (‘low CO2’) and the three other
chemostats to 1,000 ppm pCO2 (‘high CO2’). The chemostats were run for a total of 175 days
and were sampled 1-3 times per week for further analysis. Cell numbers and biovolumes, light
conditions and pH were measured as described before (Sandrini et al., 2015a).

Lake study
Lake Kennemermeer (52°27'18.5"N, 4°33'48.6"E) is located north-west of Amsterdam, the
Netherlands, close to the North Sea (Figure 5.2A). The lake is not an official swimming
location, because of yearly recurrent problems caused by dense harmful cyanobacterial blooms.
The lake has a maximum depth of ~1 m and a surface area of ~ 0.1 km2. The lake is well mixed
by wind throughout the year.
From June to October 2013, we sampled the lake two to three times per month,
always at 10:30 AM, at a fixed location at the north side using a small boat. Aliquots of lake
water (three replicates of 5 L each) were collected 0.2 m below the surface and processed
immediately on land. A Hydrolab Surveyor and Datasonde 4a (OTT Hydromet, Loveland,
CO, USA) measured temperature and pH at 0.2 m depth. We averaged the three replicate
measurements at each time point, and used these averages as the data points in our analysis.
Phytoplankton cells were preserved with Lugol’s iodine for microscopic analysis (see
Supplementary Methods for details).

Chemical analyses
Dissolved inorganic carbon and sodium concentrations were measured in filtered supernatant
of the chemostat and lake samples. Microcystins were extracted from filtered cells with 75%
MeOH and analysed by HPLC (Van de Waal et al., 2011). See Supplementary Methods for
details.
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Analysis of genotype composition
Genomic DNA (gDNA) was isolated from chemostat samples and lake samples filtered on-site,
using spin column DNA extraction kits (see Supplementary Methods for details).
We first investigated whether all three Microcystis Ci uptake genotypes were present in
purified gDNA lake samples, using PCR reactions with the GoTaq® Hot Start Polymerase kit
(Promega Corporation, Madison, WI, USA) according to the supplier’s instructions (see
Supplementary Methods). The Microcystis-specific primers used for this purpose are listed in
Table S5.3, Supplementary Information.
Subsequently, qPCR reactions were applied to purified gDNA to quantify the relative
abundances of the different genotypes in the chemostat and lake samples (see Supplementary
Methods). For this purpose, we designed gene-specific primers to target the 16S rRNA gene,
rbcX, bicA, sbtA, bicA+sbtA, mcyB and isiA (Table S5.3, Supplementary Information), using
gDNA from axenic laboratory strains as reference samples. LinRegPCR software (version
2012.3) was used for baseline correction, calculation of Cq values and calculation of the
amplification efficiency of individual runs (Table S5.3, Supplementary Information). Relative
ratios of the numbers of gene copies were calculated according to the comparative CT method
(Livak and Schmittgen, 2001). The qPCR analysis was validated using defined mixtures of
isolated Microcystis strains (Figure S5.4, Supplementary Information)). Since our field data set
was limited to one lake sampled during one summer, we did not attempt to separate the
statistical effects of many environmental variables on the genotype assemblage. Instead, we
applied simple correlation analyses to describe relationships between the relative frequencies of
the Ci uptake genotypes and the Ci concentration. The rate of replacement was estimated from
the slope of the linear regression of ln(x1/x2) versus time (Dykhuizen and Hartl, 1983), where
x1 and x2 are the relative frequencies of two genotypes. The selection coefficient was calculated
by scaling the replacement rate to the generation time. The generation time in the chemostats
was calculated as td = ln(2)/µ, where µ is the growth rate of the total Microcystis population
(taking into account the dilution rate).
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I. Supplementary Methods
Cell counts of lake samples
Lugol’s iodine was added to fresh lake samples (1:100 v/v of a 5% solution) to preserve
phytoplankton cells for microscopy. The samples were stored at 4°C until identification.
Phytoplankton was identified to genus level, and if possible to the species level, and counted
according to the Utermöhl-method adjusted to the European standard protocol NEN-EN
15204 using a Lyca DM IRB inverted light microscope (Lyca Microsystems BV, Rijswijk, the
Netherlands). Biovolume was estimated from cellular dimensions and geometry (Hillebrand et
al., 1999). Individual Microcystis cells were counted after disintegrating the colonies with KOH
(Kardinaal et al., 2007).

Dissolved inorganic carbon and sodium
Chemostat samples for dissolved inorganic carbon (DIC) measurements were centrifuged for
15 minutes at 4,000 g and 4°C, and subsequently the supernatant was filtered using a 47 mm
GF/C filter (Whatman, Maidstone, UK) followed by a 0.45 µm pore size 47 mm diameter
polyethersulfone membrane filter (Sartorius AG, Göttingen, Germany). Lake samples for
analysis of DIC and sodium concentrations were filtered on-site using the same filtration
procedure. The filtrates of chemostat and lake samples were transferred to sterile plastic urine
analysis tubes (VF-109SURI; Terumo Europe N.V., Leuven, Belgium), which were filled
completely and stored at 4°C until further analysis. DIC (3-5 technical replicates per sample)
was measured with a TOC-VCPH TOC analyzer (Shimadzu, Kyoto, Japan). Concentrations of
CO2(aq), bicarbonate and carbonate were calculated from DIC, pH and temperature (Stumm
and Morgan, 1996). Sodium concentrations were measured using an Optima 8000 ICP-OES
Spectrometer (Perkin Elmer, Waltham, MA, USA).

Toxin analysis
For microcystin analysis, lake samples were filtered on-site over 1.2 µm pore size 25 mm
diameter GF/C filters (Whatman). The loaded filters were stored at -20°C and subsequently
freeze-dried. Microcystins were extracted with 75% MeOH and analyzed by HPLC as
described previously (Van de Waal et al., 2011), using a Shimadzu LC-20AD HPLC system
with a SPD-M20A photodiode array detector (Shimadzu, Kyoto, Japan). The two largest
microcystin peaks of the lake samples matched with the retention times and UV-spectra of
MC-LR and MC-RR standards kindly provided by the University of Dundee.
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DNA isolation
Chemostat samples for gDNA isolation were centrifuged for 15 min at 4,000 g and 4°C.
Subsequently, gDNA was isolated from the pellets using the DNeasy Blood & Tissue kit
(Qiagen GmbH, Hilden, Germany) according to the supplier’s instructions. Lake samples were
filtered on-site over 1.2 µm pore size 25 mm diameter GF/C filters (Whatman), and loaded
filters were stored at -20°C. Subsequently, gDNA from lake samples was extracted using the
ZR Fungal/Bacterial DNA MiniPrep™ kit (Zymo Research, Orange, CA, USA) according to
the supplier’s instructions. Both the chemostat and the lake gDNA samples were further
purified using the DNA Clean & Concentrator™-25 kit (Zymo Research) according to the
supplier’s instructions. The quality of the gDNA in the chemostat and lake samples was
assessed using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), which resulted in A260/A280 values above 1.8 for all samples. The gDNA concentrations
were quantified using the Nanodrop 1000 spectrophotometer for the lake samples and a Qubit
2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) for the chemostat samples.

Primer development and PCR reactions
To detect the presence of different Microcystis Ci uptake genotypes, we designed primers
targeting bicA encoding for a low-affinity but high-flux bicarbonate uptake system, sbtA
encoding for a high-affinity but low-flux bicarbonate uptake system, and the combined
presence of bicA+sbtA (Table S5.1, Supplementary Information). We also designed primers
targeting sbtB (a gene often linked with sbtA and encoding for a post-translational regulator of
SbtA; Du et al., 2014), the sodium/proton antiporter gene nhaS3 and the LysR-family
transcriptional regulator ccmR2. In Microcystis, the bicA, sbtA, sbtB and nhaS3 genes are all
located on the same operon, and ccmR2 is the transcriptional regulator located upstream
(Sandrini et al., 2014; Figure 5.1 of the main text). Furthermore, to detect the presence of
toxic (microcystin-producing) genotypes, we included primers targeting the mcyB gene
involved in microcystin synthesis. We developed primers targeting the iron stress induced
protein gene isiA, to distinguish strain CCAP 1450/10 from the other strains (Table S5.1,
Supplementary Information). Finally, we also developed primers targeting the 16S rDNA
genes and the RuBisCO chaperone gene rbcX, to quantify the overall Microcystis population.
The primers were designed to match sequences of 13 Microcystis strains for which the
full genome was sequenced, including Microcystis NIES-843 (Kaneko et al., 2007), Microcystis
PCC 7806 (Frangeul et al., 2008), Microcystis PCC 7005 (Sandrini et al., 2014) and ten
Microcystis strains recently sequenced (Humbert et al., 2013). The primers targeting the ccmR2,
bicA, sbtA, sbtB and nhaS3 genes also matched sequences of seven additional strains for which
only ccmR2 and the bicA-sbtAB-nhaS3 operon were sequenced (Sandrini et al., 2014); hence,
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these primers are based on 20 Microcystis strains in total. Sequences of several other (nonMicrocystis) cyanobacteria were used to ensure that the primer design included several
mismatches with these other sequences. Furthermore, discrimination between Microcystis and
other cyanobacteria is aided by the observation that Microcystis is thus far the only known
cyanobacterial genus with bicA and sbtA located next to each other in the genome in one
operon (Sandrini et al., 2014). Other cyanobacteria with both bicA and sbtA have these genes
placed in separate locations in the genome. Table S5.3, Supplementary Information provides
an overview of all primers used in this study.
PCR reactions, to test the developed primers, were done with the GoTaq® Hot Start
Polymerase kit (Promega Corporation, Madison, WI, USA) according to the supplier’s
instructions. After an initial denaturation of 2 min at 95°C, 35 cycles were used that consisted
of a denaturation step at 95°C for 45 s, an annealing temperature step at 60°C for 30 s and an
extension step at 72°C for 3 min. Subsequently, a final extension step at 72°C was used for 5
min. The reactions contained 0.3 µmol L-1 primers and 10 ng gDNA in a total reaction volume
of 25 µL. Other reaction components were added as instructed by the supplier. The developed
primers were tested with gDNA of various Microcystis laboratory strains (CCAP 1450/10,
CCAP 1450/11, HUB 5-3, HUB 5-2-4, NIES-843, NIVA-CYA 140, PCC 7005, PCC 7806,
PCC 7941, V145 and V163) using PCR and gel electrophoresis, which confirmed that only
the targeted gDNA sequences were amplified (no by-products were detected). As negative
control, the primers were tested on gDNA of several ubiquitous freshwater cyanobacterial
species, Anabaena circinalis CCAP 1403/18, Aphanizomenon flos-aquae CCAP 1401/7 and
Planktothrix agardhii CCAP 1460/1, which did not result in amplified PCR products.
Next, PCR reactions and gel electrophoresis were performed to detect the different
Microcystis Ci uptake genotypes in purified gDNA from Lake Kennemermeer samples. Again
the GoTaq® Hot Start Polymerase kit (Promega Corporation) was used, and gDNA of five
Microcystis laboratory strains was investigated for comparison. All three Microcystis Ci uptake
genotypes, bicA strains (no sbtA), sbtA strains (no bicA) and bicA+sbtA strains, were detected in
all lake samples (Table S5.4, Supplementary Information). PCR-products of strain NIVACYA 140, which has a transposon insert in bicA (Sandrini et al., 2014), were not detected in
Lake Kennemermeer. This indicates that strains with such a transposon insert in bicA were not
present in the lake.

Quantification of Ci uptake genotypes with qPCR
Relative abundances of the different genotypes of Microcystis were quantified using qPCR, by
applying the Maxima® SYBR Green Master Mix (2x) kit (Thermo Fisher Scientific, Waltham,
MA, USA) to purified gDNA according to the supplier’s instructions in an ABI 7500 Real139
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Time PCR system (Applied Biosystems, Foster City, CA, USA). The two-step cycling protocol
was used, with a denaturation temperature of 95°C (15 s) and a combined annealing/extension
temperature of 60°C (60 s) during 40 cycles. The reactions contained 0.3 µmol L-1 primers,
with 1 ng gDNA when using chemostat samples and 10 ng gDNA when using lake samples, in
a total reaction volume of 25 µL. Other reaction components were added as instructed by the
supplier. ROX solution was used to correct for any well-to-well variation and melting curve
analysis was performed on all measured samples to rule out non-specific qPCR products. Each
qPCR plate contained reference gDNA samples and samples with primers targeting reference
genes (see below) to overcome plate effects. The LinRegPCR software tool (version 2012.3;
Ramakers et al., 2003; Ruijter et al., 2009) was used for baseline correction, calculation of
quantification cycle (Cq) values using linear regression, and calculation of the amplification
efficiency of each individual run (Table S5.3, Supplementary Information). LinRegPCR did
not detect samples without amplification or a plateau (except for negative controls), or samples
with a baseline error or noise error, or with deviating amplification efficiencies. To calculate
relative ratios between the numbers of gene copies, the comparative CT method was used (Livak
and Schmittgen, 2001).
To determine the relative abundance of toxic genotypes, we used the microcystin
synthetase gene mcyB (primers mcyB-F and mcyB-R) as ‘target gene’ and the RuBisCO
chaperone gene rbcX (primers rbcX-F and rbcX-R) present in all Microcystis strains as ‘reference
gene’. Purified gDNA of the axenic toxic strains PCC 7806 and PCC 7941 was used as
‘reference samples’.
To determine the relative abundances of the different Ci uptake genotypes in lake
samples, we used the gene bicA (primers bicA-F2 and bicA-R1) and the gene sbtA (primers
sbtA-F2 and sbtA-R2) as ‘target genes’. The combined bicA+sbtA gene (primers bicA-F3 and
sbtA-R3) was detected in all lake samples based on observed PCR product size (Table S5.4,
Supplementary Information) and served as ‘reference gene’. Purified gDNA of the axenic
laboratory strains PCC 7005 and PCC 7941 (both bicA+sbtA strains) served as ‘reference
samples’, to calculate the relative ratios of (1) the bicA+sbtA gene versus the bicA gene, and (2)
the bicA+sbtA gene versus the sbtA gene. We note that the bicA gene is present in both
bicA+sbtA strains and bicA strains, and similarly the sbtA gene is present in both bicA+sbtA
strains and sbtA strains. Hence, the relative abundances of the different Ci uptake genotypes
can be calculated from the above two ratios based on the assumption that the sum of the
bicA+sbtA strains, bicA strains, and sbtA strains equals 100%.
To determine the relative abundances of the five Microcystis strains in the chemostat
experiments, we used the bicA, sbtA, bicA+sbtA, mcyB and isiA genes as ‘target genes’ to
distinguish the different strains (Table S5.1, Supplementary Information). We used the 16S
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rRNA gene (primers 16S-F and 16S-R) to quantify the overall Microcystis population
(‘reference gene’). Purified gDNA of monocultures of strain PCC 7941 (which contained all
five target genes) served as ‘reference samples’ to calculate the relative abundances of strains
with and without bicA, sbtA, bicA+sbtA, mcyB and isiA, assuming that the sum of the five
strains equals 100%.

Validation of qPCR method
To validate the developed method, exponentially growing cultures of the five laboratory strains
of Microcystis were mixed with equal cell numbers (20% each when mixing five strains, and
50% each when mixing two strains). Cell numbers were counted using a Casy 1 TTC cell
counter with a 60 µm capillary (Schärfe System GmbH, Reutlingen, Germany).
The gDNA of the mixtures was extracted and used for relative quantification of the
three defined Microcystis Ci uptake genotypes using the qPCR approach described above. Nonmixed gDNA of the monocultures of strains PCC 7005, PCC 7806 and PCC 7941 was used
as reference samples for the calculations.
In all our validation experiments, the relative abundances of the different genotypes
measured by qPCR were very similar to the expected relative abundances (Figure S5.4,
Supplementary Information).
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II. Supplementary Figures

Figure S5.1. Replacement rates of the Ci uptake genotypes in the chemostat experiments. (A) Replacement rate of
the bicA strain by bicA+sbtA strains in the low CO2 chemostats. (B) Replacement rate of the sbtA strains by bicA+sbtA
strains in the low CO2 chemostats. (C) Replacement rate of strain PCC 7005 by strain PCC 7941 in the low CO2
chemostats. (D) Replacement rate of sbtA strains by bicA and bicA+sbtA strains in the high CO2 chemostats; note the
biphasic pattern. (E) Replacement rate of strain PCC 7941 by strain PCC 7005 in the high CO2 chemostats. The rate
of replacement was calculated from the slope of the linear regression of ln(genotype 1/genotype 2) versus time. The
data points show the mean values of three replicated chemostat experiments.
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Figure S5.2. Temperature and cyanobacterial composition of Lake Kennemermeer. (A) Water temperature. (B)
Biomass (expressed as biovolume) of the dominant cyanobacteria in summer and autumn of 2013, including
Pseudanabaenaceae (Pseudanabaena and Planktolyngbya), small Chroococcales (mainly Cyanonephron and
Cyanodictyon), Anabaenopsis hungarica, and Microcystis spp. (M. aeruginosa and M. flos-aquae). Early in the season,
Microcystis spp. also includes some Woronichinia pusilla. (C) Relative abundance of toxic Microcystis genotypes, based
on the mcyB gene for microcystin production. (D) Total microcystin concentration increases with the Microcystis
biomass (expressed as biovolume) (Pearson correlation of log microcystin concentration vs log Microcystis biomass: ρ =
0.92, n = 10, p < 0.001). The trend line is based on linear regression. Error bars represent one standard deviation (n =
3).
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Figure S5.3. The replacement rate of bicA+sbtA strains by bicA strains in the lake study. The rate of replacement was
calculated from the slope of the linear regression of ln(bicA strains/bicA+sbtA strains) versus time, using the data points
of week 29-38 (blue markers). The data points are the mean of three replicate measurements. Regression statistics: y =
0.0368x - 8.2066 (R2 = 0.89, n = 6, p < 0.01).
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Figure S5.4. Validation of the qPCR method quantifying the relative abundances of different Microcystis genotypes.
(A) Mixture of CCAP 1450/10 (sbtA strain) and PCC 7806 (bicA strain), with 50% of cell numbers each. (B) Mixture
of HUB 5-2-4 (sbtA strain) and PCC 7941 (bicA+sbtA strain), with 50% of cell numbers each. (C,D) Mixture of
CCAP 1450/10, HUB 5-2-4, PCC 7005, PCC 7806 and PCC 7941, with 20% of cell numbers each. Quantification
of the different genotypes was based on, (A-C), 16S rRNA gene as reference gene and, (D), bicA+sbtA as reference
gene. Error bars represent one standard deviation obtained from four replicate qPCR measurements.
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III. Supplementary Tables
Table S5.1. Properties of the five Microcystis strains in the competition experiments.
Origina

Strain

Ci uptake
genotype

16S rRNA

rbcX

Genes presentb
bicA
sbtA

mcyB

isiA

Microcystin
production
+

sbtA

+

+

−

+

+

−

HUB 5-2-4

DEU (Lake Pehlitzsee)

sbtA

+

+

−

+

+

+

+

PCC 7806

NLD (Braakman)

bicA

+

+

+

−

+

+

+

CCAP 1450/10 GBR (Lake Blelham Tarn)

PCC 7005

USA (Lake Mendota)

bicA+sbtA

+

+

+

+

−

+

−

PCC 7941

CAN (Little Rideau Lake)

bicA+sbtA

+

+

+

+

+

+

+

a

The origins of the strains are indicated with three-letter ISO codes of the different countries.
The plus sign (+) or dash (−) indicates the presence or absence of a specific gene or microcystin production.

b

Table S5.2. Selection coefficients calculated for the chemostat experiments and lake study.
Replacement rate
(day-1)

Generation time
(days)

Selection coefficient
(per generation)

bicA by bicA+sbtA strains

0.252

2.5

0.62

sbtA by bicA+sbtA strains

0.168

2.5

0.41

PCC 7005 by PCC 7941

0.047

3.5

0.16

sbtA by bicA+sbtA and bicA strains (first 12 days)

0.108

1.9

0.20

sbtA by bicA+sbtA and bicA strains (next 40 days)

0.024

3.5

0.08

PCC 7941 by PCC 7005

0.036

3.5

0.13

0.037

1.5-5.2

0.06-0.19

Strain replacement
Low CO2 chemostats:

High CO2 chemostats:

Lake study:
bicA+sbtA by bicA strains
a

Replacement rates were estimated from the slope of the linear regression of ln(x1/x2) versus time, where x1 and x2 are
the relative frequencies of two genotypes (Figures S5.1 and S5.3, Supplementary Information).
b
Generation times were calculated as td = ln(2)/µ, where µ is the growth rate of the total Microcystis population
(including the dilution rate).
c
Selection coefficients were calculated as products of the replacement rates and generation times.
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Table S5.3. Overview of Microcystis primer pairs used for PCR analyses.
Primer name

bicA-F1
bicA-R1

Target gene(s)

Locus tag

CCTTGGCGATCATC
TTCCTG (20)
AGGCACATCACTCA
AGTCCA (20)

bicA

IPF_4911

AM778949.1 902/2123

IPF_4911

AM778949.1

CCTTGGCGATCATC
TTCCTG (20)
TTGGTCAGCAGCAT
sbtA-R1 GAAGAC (20)
TGGTGAAACTGCCA
ccmR2-F1 TGACGA (20)
TTGGTCAGCAGCAT
sbtA-R1 GAAGAC (20)

bicA-F1

bicA-R2

CAAGCTAACGGTCG
CATCAT (20)
CTTCGAGGTAATAC

bicA+sbtA

ccmR2+sbtA

sbtB-R

GTCTTCATGCTGCT
GACCAA (20)
ATAGATCATGCCCG
CAAAATTGAG

16S-F

GTCGAACGGGAATC
TTCGGAT (21)

16S-R

GCTAATCAGACGCA
AGCTCTTC (22)

bicA-F2

CAAGCTAACGGTCG
CATCAT (20)

bicA-R1

AGGCACATCACTCA
AGTCCA (20)

sbtA-F2

CTGGCCTTTTTGAT
TGGTGG (20)

sbtA-R2

AGGTTGGAATTGCG
GATGG (19)

bicA-F3
sbtA-R3
rbcX-F

TCAAGACCCATCCT
CACCA (19)
CCACCAATCAAAAAG
GCCAG (20)
CGGATCATGACGGT
AAGAGAACA (23)

rbcX-R

ATTCCGATGTCTCT
GGTTGACT (22)

mcyB-F

ATCCCATGCTCAGA
GACGTT (20)

mcyB-R

AGATGTCCGCAGGG
ATTCAT (20)

isiA-F

CTTTAGGCTTTGGA
GTCGGAGA (22)

isiA-R

GGTGAAATAAGGCT
CCTGCTC (21)

a

Accession no.
(Genbank)

MAE_62070 AP009552.1
MAE_62090 AP009552.1
IPF_4911

AM778949.1

MAE_62110 AP009552.1
sbtA+sbtB

MAE_62090
MAE-62100

Normal
Amplification
PCR (1)
efficiency
or qPCR
(E) ± SDb
(2)

AP009552.1

nd

1

1443

nd

1

843/2231/
2351

nd

1

1109/
2789

nd

1

1335

nd

1

16S rRNA

IPF_5548

AM778951.1

157

1.90±0.02

2

bicA

IPF_4911

AM778949.1

132

1.89±0.02

2

MAE_62090 AP009552.1

143

1.88±0.02

2

264

1.86±0.02

2

sbtA

bicA+sbtA

IPF_4911

Reference

This study

MAE_62090 AP009552.1

bicA+nhaS3

nhaS3-R CGATACTGGT (24)
sbtA-F1

Expected
product
size (bp)

Sequence 5’ 3’
(length)

AM778949.1

MAE_62090 AP009552.1

rbcX

IPF_2531

AM778933.1

157

1.88±0.02

2

mcyB

IPF_375

AM778952.1

163

1.87±0.02

2

isiA

IPF_5322

AM778872.1

117

1.89±0.01

2

Sandrini et al.,
2015a
This study
This study
This study
This study
Sandrini et al.,
2015a
Sandrini et al.,
2014
This study
This study
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2015a
Sandrini et al.,
2015c
Sandrini et al.,
2015c
This study
This study
Sandrini et al.,
2015c
Sandrini et al.,
2015c
Sandrini et al.,
2014
Sandrini et al.,
2014
This study
This study

a

The locus tags are from Microcystis PCC 7806 (IPF) and Microcystis NIES-843 (MAE).

b

The amplification efficiency E was based on 50-65 amplification curves for each of the primer sets. nd: not

determined.
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Table S5.4. Results of PCR reactions on gDNA from lake samples.
Primers

Expected PCR
Target genes product size PCC
NIES-843
(bp)
7806

Observed PCR product size (bp)
CCAP
1450/10

NIVA-CYA
140

PCC
7005

Samples from
Lake
Kennemermeer

bicA-F1 &
bicA
902/2123
902
−
−
2123
902
902
bicA-R1
bicA-F1 &
bicA+sbtA
1443
−
−
−
1443
1443
1443
sbtA-R1
ccmR2-F1 &
843/2231/
ccmR2+sbtA
−
843
2231
−
2351
843+2351
sbtA-R1
2351/3572
bicA-R2 &
bicA+nhaS3 1109/2789 1109
−
−
2789
2789
1109
nhaS3-R
sbtA-F1 &
sbtA+sbtB
1335
−
1335
1335
1335
1335
1335
sbtB-R
The PCR reactions on gDNA were used to investigate the presence of the different Ci uptake genotypes in lake samples
(last column). For comparison, five isolated Microcystis strains were used as reference. A dash ‘−’ indicates that no PCR
product was detected because the gene was absent in that strain.
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Abstract
Dense phytoplankton blooms in eutrophic waters often experience large daily fluctuations in
environmental conditions. We investigated how this diel variation affects in situ gene
expression of the CO2-concentrating mechanism (CCM) and other selected genes of the
harmful cyanobacterium Microcystis aeruginosa. Photosynthetic activity of the cyanobacterial
bloom depleted the dissolved CO2 concentration, raised pH to 10, and caused large diel
fluctuations in the bicarbonate and O2 concentration. The Microcystis population consisted of
three Ci uptake genotypes that differed in the presence of the low-affinity and high-affinity
bicarbonate uptake genes bicA and sbtA. Expression of the bicarbonate uptake genes bicA, sbtA
and cmpA (encoding a subunit of the high-affinity bicarbonate uptake system BCT1), the
CCM transcriptional regulator gene ccmR and the photoprotection gene flv4 increased at first
daylight and was negatively correlated with the bicarbonate concentration. In contrast, genes of
the two CO2 uptake systems were constitutively expressed, whereas expression of the RuBisCO
chaperone gene rbcX, the carboxysome gene ccmM, and the photoprotection gene isiA was
highest at night and down-regulated during daytime. In total, our results show that the
harmful cyanobacterium Microcystis is very responsive to the large diel variations in carbon and
light availability often encountered in dense cyanobacterial blooms.

Introduction
Harmful cyanobacterial blooms are a recurring problem in many eutrophic lakes worldwide
(Chorus and Bartram, 1999; Huisman et al., 2005; Michalak et al., 2013). Cyanobacteria can
produce a variety of hepatotoxins, gastrointestinal toxins and neurotoxins causing liver,
digestive and neurological disease in birds and mammals, including humans (Carmichael,
2001; Codd et al., 2005). This may lead to the closure of water bodies used for recreational
use, drinking or irrigation water, and aquaculture (Verspagen et al., 2006; Qin et al., 2010;
Steffen et al., 2014). Cyanobacterial blooms are often favored by excessive nutrients and high
temperatures (Jöhnk et al., 2008; Kosten et al., 2012), and it is foreseen that rising CO2
concentrations and global warming will further promote harmful cyanobacterial blooms (Paerl
and Huisman, 2009; O’Neil et al., 2012; Verspagen et al., 2014).
Yet, effects of daily fluctuations in environmental conditions on harmful
cyanobacterial blooms remain poorly investigated. The day-night cycle leads to large changes in
the activity of phototrophic organisms. The high photosynthetic activity of cyanobacterial
blooms during daytime can deplete the dissolved CO2 (CO2(aq)) concentration, causing a
concomitant increase in pH (Ibelings and Maberly, 1998; Balmer and Downing, 2011; Gu et
al., 2011). Conversely, at night, cyanobacteria obtain their energy from respiration of the
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stored carbon compounds, releasing CO2 back in the water column. Cyanobacteria adjust to
this daily variation by changes in gene expression and the built-up or break-down of specific
enzymes and cellular components (Kucho et al., 2005; Straub et al., 2011; Brauer et al., 2013).
In particular, the daily excursions in the availability of both light and inorganic carbon (Ci)
imply that cyanobacteria may not only acclimate their light reactions of photosynthesis, but
may also adjust their Ci uptake machinery to the diel cycle.
Cyanobacteria have evolved a CO2-concentrating mechanism (CCM) to efficiently fix
CO2 at a wide range of Ci conditions (Kaplan and Reinhold, 1999; Price et al., 2008; Raven et
al., 2012; Burnap et al., 2015). The cyanobacterial CCM is based on the uptake of dissolved
CO2 and bicarbonate by different uptake systems and subsequent concentration of Ci in
specialized compartments, called carboxysomes, that also contain the CO2 fixing enzyme
RuBisCO. Five different Ci uptake systems are known in cyanobacteria, three for bicarbonate
uptake and two for CO2 uptake (Price, 2011). The bicarbonate transporter BCT1 and the two
CO2 uptake systems are present in most freshwater cyanobacteria (Badger et al., 2006; Rae et
al., 2011; Sandrini et al., 2014). BCT1 is directly ATP-dependent, and combines a high
affinity with a low flux rate (Omata et al., 1999). The two NADPH-dependent CO2 uptake
systems, NDH-I3 and NDH-I4, have contrasting properties: NDH-I3 has a high affinity and
low flux rate, while NDH-I4 has a low affinity and high flux rate (Maeda et al., 2002; Price et
al., 2002). The other two bicarbonate uptake systems BicA and SbtA are less widespread
among freshwater cyanobacteria (Badger et al., 2006; Rae et al., 2011; Sandrini et al., 2014).
Both BicA and SbtA are sodium-dependent symporters, where SbtA usually has a high affinity
but low flux rate, and BicA has a low affinity but high flux rate (Price et al., 2004; Du et al.,
2014). We recently compared CCM gene sequences of 20 strains of the harmful
cyanobacterium Microcystis aeruginosa (Kützing) (Sandrini et al., 2014). Interestingly, some
strains lacked the high-flux bicarbonate uptake gene bicA, whereas others lacked the highaffinity bicarbonate uptake gene sbtA. Hence, in Microcystis, three different Ci uptake
genotypes can be distinguished: bicA strains (with bicA but no sbtA), sbtA strains (with sbtA but
no or incomplete bicA), and bicA+sbtA strains.
In laboratory studies, several cyanobacterial CCM genes were shown to be responsive
to changes in both Ci availability and light intensity (Hihara et al., 2001; Wang et al., 2004;
Schwarz et al., 2011; Straub et al., 2011; Burnap et al., 2013; Sandrini et al., 2015a). However,
whereas lab studies usually focus on a single strain, cyanobacterial blooms often consist of
multiple strains (Saker et al., 2005; Kardinaal et al., 2007). Recent work shows that different
strains may respond differently to changes in CO2 levels (Van de Waal et al., 2011; Sandrini et
al., 2014, 2015c), which may complicate how daily fluctuations in Ci availability affect gene
expression and cellular physiology of cyanobacterial communities in lakes. Two lake studies
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used metatranscriptomics to study diel variation in cyanobacterial gene expression (Penn et al.,
2014) or to compare gene expression between different locations (Steffen et al., 2015), yet
detailed information on Ci concentrations and differences in expression of, for example, the Ci
uptake genes were missing. Another interesting field study used RT-qPCR to investigate diel
variation in the expression of CCM and other selected genes of a Synechococcus strain in the hot
spring microbial mats from Yellowstone National Park (Jensen et al., 2011). However, detailed
data about the Ci conditions in the mats were not presented.
In this study, we investigate diel variation in gene expression patterns of Microcystis in
a dense cyanobacterial bloom of a eutrophic lake. Microcystis is a ubiquitous harmful
cyanobacterium that often threatens water quality by the production of dense blooms and
hepatotoxins called microcystins (Carmichael, 2001; Huisman et al., 2005; Qin et al., 2010;
Dittmann et al., 2013). We quantified expression of the CCM genes as well as a few other
selected genes of Microcystis using RT-qPCR. Furthermore, we monitored diel changes in
environmental conditions, to link observed gene expression patterns to fluctuations in Ci and
light availability. Our study provides a better understanding of the daily variations in the CCM
during dense cyanobacterial blooms.

Results
Community composition
Changes in gene expression and environmental conditions were monitored in Lake
Kennemermeer (Figure 6.1) for 24 h, from 13:00 to 13:00 the next day on July 17 and 18,
2013. At this time, the lake was dominated by cyanobacteria comprising >97% of the total
phytoplankton biovolume. The four major cyanobacterial groups included Pseudanabaenaceae
(380 mm3 L-1), Anabaenopsis hungarica (67 mm3 L-1), small Chroococcales (40 mm3 L-1) and
Microcystis spp. (1 mm3 L-1; 70×106 cells L-1). All three Ci uptake genotypes were present in the
Microcystis population, which consisted of 23±1% bicA strains, 15±1% sbtA strains and 62±2%
bicA+sbtA strains. Based on quantification of the microcystin synthetase gene mcyB, 82±5% of
the Microcystis population was potentially toxic.
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Figure 6.1. Map of Lake Kennemermeer with the sampling point.

Diel variation in environmental conditions
During the study period it was sunny and dry at daytime, and the photosynthetically active
radiation (PAR) increased above 2,000 µmol photons m-2 s-1 in the early afternoon (Figure
6.2A). Sunset was at 21:51, the night was dry with clear skies, with sunrise at 5:42. Water
temperature peaked at 22.9°C during early evening, and dropped to 20.6°C in the early
morning of the next day (Figure 6.2A).
The dissolved CO2 (CO2(aq)) concentration was depleted to 0.05 µmol L-1
(equivalent to a partial pressure of 1 ppm) during daytime, but increased during the night to
0.32 µmol L-1 (8 ppm) at the early morning of the next day (Figure 6.2B). In equilibrium with
an atmospheric partial pressure of 390 ppm, one would expect a CO2(aq) concentration of ~15
µmol L-1. Hence, the lake was strongly CO2 undersaturated, even at night. Similar to CO2(aq),
the bicarbonate concentration showed large diel variation, from ~400 µmol L-1 in the early
evening to ~850 µmol L-1 in the early morning of the next day (Pearson correlation of CO2(aq)
vs bicarbonate: ρ = 0.94, n = 8, p < 0.01; Fig. 2B).
CO2 depletion by the phytoplankton bloom led to an increase in pH with values up
to 10.3 in the afternoon (Pearson correlation of pH vs log CO2(aq): ρ = -0.99, n = 8, p <
0.001; Figure 6.2B,C). CO2 depletion was correlated with oxygen production by the bloom
(Pearson correlation of CO2(aq) vs dissolved oxygen: ρ = -0.95, n = 8, p < 0.001 Figure
6.2B,C), with dissolved oxygen peaking at ~200% during the early evening. During most of
the day the lake was supersaturated with oxygen, except for the early morning when it was
slightly undersaturated. The sodium concentration in the lake was 12.7±0.4 mmol L-1.
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Figure 6.2. Diel changes in environmental conditions. (A) Photosynthetically active radiation (PAR) and water
temperature. (B) Dissolved CO2 (CO2(aq)), bicarbonate and carbonate concentrations. (C) pH and dissolved oxygen.
Shading indicates the light intensity measured at the water surface, with complete darkness between 22:30 and 5:00.
Each data point shows the mean ±s.d. of three independent measurements.
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Diel variation in gene expression

Most of the investigated genes of Microcystis showed significant diel variation in gene

expression (Figure 6.3; Table S6.1, Supplementary Information). Hierarchical cluster analysis
revealed that the expression patterns of the studied genes could be grouped into four distinct
clusters (Figure 6.4).
Expression of the genes in cluster 1 increased during daytime and decreased at night
(Figure 6.4). This cluster comprised the three bicarbonate uptake genes cmpA, bicA and sbtA,
the transcriptional regulator gene ccmR and the flavodiiron protein gene flv4. Expression of
cmpA, encoding for one of the subunits of the bicarbonate uptake system BCT1, showed the
largest diel variation in this cluster. Its maximum expression during daytime was almost 360fold higher (log2 difference of 8.5) than its minimum expression at night (Figure 6.3A; Table
S6.1, Supplementary Information). Expression of flv4 and ccmR, which is most likely a
transcriptional regulator of the cmpABCD operon of Microcystis (Sandrini et al., 2015c), also
showed large diel variation (Figure 6.3C,F; Table S6.1, Supplementary Information).
Expression of bicA and sbtA, encoding for the two sodium-dependent bicarbonate uptake
systems, varied in tandem but at a lower amplitude than the other genes in this cluster (Figure
6.3A; Table S6.1, Supplementary Information).
Cluster 2 consisted only of ccmR2 (Figure 6.4), a transcriptional regulator of the bicAsbtA operon of Microcystis (Sandrini et al., 2014). Similar to the genes in cluster 1, the
expression of ccmR2 increased during daytime and decreased at night, although at a lower
amplitude than ccmR (Figure 6.3C; Table S6.1, Supplementary Information). Its expression
pattern differed from the genes in cluster 1 by a dip during the morning of the second day.
Cluster 3 comprised the genes chpX and chpY (encoding the hydration subunits of the
low-affinity and high-affinity CO2 uptake system, respectively), ccaA (encoding the
carboxysomal carbonic anhydrase) and mcyB (encoding a microcystin synthetase) (Figure 6.4).
The cluster analysis suggests that these genes displayed a higher expression during the first
daytime than during the second daytime period. However, diel variation of these genes was
only minor and in most cases not significant, except for mcyB which decreased at night and
increased briefly but significantly at first daylight of the second day (Figure 6.3; Table S6.1,
Supplementary Information).
Expression of the genes in cluster 4 was lowest during daytime and highest at night
(Figures 6.3 and 6.4; Table S6.1, Supplementary Information). This cluster comprised the
CCM genes rbcX located in the RuBisCO operon and ccmM encoding for a carboxysomal shell
protein, the gas vesicle protein gene gvpC and the gene isiA encoding for the iron-starvation
induced protein.
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Figure 6.3. Diel changes in gene expression . (A) Bicarbonate uptake genes cmpA, bicA and sbtA. (B) CO2 uptake
genes chpX and chpY. (C) CCM transcriptional regulator genes ccmR and ccmR2. (D) RuBisCO chaperone gene rbcX,
carboxysome gene ccmM and carbonic anhydrase gene ccaA. (E) Gas vesicle gene gvpC and microcystin gene mcyB (F)
Photoprotection genes isiA and flv4. Gene expression was quantified as log2 ratios of the expression at the given time
point relative to the mean expression over the 24-hour period. Shading indicates the light intensity measured at the
water surface, with complete darkness between 22:30 and 5:00. Each data point shows the mean ±s.d. of three
independent lake samples.
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Figure 6.4. Hierarchical clustering of the diel changes in gene expression. The heatmap shows normalized expression
data. The log2 expression values of each gene were normalized with respect to the mean and standard deviation for that
gene over the 24-hour period. Upregulated genes are in red and downregulated genes in green. Grey shading at the
bottom indicates the light intensity at the water surface, with complete darkness between 22:30 and 5:00. Hierarchical
clustering resulted in four distinct gene clusters.

Comparison of gene expression patterns with environmental conditions
Several of the gene expression patterns were associated with diel changes in environmental
conditions (Table 6.1). Correlations with the bicarbonate concentration and incident light
intensity showed the most consistent response across the gene clusters. The expression of all
five genes in cluster 1 showed a significant (p < 0.05) or marginally significant (p < 0.10)
negative correlation with the bicarbonate concentration, whereas none of the other gene
expression patterns were correlated with bicarbonate (Table 6.1; Figure S6.1, Supplementary
Information). Of these five gene expression patterns, cmpA and flv4 were strongly correlated
with the bicarbonate concentration, whereas bicA, sbtA and ccmR showed a weaker correlation.
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Expression of bicA, sbtA and ccmR (cluster 1) showed a weak but significant positive
correlation with the incident light intensity, whereas expression of rbcX, ccmM and isiA (cluster
4) showed a significant negative correlation with the incident light intensity (Table 6.1; Figure
S6.2, Supplementary Information). Furthermore, the expression of several genes (cmpA, bicA,
ccmR, ccmR2, mcyB and flv4) increased significantly from 4:45 AM to 7:00 AM, i.e., at first
daylight (Figure 6.3; Table S6.1, Supplementary Information) before the Ci concentration
was depleted by the bloom (Figure 6.2B).
Table 6.1. Pearson correlation coefficients between gene expression patterns and environmental variables (n=8).
Pearson correlation coefficient
Gene

CO2(aq)

Bicarbonate§

pH

Temperature

Light§

Dissolved
oxygen

cmpA

ns

-0.82**

ns

0.69*

ns

0.68*

bicA

ns

-0.62#

ns

ns

0.69*

ns

sbtA

ns

-0.67*

ns

ns

0.70*

ns

ns

#

ns

*

ns

Cluster 1:

ccmR

-0.65
#

-0.62

-0.84

ns

chpX
chpY

flv4

**

ns

0.67
ns

0.70*

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

0.72

ns

ns

ns

ns

ns

ns

*

Cluster 2:
ccmR2
Cluster 3:

ccaA

ns

ns

ns

ns

ns

ns

mcyB

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

-0.92**

ns

ns

-0.94

**

ns

**

ns

6

Cluster 4:
rbcX
ccmM

ns

ns

ns

isiA

ns

ns

ns

ns

-0.83

gvpC

ns

ns

ns

ns

ns

ns

#

p < 0.10 (two-tailed); * p < 0.05 (two-tailed); ** p < 0.01 (two-tailed); ns: not significant (p > 0.10)
§
Scatterplots of gene expression versus bicarbonate concentration and incident light intensity are shown in Figure S6.1
and Figure S6.2.
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Discussion
Inorganic carbon dynamics
Our lake study shows that cyanobacterial blooms can deplete the CO2(aq) concentration and
increase pH, and bring about substantial diel variation in pH and concentrations of dissolved
inorganic carbon and oxygen. Similar observations have been made in other lakes with dense
phytoplankton blooms (Maberly, 1996; Ibelings and Maberly, 1998). For instance, Maberly
(1996) monitored the inorganic carbon concentrations of Lake Esthwaite Water (UK) for an
entire year, and found diel pH fluctuations up to 1.8 units and diel variation in CO2(aq) up to
~30 µmol L-1. During dense phytoplankton blooms, CO2(aq) concentrations could remain
undersaturated with respect to the atmospheric CO2 level for several consecutive weeks.
Depletion of the CO2(aq) concentration by dense cyanobacterial blooms creates a
pCO2 gradient across the air-water interface, which implies that these lakes act as a sink for
atmospheric CO2 (Balmer and Downing, 2010). More specifically, the CO2 influx (gCO2) from
the atmosphere into a lake can be estimated from the difference between the expected
concentration of CO2(aq) in equilibrium with the atmosphere (according to Henry’s law) and
the measured concentration of CO2(aq) (Siegenthaler and Sarmiento, 1993; Cole et al., 2010):
gCO2 = v (KH pCO2 - CO2(aq))
(1)
where v is the gas transfer velocity across the air-water interface, KH is the solubility constant of
CO2 gas in water (KH = 0.0375 mol L-1 atm-1 at 21.5°C; Weiss, 1974), and pCO2 is the partial
pressure of CO2 in the atmosphere. Assuming a typical gas transfer velocity of v = 0.02 m h-1
(Crusius and Wanninkhof, 2003; Cole et al., 2010), an atmosphere with a pCO2 of 390 ppm
and an average CO2(aq) of 0.2 µmol L-1 (Figure 6.2B), the daily CO2 influx into Lake
Kennemermeer would amount to ~7 mmol m-2 d-1. This is a substantial CO2 influx, which will
fuel further development of the cyanobacterial bloom. Moreover, the above calculation
indicates that a doubling of the atmospheric CO2 concentration to 780 ppm will cause a neardoubling of the CO2 influx into the lake to ~14 mmol m-2 d-1, if we assume that dense
cyanobacterial blooms still deplete the dissolved CO2 concentration. These results are in line
with model predictions that rising atmospheric CO2 concentrations will stimulate
cyanobacterial blooms in eutrophic lakes (Schippers et al., 2004; Verspagen et al., 2014).
Owing to the high pH induced by the cyanobacterial bloom, bicarbonate and
carbonate were the most abundant inorganic carbon species in Lake Kennemermeer, whereas
the CO2(aq) concentration was more than three orders of magnitude lower. The amplitude of
the daily variation in CO2(aq) concentration was less than 0.3 µmol L-1, whereas the
bicarbonate concentration varied more than 400 µmol L-1 during the 24-hour period. Hence,
cyanobacteria in these dense blooms will be strongly dependent on bicarbonate uptake to cover
the high C demands of their photosynthetic activity, and may adapt to the large diel
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fluctuations in bicarbonate availability by adjusting the production of their different
bicarbonate uptake systems.

Ci uptake genes
Earlier we reported that Microcystis isolates from Lake Pehlitzsee (Germany) and Lake Volkerak
(the Netherlands) contained both sbtA and bicA+sbtA strains, suggesting that these two Ci
uptake genotypes may coexist (Sandrini et al., 2014). Our current results show that all three
Microcystis Ci uptake genotypes were present in Lake Kennemermeer, with relative abundances
of ≥15% each, demonstrating that the three genotypes can co-occur in the same lake. The high
relative abundance of bicA+sbtA strains (62% of the Microcystis population), containing both
high-affinity and low-affinity bicarbonate uptake systems, indicates that strains that can adapt
to the strongly fluctuating bicarbonate concentrations have a selective advantage under Cilimited conditions.
In contrast to most laboratory studies, our gene expression data reflect the average
gene expression of the entire Microcystis population rather than the expression of a single strain.
Nevertheless, our lake study shows distinct patterns of gene expression. In cyanobacteria, the
expression of many genes is under the control of the circadian clock genes kaiA, kaiB and kaiC
(Ishiura et al., 1998; Iwasaki et al., 2002), and it is difficult to disentangle the role of
environmental variation versus an internal circadian clock based on field observations alone.
However, kai-mutants of the cyanobacterium Synechococcus PCC 7002 have shown that several
CCM genes are kai-independent cycling genes (Ito et al., 2009). Therefore, it is plausible that
CCM genes of Microcystis are kai-independent as well. Our field data show that diel changes in
the expression of the Ci uptake genes were associated with diel variation in Ci and/or light
availability. This is in agreement with many laboratory experiments, which have demonstrated
that the expression of cyanobacterial CCM genes can be strongly affected by changes in Ci and
light availability (Hihara et al., 2001; McGinn et al., 2003; Woodger et al., 2003; Wang et al.,
2004; Schwarz et al., 2011; Burnap et al., 2013; Sandrini et al., 2015a). We will therefore focus
our interpretation of the expression data on diel variation in these environmental factors.
The expression of cmpA, encoding for a subunit of the high-affinity bicarbonate
transporter BCT1, was negatively correlated with the bicarbonate concentration in the lake
(Table 6.1). This pattern is in agreement with laboratory studies with Microcystis and other
cyanobacteria, where cmpA expression was also strongly down-regulated at elevated Ci
conditions (Sandrini et al., 2015a; 2015c), and up-regulated under Ci-limiting conditions
(Woodger et al., 2003; Wang et al., 2004; Schwarz et al., 2011). Bicarbonate concentrations
decreased at daytime and increased at night, which resulted in a high cmpA expression in the
late afternoon and a low cmpA expression at the end of the night. The large amplitude of the
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diel changes in cmpA expression suggests that the BCT1 enzyme is largely degraded at night
and resynthesized each day. Expression of cmpA was not significantly correlated with light
availability. However, bicarbonate uptake by BCT1 is ATP-dependent and ATP synthesis is
driven by the light reactions of photosynthesis, which may explain the increase in cmpA
expression at first daylight when the bicarbonate concentration was still high (Figures 6.2B and
6.3A). This explanation is also in agreement with previous laboratory studies under Ci-limited
conditions, which showed increased cmpA expression at elevated light levels in several other
cyanobacteria (Woodger et al., 2003; McGinn et al., 2004).
Expression of the bicarbonate uptake genes bicA and sbtA was also negatively
correlated with the bicarbonate concentration (Table 6.1). In addition, their expression was
positively correlated with the incident light intensity (Table 6.1). The expression of bicA and
sbtA fluctuated in tandem (Figure 6.3A), likely because the Microcystis population was
dominated by bicA+sbtA strains, in which both genes are located on the same operon (Sandrini
et al., 2014). However, the diel variation in expression of bicA and sbtA had a much smaller
amplitude than cmpA. The sodium concentration in the lake (12.7±0.4 mmol L-1) allowed
near-maximum activity of the sodium-dependent bicarbonate uptake systems BicA and SbtA,
since both uptake systems have half-saturation constants of 1-2 mmol L-1 sodium (Price et al.,
2004; Du et al., 2014). Therefore, the sodium concentration is unlikely to limit the amplitude
of bicA and sbtA expression. Laboratory studies have shown that the response of bicA and sbtA
expression to changes in Ci availability varies among Microcystis strains (Sandrini et al., 2015c).
In some strains, bicA and sbtA expression is strongly down-regulated at elevated Ci conditions,
whereas in other strains these genes are constitutively expressed. Hence, whether the observed
low-amplitude variation in our field data reflects a generic pattern for many Microcystis blooms
or a specific pattern for the Microcystis populations in our lake study remains to be investigated.
Price et al. (2013) suggested that BicA and SbtA are simply inactivated by darkness and remain
safeguarded for renewed activity at dawn, which may explain the low amplitude variation in
gene expression, although the exact mechanisms of inactivation and re-activation remain to be
revealed. Indeed, recently it was shown that SbtB is involved in the inhibition of SbtA during
darkness (Du et al., 2014).
The chpX and chpY genes, encoding hydration subunits of the low-affinity and highaffinity CO2 uptake system, respectively, were constitutively expressed in our lake study
(Figure 6.3B). Expression of these genes was not correlated with diel variation in CO2(aq)
concentration or light intensity (Table 6.1), despite the NADPH dependence of both CO2
uptake systems (Mi et al., 1995; Tchernov et al., 2001; Price et al., 2002). A possible reason
could be that the diel variation in CO2(aq) concentrations was too low (from 0.05 to 0.32
µmol L-1) to affect expression of the CO2 uptake genes. However, both CO2 uptake genes were
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also constitutively expressed in laboratory studies with axenic Microcystis strains exposed to a
much larger increase in CO2(aq) concentration (Sandrini et al., 2015a, 2015c). In other
cyanobacterial species, constitutive expression was established for the low-affinity CO2 uptake
gene chpX whereas expression of the high-affinity CO2 uptake gene chpY was induced at low Ci
levels (Woodger et al., 2003; Wang et al., 2004; Eisenhut et al., 2007; Schwarz et al., 2011).
Furthermore, Jensen et al. (2011) found upregulation of both chpY and chpX during daytime
for a Synechococcus mat. Hence, the CO2 uptake genes of different species respond differently to
changing environmental conditions.
Expression of the CCM transcriptional regulator gene ccmR was negatively correlated
with the bicarbonate concentration, similar to the bicarbonate uptake genes (Table 6.1).
Microcystis lacks the transcriptional regulator gene cmpR, which regulates expression of the
cmpABCD operon in some other cyanobacteria (Omata et al., 2001). Instead, CcmR most
likely regulates expression of the cmpABCD operon in Microcystis (Sandrini et al., 2014,
2015c), which explains the similar gene expression patterns of cmpA and ccmR in our study.
The ccmR2 gene is located directly upstream of the bicA/sbtA operon, and appears to be
involved in the transcription of this operon (Sandrini et al., 2014). This gene formed a separate
cluster in our analysis (Figure 6.4), probably because of a single deviant data point at 10:00
AM. Omitting this single data point, ccmR2 showed similar diel variation in expression as the
bicarbonate uptake genes and ccmR (Figure 6.3A,C).

Diel changes in expression of other genes
The flavodiiron protein gene flv4, which is in one operon with flv2, was assigned to the same
cluster as the bicarbonate uptake genes and the regulator gene ccmR (Figure 6.4). Flavodiiron
proteins are stress proteins known to be involved in the acclimation to low Ci conditions
(Zhang et al., 2009; Allahverdiyeva et al., 2011; Bersanini et al., 2014; Sandrini et al., 2015a),
and can also be up-regulated by high light (Zhang et al., 2009). Similarly, in our study flv4
expression was increased at first daylight and reached high levels when Ci was depleted in the
afternoon (Figure 6.3F). In contrast, Straub et al. (2011) found no significant diel variation in
the expression of flv2 and flv4 in laboratory experiments with the axenic Microcystis strain PCC
7806, probably because their experiments were sparged with 1% CO2 and hence Ci
concentrations were not limiting in their study. Both genes, flv2 and flv4, were shown to be
involved in photoprotection of the PSII complex (Zhang et al., 2009). Hence, our study
indicates that Flv2/4 proteins are highly active in daytime photoprotection of cyanobacterial
blooms.
Interestingly, the iron-stress chlorophyll-binding protein IsiA is also involved in
photoprotection (Havaux et al., 2005), but the expression pattern of isiA was very different
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from flv4 (Figure 6.3F). Expression of isiA was high at night but low during daytime (Figure
6.3F). In addition to its photoprotective function, IsiA is also involved in the formation of PSI
antennae enhancing the light harvesting ability and in the storage of free chlorophyll molecules
(Yeremenko et al., 2004; Havaux et al., 2005). Possibly, the turnover of photosystems and
presence of free chlorophylls at night might stimulate isiA expression for temporary chlorophyll
storage.
Expression of the rbcX, ccmM, ccaA, gvpC and mcyB genes showed only minor diel
variation. The RuBisCO gene rbcX and carboxysomal gene ccmM were negatively correlated
with light intensity (Table 6.1), which could indicate that cells slightly increase the RuBisCO
and carboxysome numbers at night to prepare for cell division, although it was previously
shown that Microcystis cell division occurs both during daytime and at night (Yamamoto and
Tsukada, 2009). Alternatively, the negative correlation might reflect an afternoon
photosynthesis dip due to photoinhibition (Ibelings and Maberly, 1998; Wu et al., 2011a)
when the incident light intensity exceeded 1,500 µmol photons m-2 s-1 (Figure 6.2A).
Expression of the other three genes (ccaA, gvpC, mcyB) did not reveal a significant correlation
with any of the environmental variables investigated (Table 6.1).

Conclusions
Cyanobacteria are often assumed to be favored at low Ci and high pH conditions, because of
the presence of an effective CCM (e.g., Shapiro, 1997). However, recent laboratory studies
revealed considerable genetic and phenotypic diversity in the CCM of the ubiquitous harmful
cyanobacterium Microcystis (Sandrini et al., 2014, 2015c). Some strains perform well at low Ci
levels, whereas other strains are much better competitors under high Ci conditions, suggesting
that it might be difficult to foretell how natural mixtures of different Microcystis strains will
respond to changes in Ci availability. Yet, our lake study showed consistent patterns in gene
expression. The bicarbonate concentration in the lake showed large diel fluctuations, which
may explain the predominance of bicA+sbtA strains and the concurrent diel fluctuations in
expression of the bicarbonate uptake genes and their regulator genes. Hence, we conclude that
the genetic and phenotypic versatility of the CCM of Microcystis enables a remarkably flexible
response to the large diel fluctuations in Ci conditions often encountered in dense blooms.
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Materials and Methods
Study area and sampling
Lake Kennemermeer (52°27'18.5"N, 4°33'48.6"E) is located north-west of Amsterdam, the
Netherlands, near the North Sea coast (Figure 6.1). The man-made lake has been used as
bathing water, but nowadays it is no longer in use as recreational lake because of yearly
recurrent problems with harmful cyanobacterial blooms. The lake has a maximum depth of ~1
m, and surface area of ~0.1 km2. The shallow lake is well mixed by wind throughout the year.
During a dense summer bloom in July 2013, we monitored diel variation in gene
expression and environmental conditions. A small boat was used to sample the north side of
the lake (Figure 6.1) at 13:00, 16:00, 19:00 and 22:45 of July 17, and at 4:45, 7:00, 10:00 and
13:00 of July 18. At each time point, the incident light intensity (photosynthetically active
radiation [PAR]) just above the water surface, water temperature, pH and dissolved oxygen at
0.2 m depth were measured in triplicate using a Hydrolab Surveyor with a Datasonde 4a
(OTT Hydromet, Loveland, CO, USA). Furthermore, three independent water samples of 5 L
each were collected at 0.2 m depth using plastic 10 L tanks. The samples were processed
immediately for further analyses.

Cell counts
Lugol’s iodine was added to 40 mL aliquots of fresh lake samples (1:100 v/v of a 5% solution)
to preserve phytoplankton cells for microscopy. The samples were stored at 4°C until
identification. Phytoplankton was counted according to the Utermöhl-method adjusted to the
European standard protocol NEN-EN 15204 using a Lyca DM IRB inverted light microscope
(Lyca Microsystems BV, Rijswijk, the Netherlands). Phytoplankton was identified to the genus
level, and if possible to the species level. Biovolume was estimated from cellular dimensions
and geometry (Hillebrand et al., 1999). Individual Microcystis cells were counted after
disintegrating the colonies with KOH (Kardinaal et al., 2007). All Microcystis cells were
classified as Microcystis aeruginosa (Kützing) following the bacterial nomenclature proposed by
Otsuka et al. (2001).

Dissolved inorganic carbon and sodium
For analysis of the dissolved inorganic carbon (DIC) and sodium concentration, lake samples
were filtered on site using 1.2 µm pore size 47 mm GF/C filters (Whatman GmbH, Dassel,
Germany) followed by 0.45 µm pore size 47 mm polyethersulfone membrane filters (Sartorius
AG, Goettingen, Germany). The filtrate was transferred to sterile plastic urine analysis tubes
(VF-109SURI; Terumo Europe N.V., Leuven, Belgium) which were filled completely (with an
inserted needle to release all air), and stored at 4°C until further analysis. A TOC-VCPH TOC
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analyzer (Shimadzu, Kyoto, Japan) was used to determine the DIC concentration, with 3-5
technical replicates per sample. Concentrations of dissolved CO2 (CO2(aq)), bicarbonate and
carbonate were calculated from DIC and the pH and temperature of the lake (Stumm and
Morgan, 1996). Sodium ion concentrations were measured using an Optima 8000 ICP-OES
Spectrometer (Perkin Elmer, Waltham, MA, USA).

RNA extraction
For RNA extraction, lake samples were filtered on-site with large 90 mm GF/C filters
(Whatman GmbH, Dassel, Germany; 1.2 µm pore size) to concentrate phytoplankton
biomass. Next, the 90 mm filters were dissected into several pieces using sterile surgical blades,
which were transferred to 2 mL tubes that were filled with 1 mL TRIzol (Thermo Fisher
Scientific, Waltham, MA, USA). The tubes were shaken vigorously, transported to the lab in a
CX 100 Dry Shipper (Taylor Wharton, Theodore, AL, USA), and stored at -80°C until further
analysis. RNA was extracted using 0.5 mm bashing beads (Zymo Research, Orange, CA, USA)
to facilitate cell disruption, and purified according to Sandrini et al. (2015a) with the DirectZolTM RNA MiniPrep kit (Zymo Research, Orange, CA, USA) including in-column DNase I
digestion. RNA concentrations were quantified using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA ). All RNA samples had A260/A280 and A260/A230
values above 1.8.

Primer development
Primers were developed to study expression of the Microcystis genes bicA, sbtA, cmpA, chpX,
chpY, ccmR, ccmR2, rbcX, ccmM, ccaA, mcyB, gvpC, isiA and flv4, using 16S rRNA as ‘reference
gene’. The complete list of primers is shown in Table S6.2. The primers were designed to
match the sequences of Microcystis strains NIES-843, PCC 7005, PCC 7941, PCC 7806, PCC
9432, PCC 9443, PCC 9701, PCC 9717, PCC 9806, PCC 9807, PCC 9808, PCC 9809, and
T1-4. The bicA, sbtA and ccmR2 primers were also based on sequences of strains CCAP
1450/10, CCAP 1450/11, HUB 5-2-4, HUB 5-3, NICA-CYA 140, V145 and V163 (Sandrini
et al., 2014). Sequences of other freshwater cyanobacteria were used to ensure that the primer
design included several mismatches with non-Microcystis species. The primers were tested on
gDNA (obtained as described below) of 11 different Microcystis strains to ensure one target
PCR product was formed. These PCR reactions were done with the GoTaq® Hot Start
Polymerase kit (Promega Corporation, Madison, WI, USA) according to the supplier’s
instructions. After an initial denaturation of 2 min at 95°C, 35 cycles were used that consisted
of a denaturation step at 95°C for 45 s, an annealing temperature step at 60°C for 30 s and an
extension step at 72°C for 3 min. Subsequently, a final extension step at 72°C was used for 5
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min. The reactions contained 0.3 µmol L-1 primers and 10 ng gDNA in a total reaction volume
of 25 µL. Other reaction components were added as instructed by the supplier. Gel
electrophoresis showed that only the targeted gDNA sequences were amplified (no by-products
were detected) As a negative control, the primers were tested on gDNA of Anabaena circinalis
CCAP 1403/18, Aphanizomenon flos-aqua CCAP 1401/7 and Planktothrix agardhii CCAP
1460/1, which did not result in PCR amplification.

RT-qPCR gene expression analysis
To quantify gene expression, cDNA was synthesized by reverse transcription of the RNA
samples with Superscript III (Thermo Fisher Scientific, Waltham, MA, USA ) according to
Sandrini et al. (2015a). Subsequently, the qPCR Maxima® SYBR Green Master Mix (2x)
(Thermo Fisher Scientific, Waltham, MA, USA) was applied on the cDNA samples according
to Sandrini et al. (2015a), in an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA). The two-step cycling protocol was used, with a denaturation temperature of
95°C (15 s) and a combined annealing/extension temperature of 60°C (60 s) during 40 cycles.
The reactions contained 0.3 µmol L-1 primers and 1 µL of 10 times diluted cDNA from the
RT reaction in a total reaction volume of 25 µL. Other reaction components were added as
instructed by the supplier. ROX solution was used to correct for any well-to-well variation and
melting curve analysis was performed on all measured samples to rule out non-specific PCR
products.
Amplification efficiencies of individual runs (E) were calculated with LinRegPCR
(version 2012.3; Ramakers et al., 2003; Ruijter et al., 2009) and were between 1.8 and 2.0
(Table S6.2). Time point 0 (13:00 of the first day) was used as ‘reference sample’, and 16S
rRNA was used as ‘reference gene’. Each RT-qPCR plate contained a reference sample and
samples with primers targeting 16S rRNA to overcome plate effects. The data were baseline
corrected using LinRegPCR, and the same software was used to calculate quantification cycle
(Cq) values. LinRegPCR did not detect samples without amplification, without a plateau, with
a baseline error or noise error, or with deviating amplification efficiencies. Negative control
samples did not show significant amplification. Gene expression was quantified as the log2
ratio of the expression at a given time point relative to the mean expression over the 24-hour
period using the comparative CT method (Livak and Schmittgen, 2001). To determine if gene
expression varied significantly between time points, one-way analysis of variance (ANOVA)
was used with post-hoc comparison of the means based on Tukey’s HSD test (α = 0.05) using
SPSS version 20.0.
Hierarchical clustering was applied to compare the expression patterns of the studied
genes. For each gene, time series of the expression values were normalized by the
167

6

Chapter 6
transformation (x - µ)/σ, where x is the original data point, µ is the mean of the time series, and
σ is its standard deviation. Thus, all genes obtained normalized expression patterns with mean
0 and standard deviation 1. Hierarchical clustering and heatmap representation of the
normalized gene expression data was done using the hclust and heatmap.2 functions of the
gplots package in R version 3.0.2. We used the complete linkage clustering method for
hierarchical clustering (Everitt et al., 2011).

Quantification of Microcystis genotypes
To quantify the relative abundances of different Microcystis genotypes, we applied qPCR on
purified gDNA (Table S6.2). Lake samples were filtered on-site over 1.2 µm pore size 25 mm
GF/C filters (Whatman GmbH, Dassel, Germany), and loaded filters were stored at -20°C.
Subsequently, gDNA was extracted using the ZR Fungal/Bacterial DNA MiniPrep™ kit (Zymo
Research, Orange, CA, USA) and further purified using the DNA Clean & Concentrator™-25
kit (Zymo Research) according to the supplier’s instructions. The gDNA samples were
analyzed using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA), which resulted in A260/A280 values above 1.8 for all samples.
The Maxima® SYBR Green Master Mix (2x) kit (Thermo Fisher Scientific, Waltham,
MA, USA) was applied to the purified gDNA according to the supplier’s instructions in an
ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The two-step
cycling protocol was used, and the reaction settings and melting curve analysis were the same as
in the RT-qPCR section (see above). The reactions contained 0.3 µmol L-1 primers and 10 ng
gDNA from lake samples in a total reaction volume of 25 µL. For data analysis, the
LinRegPCR software tool (version 2012.3; Ramakers et al., 2003; Ruijter et al., 2009) and the
comparative CT method (Livak and Schmittgen, 2001) were used.
To determine the relative abundances of the different Ci uptake genotypes, we used
the bicA gene (primers bicA-F1 and bicA-R1; Table S6.2) and the sbtA gene (primers sbtA-F1
and sbtA-R1; Table S6.2) as ‘target genes’. The bicA+sbtA gene of the bicA+sbtA strains
(primers bicA-F2 and sbtA-R2; Table S6.2) served as ‘reference gene’. Purified gDNA of the
axenic laboratory strains PCC 7005 and PCC 7941 (both bicA+sbtA strains; Sandrini et al.,
2014) served as ‘reference samples’, to calculate the relative ratios of (1) the bicA gene versus
the bicA+sbtA gene, and (2) the sbtA gene versus the bicA+sbtA gene. We note that the bicA
gene is present in both bicA strains and bicA+sbtA strains, and similarly the sbtA gene is present
in both sbtA strains and bicA+sbtA strains. Hence, the relative abundances of the different Ci
uptake genotypes can be calculated from the above two ratios based on the assumption that the
sum of the bicA strains, sbtA strains and bicA+sbtA strains equals 100%.
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To determine the relative abundance of potentially toxic genotypes, we used mcyB
(primers mcyB-F and mcyB-R; Table S6.2) as ‘target gene’ and the RuBisCO chaperone gene
rbcX (primers rbcX-F and rbcX-R) present in all Microcystis strains as ‘reference gene’. Purified
gDNA of the axenic toxic strains PCC 7806 and PCC 7941 was used as ‘reference samples’.
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Supplementary Information
This section contains the supplementary tables and figures of this chapter.
Table S1. One-way analyses of variance testing for significant differences in gene expression between time points.
Time points
Gene

df1, df2

F

p

cmpA

7, 16

53.808

0.000

bc

ef

bicA

7, 16

34.031

0.000

cd

de

sbtA

7, 16

23.886

0.000

bcd

de

chpX

7, 16

1.620

0.200

a

13:00
(day 1)

16:00
(day 1)

19:00
(day 1)

22:45
(day 1)

4:45
(day 2)

7:00
(day 2)

10:00
(day 2)

13:00
(day 2)

f

b

a

bc

de

cd

f

ab

a

bc

ef

cde

e

ab

a

abc

de

cd

a

a

a

a

a

a

a

chpY

7, 16

0.990

0.473

a

a

a

a

a

a

a

a

ccmR

7, 16

36.693

0.000

cd

de

e

b

a

c

cde

cd

ccmR2

7, 16

22.693

0.000

a

bc

c

b

ab

c

a

c

rbcX

7, 16

7.987

0.000

a

ab

bc

c

bc

c

abc

a

ccmM

7, 16

7.940

0.000

ab

ab

bc

c

c

c

abc

a

ccaA

7, 16

4.870

0.004

b

b

ab

ab

ab

ab

a

a

gvpC

7, 16

10.850

0.000

a

a

a

b

a

a

a

a

mcyB

7, 16

7.317

0.001

c

c

bc

c

ab

c

a

abc

flv4

7, 16

60.401

0.000

bcd

e

e

b

a

bc

d

cd

isiA

7, 16

22.980

0.000

a

bc

cd

d

cd

bc

ab

ab

This table tests differences in gene expression for the data shown in Figure 6.3.
The columns in the table indicate the genes, the degrees of freedom (df1 and df2), the value of the F-statistic (F), the
corresponding probability (p), and the significant differences in gene expression between time points based on Tukey’s
HSD post-hoc test (α = 0.05). Time points which do not share the same letter are significantly different from each
other.
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Table S6.2. Overview of Microcystis primer pairs used for qPCR analysis.
Primer
name

Sequence 5’ 3’
(length)

Target
gene(s)

Locus tag

Expected
Accession no.
Amplification
product size
efficiency (E)
(Genbank)
(bp)

GTCGAACGGGAAT

16S-F CTTCGGAT (21)

GCTAATCAGACGC

16S-R AAGCTCTTC (22)

16S rRNA

IPF_5548

AM778951.1

157

1.88±0.03

GTTAAACACCCAG

cmpA-F GGTAACGGA (22)

GCTAACCAGTAAC

cmpA-R GAATCCAGAAGT

cmpA

IPF_2181

AM778958.1

180

1.87±0.01

bicA

IPF_4911

AM778949.1

132

1.89±0.01

MAE_62090 AP009552.1

143

1.89±0.02

(25)

CAAGCTAACGGTC

bicA-F1 GCATCAT (20)

AGGCACATCACTCA

bicA-R1 AGTCCA (20)

CTGGCCTTTTTGA

sbtA-F1 TTGGTGG (20)

AGGTTGGAATTGC

sbtA

sbtA-R1 GGATGG (19)

TCAAGACCCATCCT

bicA-F2 CACCA (19)

bicA

CCACCAATCAAAAA
sbtA-R2 GGCCAG (20)

sbtA

CCTGTCAAGTCCT
chpX-F CCTCTCAT (21)
TTCAGGATACCCAC

chpX-R TACCTCG (21)

IPF_4911

AM778949.1

MAE_62090 AP009552.1

264

1.86±0.02

chpX

IPF_1842

AM778957.1

113

1.90±0.02

chpY

IPF_1545

AM778958.1

114

1.80±0.01

ccmR

IPF_1549

AM778958.1

109

1.88±0.01

ATATCGCCAAAATG

chpY-F CCGACC (20)

GACATCATCCGCA

chpY-R CCTGTTC (20)

CCTACCGTCTCAA

ccmR-F2 CCCAAGT (20)

ACAGTAATTCCTGA

ccmR-R CCCGCTT (21)

TCCTTGGGATAAA
ccmR2-F CCACATACCA (23)
TTTTCTCGACCAT
ccmR2-R GGCATCAC (21)

ccmR2

IPF_2166

AM778949.1

204

1.88±0.02

rbcX

IPF_2531

AM778933.1

157

1.87±0.01

ccmM

IPF_5695

AM778933.1

118

1.88±0.01

ccaA

IPF_5538

AM778919.1

97

1.89±0.02

CGGATCATGACGG

rbcX-F TAAGAGAACA (23)

ATTCCGATGTCTC

rbcX-R TGGTTGACT (22)

AAGTCCACACCTTC

ccmM-F TCTAACCTC (23)

CTGTCGTCGCCAA

ccmM-R TGTGAA (19)

ACTCCTGCGGTTA

ccaA1-F ATACTGTGG (22)

GATAAATGCGATCA

ccaA1-R GCTTGGGAG (23)

ATCCCATGCTCAGA

mcyB-F GACGTT (20)

AGATGTCCGCAGG

mcyB-R GATTCAT (20)

mcyB

IPF_375

AM778952.1

163

1.87±0.02

MAE_37620 AP009552.1

153

1.89±0.02

GTAATTGAGGACAA

gvpC-F CCCCATGC (22)

TGCCTGTTCTTGC
gvpC-R GCTTG (18)

gvpC

RT-qPCR on
cDNA (1)
or qPCR on
gDNA (2)

Reference

1

Sandrini et al.,
2015a

1

Sandrini et al.,
2015a

1

Sandrini et al.,
2015a

1

Sandrini et al.,
2015a

1,2

Sandrini et al.,
2015a

1,2

Sandrini et al.,
2015a

1,2

Sandrini et al.,
2015c

1,2

Sandrini et al.,
2015c

2

This study

2

This study

1

Sandrini et al.,
2015a

1

Sandrini et al.,
2015a

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1,2

Sandrini et al.,
2015a

1,2

Sandrini et al.,
2015a

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1

Sandrini et al.,
2014

1,2

Sandrini et al.,
2014

1,2

Sandrini et al.,
2014

1

This study

1

This study
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Table S6.2 continued.
CTTTAGGCTTTGG

isiA-F AGTCGGAGA (22)

GGTGAAATAAGGC

isiA-R TCCTGCTC (21)
flv4-F

GATCCCCACGAAG
TCAGAGA (20)

flv4-R

GTTCATCTTCCCC
ACCTCCT (20)

isiA

flv4

IPF_5322

IPF_2586

AM778872.1

117

1.89±0.01

AM778929.1

166

1.89±0.01

Locus tags are based on the genomes of Microcystis strain PCC 7806 (IPF) and NIES-843 (MAE).
Amplification efficiencies of the different primer pairs are based on n = 27-86 amplification curves.
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1
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Figure S6.1. Scatter plots of relative gene expression versus bicarbonate concentration, for all genes that showed a
significant or marginally significant relationship with bicarbonate. (A-C) Bicarbonate uptake genes cmpA (A), bicA
(B) and sbtA (C). (D) CCM transcriptional regulator gene ccmR. (E) Photoprotection gene flv4. Each data point shows
the mean ±s.d. of three independent measurements. The trend lines are based on linear regression (n = 8).
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Figure S6.2. Scatter plots of relative gene expression versus incident light intensity, for all genes that showed a
significant or marginally significant relationship with light. (A,B) Bicarbonate uptake genes (A) bicA and (B) sbtA.
(C) CCM transcriptional regulator gene ccmR. (D) RuBisCO chaperone gene rbcX. (E) Carboxysomal gene ccmM. (F)
Photoprotection gene isiA. Each data point shows the mean ±s.d. of three independent measurements. The trend lines
are based on linear regression (n = 8).
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Abstract
Climate change is likely to stimulate the development of harmful cyanobacterial blooms in
eutrophic waters, with negative consequences for water quality of many lakes, reservoirs and
brackish ecosystems across the globe. In addition to effects of temperature and eutrophication,
recent research has shed new light on the possible implications of rising atmospheric CO2
concentrations. Depletion of dissolved CO2 by dense cyanobacterial blooms creates a
concentration gradient across the air-water interface. A steeper gradient at elevated atmospheric
CO2 concentrations will lead to a greater influx of CO2, which can be intercepted by surfacedwelling blooms, thus intensifying cyanobacterial blooms in eutrophic waters. Bloom-forming
cyanobacteria display an unexpected diversity in CO2 responses, because different strains
combine their uptake systems for CO2 and bicarbonate in different ways. The genetic
composition of cyanobacterial blooms may therefore shift. In particular, strains with lowaffinity uptake systems may benefit from the anticipated rise in inorganic carbon availability.
Furthermore, cyanobacteria differ from eukaryotic algae in that they can fix dinitrogen, and
new insights show that the nitrogen-fixation activities of some, but not all, diazotrophic
cyanobacteria are strongly stimulated at elevated CO2 levels. However, models and lake studies
indicate that the response of cyanobacterial growth to rising CO2 concentrations can be
suppressed by nutrient limitation. Hence, the greatest response of cyanobacterial blooms to
climate change is expected to occur in eutrophic and hypertrophic lakes.

Introduction
It is well-established that in addition to anthropogenic nutrient enrichment, changes in the
Earth’s climate, specifically rising temperatures and altered hydrologic patterns, strongly
influence the frequency, intensity, and duration of harmful cyanobacterial blooms (Robarts and
Zohary, 1987; Trenberth, 2005; Peeters et al., 2007; Suikkanen et al., 2007; Wiedner et al.,
2007; Jöhnk et al., 2008; Paerl and Huisman, 2008, 2009; Wagner and Adrian, 2009; O’Neil
et al., 2012; Paerl and Paul, 2012). An expansion of cyanobacterial blooms is of great societal
concern, because harmful cyanobacteria can impair safe drinking, irrigation, fishing and
recreational waters that are critical for the growing global human population.
There is convincing evidence that a key driver of climate change is the concentration
of atmospheric carbon dioxide (CO2), which has been shown to modulate the Earth’s surface
and water temperatures via the ‘greenhouse effect’ (IPCC 2012). Furthermore, long-term
records of atmospheric CO2 in ice cores and the atmosphere (e.g., at Mauna Loa, Hawaii) have
shown that there is a well-defined parallel between increasing CO2 concentrations and the rise
of man-made fossil fuel combustion (Tans et al., 1990).
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The relationships between rising atmospheric CO2 levels, global warming and
declining water quality are controlled through complex interactions with altered evaporation
and rainfall patterns, changing hydrological flows and shifts in chemical and biological
processes, all of which interact in non-linear ways (Paerl and Paul, 2012). This creates an
enormous challenge in predicting the quantitative and qualitative ramifications for the many
types of water bodies that are likely to be impacted. Furthermore, the transport and delivery of
nutrients that are critical for development, proliferation and maintenance of cyanobacterial
blooms are strongly influenced by climate-driven changes in precipitation patterns and
biogeochemical processes (Michalak et al., 2013). All of these factors ultimately control
planktonic communities, including cyanobacterial blooms (Mitrovic et al., 2003; Elliott, 2010;
Hall et al., 2013; Michalak et al., 2013).
In addition to its influence on global warming, rising atmospheric CO2 levels may
stimulate the proliferation of surface-dwelling cyanobacteria by providing them preferential
access to a vast and rising pool of atmospheric CO2 (Paerl and Ustach, 1982; Ibelings and
Maberly, 1998; Verspagen et al., 2014b). An increase in atmospheric CO2 increases its
dissolution in water. Enhanced dissolution of CO2 lowers pH, causing a slow acidification of
the oceans (Orr et al., 2005; Doney et al., 2009). In freshwaters, however, the impact of rising
atmospheric CO2 appears more complex than in most marine ecosystems. Freshwater systems
range widely in pH and alkalinity (Lazzarino et al., 2009; Balmer and Downing, 2011), which
affects the speciation of inorganic carbon. Many freshwater ecosystems receive large amounts of
organic carbon from terrestrial systems, which may result in CO2 supersaturation, i.e.,
dissolved CO2 concentrations that greatly exceed equilibrium with the atmosphere (Cole et al.,
1994; Sobek et al., 2005). Conversely, in other lakes, CO2 concentrations are strongly depleted
as a consequence of the photosynthetic activity of dense phytoplankton blooms (Talling, 1976;
Balmer and Downing, 2011; Verspagen et al., 2014b). Similar to the depletion of other
resources, depletion of inorganic carbon (Ci) can limit growth (Hein, 1997), particularly in
dense surface blooms of cyanobacteria (Ibelings and Maberly, 1998). Hence, the natural range
of variation in CO2 availability is much larger in lakes than in marine or terrestrial ecosystems,
and bloom-forming cyanobacteria must cope with this variability.
This review will focus on the current state of knowledge on effects of climate change
on harmful cyanobacteria. Although many reviews have already addressed this topic (e.g. Paerl
and Huisman, 2009; Carey et al., 2012; O’Neil et al., 2012), most reviews focused on the
direct or indirect effects of increased temperature, often in combination with accelerating
eutrophication. In this review, effects of rising CO2 concentrations on cyanobacteria will be
addressed. First, an overview of physiological and ecological responses to elevated CO2
concentrations will be provided, with special emphasis on the CO2-concentrating mechanisms
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(CCMs) of cyanobacteria. This is followed by a further exploration of interactive effects of
rising CO2 and nutrient availability, and possible effects of elevated CO2 on cyanotoxin
production. Key questions to be addressed are, for instance, whether global change is likely to
lead to a proliferation of cyanobacteria at the expense of eukaryotic phytoplankton species, and
whether the composition of cyanobacterial blooms may change.

Response to rising CO2
Does rising CO2 intensify bloom development?
Rising atmospheric CO2 levels are often thought to have only minor impacts on bloom
development in freshwater ecosystems. This assumption is based on two common
misconceptions. It is often argued (1) that the CO2 concentrations in freshwater lakes are
sufficiently high to cover the carbon demands of phytoplankton populations, because many
lakes are “supersaturated” with CO2 (Cole et al., 1994; Sobek et al., 2005; Jansson et al., 2012),
and (2) that changes in CO2 availability have little effect on bloom development, because most
cyanobacteria can also utilize bicarbonate as C source.
Concerning the first misconception, it is true that the pCO2 in many lakes worldwide
is well above atmospheric equilibrium (i.e., supersaturated; Cole et al., 1994). Most carbon
input in lakes originates from terrestrial primary production in the surrounding watershed and
not from atmospheric CO2 (Cole & Caraco, 2001; Pacala et al., 2001; Richey et al., 2002;
Maberly et al., 2013), which is subsequently mineralized, causing pCO2 levels that commonly
exceed 1,500 ppm. However, even in these “supersaturated waters”, the actual concentration of
dissolved CO2 (CO2(aq)) is still quite low, and cyanobacterial blooms can easily turn a
supersaturated lake into an undersaturated lake (Ibelings and Maberly, 1998; Verspagen et al.,
2014b). For instance, consider a supersaturated lake with a pCO2 of 1,500 ppm. According to
Henry’s Law, assuming a solubility constant of KH = 0.034 mol L-1 atm-1, the CO2(aq)
concentration in this lake would be only ~50 µmol L-1. This concentration is certainly not
enough to cover the photosynthetic carbon demand of a dense cyanobacterial bloom. The
photosynthetic activity of dense blooms can be as high as 12.5 to 50 µmol C L-1 h-1 (Hein et
al., 1997), depleting the CO2(aq) concentration in this lake within a few hours (Talling, 1976;
Maberly, 1996). In some lakes, the CO2(aq) concentration can even be drawn down to less
than 0.1 µmol L-1, corresponding to a pCO2 of only a few ppm (Lazzarino et al., 2009, Balmer
and Downing, 2011).
Data from Lake Volkerak, a large eutrophic lake in the Netherlands, is provided in
Figure 7.1 (Verspagen et al., 2006; 2014b). In this figure, the CO2(aq) concentration that
would be predicted from equilibrium with the atmosphere (i.e., [CO2*]) has also been
indicated. This predicted equilibrium CO2(aq) concentration shows some variation during the
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seasons, as the solubility of CO2 in water is temperature dependent. However, seasonal
variation of the measured CO2(aq) concentration in Lake Volkerak is much larger, because
biological consumption and production of CO2 act at a much faster rate than the equilibration
of CO2 between water and atmosphere. In winter and spring, the measured CO2(aq)
concentration in Lake Volkerak largely exceeds the CO2(aq) concentration that would be
predicted from equilibrium with the atmosphere, and hence in winter and spring the lake is
supersaturated with CO2. Conversely, dense blooms of the harmful cyanobacterium Microcystis
occur in Lake Volkerak in summer and early fall. The photosynthetic activity of these blooms
depletes the CO2(aq) concentration to 1 µmol L-1 (≈30 ppm), such that the lake becomes
severely undersaturated with CO2 in summer while the pH rises above 9 for several months
(Figure 7.1). These data illustrate that the CO2(aq) concentration in eutrophic lakes can vary
from supersaturation in winter to undersaturation in summer.

Figure 7.1. Seasonal changes in phytoplankton population density (green line), dissolved CO2 concentration ([CO2],
black solid line) and pH (grey dash-dotted line) in Lake Volkerak during two consecutive years. The black dashed
line is the expected dissolved CO2 concentration ([CO2*]) when assuming equilibrium with the atmospheric pCO2
level. Blue shading indicates that the lake is supersaturated with CO2, whereas red shading indicates undersaturation.
In the months July-October, the cyanobacterium Microcystis comprised 75-98% of the phytoplankton population.
Adjusted from Verspagen et al. (2014b).

The drawdown of the CO2(aq) concentration by cyanobacterial blooms turns lakes
into a sink for atmospheric CO2 (Balmer and Downing, 2011). The CO2 gas influx depends
on the CO2 deficit. More specifically, the CO2 influx (gCO2) is proportional to the difference
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between the expected concentration of CO2(aq) in equilibrium with the atmosphere (calculated
from Henry’s law) and the observed CO2(aq) concentration (Siegenthaler and Sarmiento,
1993; Cole et al., 2010):
gCO2 = v (KH pCO2 - CO2(aq))

(1)

where v is the gas transfer velocity (also known as piston velocity) across the air-water interface,
KH is the solubility constant of CO2 gas in water, and pCO2 is the partial pressure of CO2 in
the atmosphere. If it is assumed that the dense cyanobacterial bloom has stripped the surface
layer of CO2(aq), this equation simplifies to gCO2 = v KH pCO2. The gas transfer velocity
depends on several parameters, especially wind speed. A typical value for the gas transfer
velocity of lakes is v = 0.02 m h-1 (Crusius and Wanninkhof, 2003; Cole et al., 2010). Hence,
assuming an atmosphere with pCO2 = 400 ppm, the CO2 influx during a dense cyanobacterial
bloom would amount to ~7 mmol m-2 d-1. This influx is substantial and can be intercepted by
the surface-dwelling cyanobacterial bloom for supporting photosynthesis (Paerl and Ustach,
1982; Ibelings and Maberly, 1998). A doubling of the atmospheric CO2 concentration, to 800
ppm, would roughly double the CO2 influx to ~14 mmol m-2 d-1. Moreover, this might still be
an underestimate for dense cyanobacterial blooms. At pH > 9, which is typical for dense
blooms, the chemical reaction of CO2 with the abundant hydroxide ions further increases CO2
transfer across the air-water surface by a process known as chemically enhanced diffusion
(Emerson, 1975; Bade and Cole, 2006). Hence, this simple calculation shows that, in
principle, an increase in atmospheric CO2 levels may provide a sufficient influx of C to enable
a substantial increase in the productivity of surface-dwelling cyanobacterial blooms.
Models and laboratory experiments have shown that rising CO2 concentrations may
indeed exacerbate cyanobacterial blooms (Schippers et al., 2004; Verspagen et al., 2014b).
Verspagen et al. (2014b) performed chemostat experiments with Microcystis NIVA-CYA 140
under nutrient-saturating conditions. At a low atmospheric pCO2 level of 200 ppm (half the
current ambient pCO2), the Microcystis population increased until it reached a steady state, at
which it had depleted the dissolved CO2(aq) concentration to 0.2 µmol L-1 and raised the pH
to 10 (Figure 7.2A,C,E). The same experiment was repeated at an elevated atmospheric pCO2
level of 1,200 ppm (three times ambient pCO2), which resulted in a doubling of the Microcystis
biomass, whereas the CO2(aq) concentration was much less depleted and the pH was raised to
only 8.5 (Figure 7.2B,D,F). The model predictions nicely matched the experiments. These
results demonstrate, both in theory and lab experiments, that bloom-forming cyanobacteria
such as Microcystis can become carbon-limited, and that rising pCO2 levels can increase
cyanobacterial biomass (Verspagen et al., 2014b).
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Figure 7.2. Cyanobacterial growth and inorganic carbon chemistry at two different pCO2 levels. Left panels:
Chemostat experiment with low pCO2 of 200 ppm in the gas flow and 500 µmol L-1 bicarbonate in the mineral
medium. Right panels: Chemostat experiment with high pCO2 of 1,200 ppm in the gas flow and 2,000 µmol L-1
bicarbonate in the mineral medium. Both chemostats were inoculated with Microcystis NIVA-CYA 140. (A,B)
Microcystis biomass (expressed as biovolume) and light intensity penetrating through the chemostat (IOUT). (C,D)
Dissolved CO2, bicarbonate and carbonate concentrations. (E,F) pH. Symbols represent measurements, lines show
model predictions. Adjusted from Verspagen et al. (2014b).
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The second misconception is that changes in CO2 availability have little effect on
bloom development, because most cyanobacteria can also utilize bicarbonate. Indeed, it is true
that many if not most cyanobacteria can use bicarbonate. However, whereas CO2 passively
diffuses through the cell membrane, utilization of bicarbonate requires investments in sodiumdependent and ATP-dependent bicarbonate uptake systems as well as in sodium antiporters
that excrete the sodium accumulated in the cells (Price, 2011; Burnap et al., 2015; Sandrini et
al., 2015c). These costs of bicarbonate utilization may have repercussions for the growth rates
that can be achieved. For instance, Synechococcus leopoliensis grows at 80% of its maximum
growth rate when bicarbonate is its main carbon source (Miller et al., 1984). Microcystis HUB
5-2-4, which lacks the high-flux bicarbonate transporter BicA but does contain the two highaffinity bicarbonate uptake systems SbtA and BCT1 (see next section), grows at only 35% of
its maximum growth rate on bicarbonate alone (Verspagen et al. 2014b). In chemostat
experiments, this Microcystis strain could barely sustain a small population when CO2 was
largely removed from the gas flow, even though bicarbonate was provided at a saturating
concentration of 2,000 µmol L-1 (Verspagen et al., 2014b). An increase from near-zero pCO2
levels (0.5 ppm) to saturating pCO2 levels (2,800 ppm) led to an almost 20-fold increase of the
Microcystis biomass. Hence, these laboratory experiments show that addition of CO2 may
strongly promote cyanobacterial growth even in bicarbonate-rich waters. Yet, other
cyanobacterial species such as Cylindrospermopsis raciborskii appear to be more effective
bicarbonate users, and for these species rising CO2 concentrations may have a smaller effect on
growth rates when bicarbonate is available as an alternative Ci source (Holland et al., 2012).
Hence, the effect of rising CO2 on cyanobacterial growth is species specific. Moreover, the next
sections will show that there is even tremendous variation in CO2 response within species.

The CO2-concentrating mechanism of harmful cyanobacteria
Phytoplankton use CO2 and bicarbonate available in the environment for carbon fixation with
the RuBisCO enzyme. To overcome the low affinity of RuBisCO for CO2, most
phytoplankton, including cyanobacteria, evolved a CO2-concentrating mechanism (CCM)
(Kaplan and Reinhold, 1999; Giordano et al., 2005; Badger et al., 2006; Price et al., 2008;
Price, 2011). The typical cyanobacterial CCM is based on the uptake of CO2 and bicarbonate
from the environment, conversion of the acquired CO2 into bicarbonate in the cytoplasm, and
subsequent diffusion of the accumulated bicarbonate into specialized compartments called
carboxysomes (Figure 7.3). In the carboxysomes, carbonic anhydrases convert the accumulated
bicarbonate back to CO2, surrounding RuBisCO by a high CO2 concentration. RuBisCO
incorporates CO2 into the Calvin-Benson cycle, which assimilates the acquired carbon into
organic molecules.
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In cyanobacteria, five different Ci uptake systems have been identified, three for the
uptake of bicarbonate and two for the conversion of CO2, that diffuses into the cell, to
bicarbonate (Figure 3). These uptake systems have different physiological properties (Price et
al., 2004; Price, 2011; Sandrini et al., 2015c). Two of the bicarbonate transporters, BicA and
SbtA, are sodium-dependent symporters (Shibata et al., 2002; Price et al., 2004). BicA has a
low affinity for bicarbonate (K0.5 = 70-350 μM bicarbonate) but high flux rate. Conversely,
SbtA has a high affinity for bicarbonate (K0.5 <5 μM bicarbonate) but low flux rate (Price et al.,
2004). The third bicarbonate transporter, BCT1, is ATP-dependent, and similar to SbtA it has
a high affinity for bicarbonate (K0.5 = 10-15 μM bicarbonate) but a low flux rate (Omata et al.,
1999; Omata et al., 2002). All three bicarbonate uptake systems are located in the plasma
membrane (Price, 2011).
The two CO2 uptake systems, NDH-I3 and NDH-I4, convert CO2 that passively
diffuses into the cell to bicarbonate in a NADPH-dependent reaction (Price et al., 2002; Price,
2011). NDH-I3 has a high affinity for CO2 (K0.5=1-2 μM CO2) but a low flux rate (Maeda et
al., 2002; Price et al., 2002). Conversely, NDH-14 has a lower affinity for CO2 (K0.5=10-15
μM CO2) but a high flux rate (Maeda et al., 2002; Price et al., 2002). This diverse array of Ci
uptake systems enables cyanobacteria to respond effectively to changes in Ci availability.
Eukaryotic algae can also employ a CCM, but it works differently from the CCM of
cyanobacteria. In the green alga Chlamydomonas reinhardtii, the CCM is based on a lightdriven pH gradient that is set up across the chloroplast thylakoid membrane, converting
bicarbonate transported into the thylakoid lumen into CO2 near the pyrenoids where CO2
fixation takes place (Moroney and Ynalvez, 2007; Moroney et al., 2011). An interesting
selection experiment where C. reinhardtii was exposed to elevated CO2 for 1,000 generations
revealed that some cell lines lost the ability to induce high-affinity CO2 uptake (Collins and
Bell, 2004; Collins et al., 2006). This was attributed to mutations in CCM genes. Hence,
similar to cyanobacteria, C. reinhardtii likely also possesses high-affinity and low-affinity Ci
uptake genes. This experiment demonstrates that eukaryotic algae can evolve in response to
elevated CO2. Yet, much less is known about the CCM genes and proteins of algae than those
of cyanobacteria.
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Figure 7.3. Schematic overview of the CCM in cyanobacteria. Five different Ci uptake systems are known in
cyanobacteria, including the ATP-dependent bicarbonate uptake system BCT1, two sodium-dependent bicarbonate
uptake systems (BicA and SbtA) and two CO2 uptake systems (NDH-I3 and NDH-I4). The Ci uptake systems differ in
their affinities and flux rates. Accumulated bicarbonate is converted to CO2 by carbonic anhydrases (CA) in the
carboxysomes. CO2 fixation by RuBisCO leads to the formation of 3-phosphoglycerate (3PG), whereas the reaction
with O2 (photorespiration) produces toxic 2-phosphoglycerate (2PG). The dashed lines indicate CO2 leakage from the
carboxysome, which can partly be intercepted by the CO2 uptake systems.

Genetic diversity of Ci uptake systems in Microcystis
Microcystis is a potentially toxic cyanobacterium that forms dense blooms in eutrophic lakes all
over the world (Verspagen et al., 2006; Qin et al., 2010; Michalak et al., 2013), and can
produce the hepatotoxin microcystin (Codd et al., 2005; Dittmann et al., 2013). The genomes
of 20 strains of Microcystis aeruginosa (Kützing) (sensu Otsuka et al., 2001) were screened
recently, which revealed that these strains differ in the combination of Ci uptake systems
(Sandrini et al., 2014). Genes encoding the ATP-dependent bicarbonate transporter BCT, and
the two CO2 uptake systems NDH-I3 and NDH-I4 were found in all 20 strains. Most other
CCM genes are also widespread in Microcystis. However, Microcystis strains differ in the
presence of the two sodium-dependent bicarbonate transporters BicA and SbtA. Three Ci
uptake genotypes were found (Table 7.1). Some Microcystis strains possess all five Ci uptake
systems and these are referred to as Ci uptake generalists. Moreover, in Microcystis, these Ci
uptake generalists co-transcribe bicA and sbtA (Sandrini et al., 2014). Other strains contain the
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gene sbtA encoding for the high-affinity bicarbonate uptake system SbtA but lack the gene
bicA, and hence will be referred to as high-affinity specialists. And again other strains contain
the gene bicA encoding for the low-affinity but high-flux bicarbonate uptake system BicA, but
lack the gene sbtA. These strains will be called high-flux specialists.
Eleven of the 20 investigated Microcystis strains produced the hepatotoxin
microcystin. Microcystin-producing strains were found among the Ci uptake generalists, highaffinity specialists and high-flux specialists, and did not form distinct clusters in phylogenetic
trees based on the bicA and sbtAB sequences (Sandrini et al., 2014). Hence, there is no
relationship between the Ci uptake genotypes and the presence of microcystin production.
Within the Ci uptake genotypes, several genetic variants were discovered. For
instance, one of the strains had a functional sbtA gene but a defective bicA gene caused by a
transposon insert, and other strains combined sbtA with only a small remaining fragment of the
bicA gene (Sandrini et al., 2014). These strains were classified among the high-affinity
specialists, because their bicA gene is no longer functional. These results indicate that during
the course of evolution some strains may have lost the ability to produce specific Ci uptake
systems, in this case the loss of BicA. Presumably, in environments with low Ci availability the
production of this low-affinity but high-flux bicarbonate transporter is an unnecessary burden,
and its loss may therefore offer a selective advantage.
Consistent with these evolutionary considerations, laboratory experiments confirmed
that the genetic variation in Ci uptake systems of Microcystis has phenotypic consequences
(Sandrini et al., 2014). High-affinity specialists with sbtA but without bicA grow better at a low
partial pressure of CO2 (pCO2), but perform poorly at high pCO2 conditions. Conversely,
high-flux specialists with bicA but without sbtA grow poorly at low pCO2, but perform well at
high pCO2 levels. Finally, Ci uptake generalists containing all five Ci uptake systems grow well
across a wide range of pCO2 levels (from 20 to 10,000 ppm) (Sandrini et al., 2014).
Competition experiments by Van de Waal et al. (2011) showed that rising pCO2
levels can lead to a reversal in competitive dominance among Microcystis strains. These authors
interpreted this result by differences in toxin production between the two strains, because one
of the strains used in the experiments produced the hepatotoxin microcystin (strain NIVACYA 140) whereas the other was non-toxic (strain NIVA-CYA 43). However, the genetic
analysis of Sandrini et al. (2014) revealed that these two strains also differed in their Ci uptake
systems, which provides a much more parsimonious explanation for the observed reversal in
competitive dominance. Microcystis strain NIVA-CYA 140 was a high-affinity specialist (only
sbtA), and won the competition at low pCO2 levels. In contrast, Microcystis strain NIVA-CYA
43 (= PCC 7005) was a Ci uptake generalist with both bicA and sbtA, and won the competition
at high pCO2 levels. Hence, while these experiments demonstrate that rising pCO2 may shift
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strain dominance, this shift can be attributed to differences in the Ci uptake traits of the strains
rather than to differences in their microcystin production. In particular, the results of these
competition experiments support the hypothesis that natural selection favors the sbtA gene at
low CO2 conditions, whereas bicA-containing strains are favored at high CO2 conditions.

Ci uptake systems of other harmful cyanobacteria
The CCMs of other harmful freshwater cyanobacteria have not been studied in detail, partly
because genomic data are still largely lacking. But now the genomes of four Anabaena strains
(Wang et al., 2012; Shih et al., 2013; Thiel et al., 2014), one Aphanizomenon strain (Cao et al.,
2014) and nine Planktothrix strains (Tooming-Klunderud et al., 2013; Christiansen et al.,
2014) have been sequenced. We analyzed the CCM genes present in these genomes, based on
high similarity of the protein sequences with the reference protein sequences from Microcystis
PCC 7806, Microcystis NIES-843, Synechocystis PCC 6803, Synechococcus PCC 7002 and
Synechococcus PCC 7942. This analysis revealed that Anabaena, Aphanizomenon and
Planktothrix also display variation in the presence of the bicA and sbtA genes, whereas the two
CO2 uptake systems and the BCT1 bicarbonate transporter are widespread among all four
cyanobacterial genera (Table 7.1). Interestingly, in addition to the three genotypes described in
Microcystis, a fourth genotype that lacks both bicA and sbtA was detected in Anabaena,
Aphanizomenon and Planktothrix (Table 7.1). Strains with this strategy might be called “Ci
uptake minimalists”.
Hence, similar to Microcystis, other genera of harmful cyanobacteria also show genetic
variation in their Ci uptake systems. Presumably, this genetic diversity produces a phenotypic
variation similar to Microcystis, with a selective advantage for sbtA-containing strains at low
CO2 conditions but a selective advantage for bicA-containing strains in high-CO2
environments. The phenotypic niche of Anabaena, Aphanizomenon and Planktothrix strains
that lack both bicA and sbtA is intriguing, and has not yet been investigated. The absence of
both sodium-bicarbonate symporters might imply that bicarbonate uptake has been taken over
by the ATP-dependent bicarbonate transporter BCT1, as an adaptation to environments with
low sodium concentrations. It is also possible that these Ci uptake minimalists are largely
specialized in CO2 uptake and have only a very limited capacity for bicarbonate uptake,
and hence are mainly found in soft waters with pH<6 where bicarbonate uptake is of
little advantage.
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Table 7.1. The presence of specific CCM genes in cyanobacteria.
Ci uptake systems
Strain

Origin

Bicarbonate

CO2

BicAb

SbtAa

BCT1a

NDH-I3a

NDH-I4b

CarboxyMC genes
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8 Microcystis strains

Sandrini et al. (2014)

+

+

+

+

+

+

+/−

Microcystis
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Sandrini et al. (2014)
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−

+

+
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+
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−

−
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+
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+

+
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+

+
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+
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+

+
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+
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+

+
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Anabaena cylindrica
GBR (Cambridge)
PCC 7122
Anabaena sp.
FIN (Lake Vesijarvi)
90
Anabaena sp.
USA (Moss Beach,
PCC 7108
California)
Anabaena variabilis
USA (Mississippi)
ATCC 29413
Aphanizomenon flos-aquae
JPN (Lake
NIES-81
Kasumigaura)
Planktothrix agardhii
NOR (Lake
NIVA-CYA 15
Kolbotnvatnet)
Planktothrix agardhii
NOR (Lake
NIVA-CYA 34
Kolbotnvatnet)
Planktothrix agardhii
FIN (Lake
NIVA-CYA 56/3
Steinsfjorden)
Planktothrix prolifica
FIN (Lake
NIVA-CYA 98
Steinsfjorden)
Planktothrix agardhii
FIN (Lake Langsjon)
NIVA-CYA 126/8
Planktothrix mougeotii
FIN (Lake
NIVA-CYA 405
Steinsfjorden)
Planktothrix prolifica
FIN (Lake
NIVA-CYA 406
Steinsfjorden)
Planktothrix rubescens
FIN (Lake
NIVA-CYA 407
Steinsfjorden)
Planktothrix prolifica
FIN (Lake
NIVA-CYA 540
Steinsfjorden)
Synechocystis sp.
USA (California)
PCC 6803
Synechococcus sp.
PRI (Magueyes Island)
PCC 7002
Synechococcus sp.
USA (Texas)
PCC 7942

The model cyanobacteria Synechocystis PCC 6803, Synechococcus PCC 7002 and Synechococcus PCC 7942 are shown
for comparison with sequenced Microcystis, Anabaena, Aphanizomenon, and Planktothrix strains. A plus sign (+)
indicates that the gene is present and a dash (−) indicates that the gene is absent. ≠ indicates that only a small fragment
of the gene is present. ? indicates that a similar gene is present, but it is not clear if it encodes for the BCT1 bicarbonate
transporter (cmpABCD), or possibly a different transporter. The origins of the strains are indicated with three-letter
codes of the different countries (ISO 3166-1 α-3). The presence of CCM genes is based on high similarity of the
protein sequences with the reference protein sequences in Microcystis PCC 7806, Microcystis NIES-843, Synechocystis
PCC 6803, Synechococcus PCC 7002 and Synechococcus PCC 7942. The presence of microcystin genes (MC) indicates
potentially toxic strains.
a

Ci uptake system with a high substrate affinity and low flux rate.

b

Ci uptake system with a low substrate affinity and high flux rate.
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It is often argued that cyanobacteria have a very effective CCM, and are therefore
particularly strong competitors at low CO2 levels in comparison to eukaryotic phytoplankton
(Shapiro, 1990). If so, one might expect that low CO2 concentrations will favor cyanobacteria,
whereas eukaryotic phytoplankton tend to become more dominant at elevated CO2
concentrations. A number of competition experiments between cyanobacteria and eukaryotic
phytoplankton seems to support this hypothesis (Shapiro, 1997; Caraco and Miller, 1998;
Low-Décarie et al., 2011, 2015). In other experiments, however, eukaryotic phytoplankton
dominated over cyanobacteria at low CO2 but not at elevated CO2 concentrations (Verschoor
et al., 2013). Indeed, the new insights reviewed above indicate that not all cyanobacteria are
strong competitors at low CO2. The genetic diversity of Ci uptake systems shows that there is
major variation in the effectiveness of the cyanobacterial CCM, even among different strains
within the same genus. Some cyanobacterial strains perform well at low CO2, whereas other
strains are much better competitors under high CO2 conditions. This genetic and phenotypic
variation in Ci uptake systems provides cyanobacterial communities with the potential for rapid
evolutionary adaptation to changing CO2 conditions, with a major selective advantage for
cyanobacteria with high-flux Ci uptake systems in high-CO2 environments.

Interactive effects with nutrient availability
Effects of climate change depend on nutrient availability
In many aquatic systems the availability of nutrients determines primary production
(Dzialowki et al., 2005; Xu et al., 2010; Lewandowska et al., 2014), and total nitrogen and
total phosphorus concentrations are often good predictors of cyanobacterial biomass (Downing
et al., 2001; Håkanson et al., 2007). However, at the physiological level, there are still many
gaps in our understanding of how nutrient limitation may interact with changes in temperature
or CO2 availability (e.g., Spijkerman et al., 2011).
Verspagen et al. (2014a) developed a conceptual framework to predict how different
nutrient loads may modify effects of rising CO2 on phytoplankton biomass production. They
investigated a stoichiometrically explicit model that describes phytoplankton growth as
function of nutrient, CO2 and light availability. Hence, there are three potentially limiting
resources in this model (Figure 7.4A). Inorganic carbon becomes limiting at very low pCO2
levels, nutrients become limiting at very low nutrient loads, and light becomes limiting in
dense phytoplankton blooms at high pCO2 levels and high nutrient loads. Light limitation can
of course also be induced by other mechanisms, such as a high background turbidity (due to
high concentrations of dissolved organic matter or resuspended sediment particles), deep
mixing, or low incident light intensities in winter. The resource limitation pattern in Figure
7.4A can be used to sketch to what extent rising pCO2 levels will increase phytoplankton
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biomass (Figure 7.4B). In oligotrophic waters with low nutrient loads, rising pCO2 levels will
shift phytoplankton growth from carbon-limited to nutrient-limited conditions (black arrow in
Figure 7.4A). In this case, the higher CO2 availability stimulates some growth, but the
phytoplankton biomass remains constrained by the low nutrient levels in the system (Figure
7.4B). Conversely, in hypertrophic waters with high nutrient loads, rising pCO2 levels will
shift phytoplankton growth from carbon- to light-limited conditions (white arrow in Figure
7.4A), which will allow a much larger increase in phytoplankton biomass (Figure 7.4B).
Chemostat experiments with the harmful cyanobacteria Microcystis NIVA-CYA 140 and HUB
5-2-4 confirmed these model predictions (Verspagen et al., 2014a). Hence, the general message
emerging from these results is that phytoplankton biomass will respond more strongly to rising
pCO2 levels in eutrophic and hypertrophic than in oligotrophic ecosystems.

Figure 7.4. Model predictions illustrating how different nutrient loads may modify effects of rising CO2 on resource
limitation and phytoplankton biomass. (A) Hypothesized patterns of resource limitation, at different atmospheric
CO2 levels and nutrient loads. The arrows indicate that rising atmospheric CO2 levels will cause a shift from carbon to
nutrient limitation in systems with a low nutrient load (black arrow), but from carbon to light limitation in systems
with a high nutrient load (white arrow). (B) The extent to which phytoplankton biomass will increase with rising CO2
levels will depend on the nutrient load. Adjusted from Verspagen et al. (2014a).
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Effects of climate change on nitrogen fixation
Several genera of harmful cyanobacteria are capable of fixing atmospheric dinitrogen (N2),
including Anabaena (nowadays referred to as Dolichospermum; Wacklin et al., 2009),
Aphanizomenon, Cylindrospermopsis, Nodularia, Lyngbya and Nostoc. In contrast, other harmful
cyanobacterial genera such as Microcystis and Planktothrix cannot fix N2. Nitrogen fixation is
carried out by nitrogenase (Zehr et al., 2000). This enzyme complex is inhibited by oxygen
(Gallon, 1992). Since photosynthesis produces oxygen, cyanobacteria need special adaptations
to protect nitrogenase from oxygen inactivation. In freshwater ecosystems, diazotrophic
cyanobacteria have developed a spatial separation of photosynthesis and nitrogen fixation by
differentiating special cells, known as heterocysts (Muro-Pastor and Hess, 2012). In marine
ecosystems, most diazotrophic cyanobacteria lack heterocysts, but have found other ways to
avoid oxygen inhibition, for instance by fixing nitrogen at night (Brauer et al., 2013).
Rising CO2 concentrations may enhance nitrogen fixation rates, as has been reported
for non-heterocystous marine cyanobacteria such as Trichodesmium and Crocosphaera
(Hutchins et al., 2007; Levitan et al., 2007; Fu et al., 2008). However, there are large strainspecific differences in CO2 response, suggesting that individual strains of these diazotrophs are
adapted to grow and fix nitrogen at different CO2 concentrations (Hutchins et al., 2013).
These strain-specific differences might again be related to variation in the presence and
expression of different Ci uptake systems, similar to the genetic and phenotypic variation in
CO2 responses of Microcystis (Sandrini et al., 2014, 2015c). For example, Trichodesmium
erythraeum IMS101 possesses only the high-flux CO2 uptake system NDH-I4 and the high-flux
bicarbonate uptake system BicA (Kranz et al., 2011), which may explain why the nitrogen
fixation and growth rate of this high-flux specialist increase strongly with a rise in ambient
pCO2 levels (Hutchins et al., 2007; Levitan et al., 2007; Kranz et al., 2009).
Nitrogen fixation rates in Nodularia spumigena, a heterocystous diazotroph from the
Baltic Sea, showed contrasting CO2 responses in different laboratory experiments (Czerny et
al., 2009; Wannicke et al., 2012; Eichner et al., 2014). Part of this variation might be
attributed to different growth conditions, as some experiments were performed under
phosphate-limited conditions (Wannicke et al., 2012) whereas others used phosphate-replete
conditions (Czerny et al., 2009; Eichner et al., 2014). Mesocosms with natural phytoplankton
assemblages from the Baltic Sea, including Nodularia and Aphanizomenon species, did not
reveal any signification change in N2 fixation activity in response to elevated CO2 (Paul et al.,
2015). To what extent the N2 fixation rates of harmful cyanobacteria in lakes and reservoirs
will respond to rising CO2 is still largely an open question. Comparative studies of the genetic
and phenotypic variation in CO2 responses among diazotrophs may shed more light on this
important gap in our knowledge.
191

7

Chapter 7

Effects of climate change on cyanobacterial toxins
Cyanobacteria produce a range of bioactive compounds (Welker and Von Döhren, 1998; Leão
et al., 2012). Microcystins are the most well-known and most abundant ones in lakes and are
toxic to animals (Metcalf and Codd, 2012). In predicting the effects of climate change on
microcystin concentrations in a lake, one should focus on the effect of environmental
conditions on: 1) cyanobacterial biomass, 2) the ratio of toxic (microcystin-producing) to nontoxic cyanobacteria, and 3) the microcystin production per cell.
Variation in cyanobacterial biomass causes the largest variation in cyanotoxin
concentrations in aquatic ecosystems: more cyanobacteria tend to produce more toxins.
Cyanobacterial biomass is affected by, e.g., CO2, temperature, nutrients and light.
The ratio of toxic to non-toxic strains is also a major determinant of the microcystin
concentration in lakes (Kardinaal and Visser, 2005). Davis et al. (2009) found that during field
experiments in four lakes in the northeast USA, toxic strains of Microcystis grew faster than
their non-toxic counterparts when water temperatures were increased 4°C above ambient
(average of the four lakes was 24°C). Furthermore, they found that the interaction of increasing
temperature and nutrients produced the highest growth rates in toxic strains, potentially
leading to larger blooms with higher toxin contents.
Changes in microcystin production can be responsible for up to a fourfold variation
of the microcystin content per cell (Wiedner et al., 2003; Kardinaal and Visser, 2005; Van de
Waal et al., 2009). Many studies have investigated the impact of environmental variables on
the microcystin production of toxic cells. The review of Gehringer and Wannicke (2014)
indicates that microcystin production is stimulated by an ample supply of nutrients in
combination with suitable temperature and light conditions for optimal growth. Under
nutrient-rich conditions, elevated CO2 levels stimulate a further increase of the microcystin
content in Microcystis cells (Van de Waal et al., 2009; Sandrini et al., 2015a). Furthermore, in a
strain producing several different microcystin variants, elevated CO2 levels in combination with
high nitrogen concentrations shifted the microcystin composition towards the more N-rich but
less toxic variant microcystin-RR (Van de Waal et al., 2009).
Almost all previous research on the effects of environmental conditions on
microcystin production (reviewed by, e.g., Sivonen and Jones, 1999; Gehringer and Wannicke,
2014) has been performed on free microcystins in the cells, while it is now known that a large
fraction is covalently bound to proteins (Zilliges et al., 2011; Meissner et al., 2013, 2015).
These bound microcystins cannot be extracted using methanol. The fraction of bound
microcystins is variable and dependent on the environmental conditions, e.g., the binding to
proteins is associated with oxidative stress caused by high light (Meissner et al., 2013). This
raises questions regarding the validity of previous studies as well as the potential toxicity of
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bound microcystins. Further research on the binding of microcystins to proteins is therefore
recommended.
Cyanobacteria can also produce a variety of other toxins, including the hepatotoxins
nodularin and cylindrospermopsin and the neurotoxins anatoxin and saxitoxin. These
cyanotoxins are less widespread than microcystin, and only a few studies have investigated how
their production is affected by environmental conditions (reviewed by Neilan et al., 2013;
Boopathi and Ki, 2014).

Future research needs and conclusions
One of the key points emphasized in this review is that dissolved inorganic carbon
concentrations in eutrophic lakes can change dramatically on seasonal time scales, from
supersaturation in winter to undersaturation in summer. Yet, the possible impacts of rising
atmospheric CO2 levels on freshwater ecosystems have received surprisingly little attention thus
far. Models and laboratory experiments provide arguments that rising CO2 levels are likely to
stimulate cyanobacterial blooms. However, field evidence is still limited, and the extent to
which cyanobacterial blooms can sequester atmospheric CO2 is still largely unexplored. Hence,
there is a need for lake studies on the coupling of cyanobacterial blooms with seasonal and
diurnal dynamics of the dissolved inorganic carbon, and how these dynamics interact with
exchanges of CO2 with the atmosphere.
Furthermore, during recent years much more has become known about the molecular
functioning and genetic diversity of cyanobacterial CCMs, both in model cyanobacteria such as
Synechocystis PCC 6803 (Price, 2011; Burnap et al., 2015) and in environmentally relevant
cyanobacteria such as Microcystis (Sandrini et al., 2014, 2015c). However, little is known about
the abundance, succession and geographical distribution of different Ci uptake genotypes in
natural waters, or about evolutionary adaptation of cyanobacterial CCMs following prolonged
exposure to elevated CO2 concentrations. Hence, there is a need for biogeographical and ecoevolutionary studies investigating adaptive responses of cyanobacteria to changes in CO2
availability.
Although effects of environmental conditions on microcystin production in
Microcystis have been extensively investigated, there are many other toxins produced by many
other species that have yet to be examined. Furthermore, the toxin concentrations in
cyanobacteria-dominated lakes are largely determined by the relative abundances of toxic versus
non-toxic strains. Yet, only a few studies have investigated how the competition between toxic
and non-toxic strains is altered at elevated temperature (Davis et al., 2009) and elevated CO2
(Van de Waal et al., 2011). Hence, there is a need for studies assessing how climate change will
affect the toxicity of cyanobacterial blooms, and in particular under which circumstances toxic
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strains are able to outperform non-toxic strains and vice versa.
Cyanobacteria and eukaryotic algae may respond differently to climate change, which
can lead to large changes in phytoplankton community composition. Yet, only a few studies
have compared growth responses to temperature or CO2 across a wide range of species (e.g.,
Butterwick et al., 2005; Lürling et al., 2013). The available studies provide little information
on the impact of limiting resources (N, P, carbon, light) on the temperature-growth responses,
and possible synergistic effects of rising CO2 and elevated temperature have rarely been
investigated (Fu et al., 2007; Karlberg and Wulff, 2013). Hence, to understand changes in
community composition, there is a great need for controlled studies that compare growth
responses to rising CO2 and global warming across different species.
Comparative lake data have been analyzed to study the impact of temperature on
cyanobacterial dominance across large geographical gradients (Kosten et al., 2012; Taranu et
al., 2012; Beaulieu et al., 2013; Rigosi et al., 2014). To predict the impact of rising CO2
concentrations, similar comparative lake studies should be carried out that focus on CO2
dynamics and pH in relation to phytoplankton community composition. Furthermore, there is
a particular need for long-term lake studies, so that changes over time can be quantified.
In conclusion, the effects of rising atmospheric CO2 concentrations on cyanobacteria
are multifaceted and can be quite complex. There are still many intriguing open questions and
uncertainties. Hence, there is a clear need for more laboratory and field research across a range
of spatiotemporal scales. The risk that rising CO2 levels will cause a further deterioration of the
water quality in many areas of the world generates a societal responsibility for scientists, water
managers and policy makers to take further steps in our ability to understand, predict and
mitigate the occurrence of toxic blooms in the surface waters across the changing landscapes of
our planet.
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Abstract
Microcystis aeruginosa is a ubiquitous harmful
cyanobacterium that causes problems in
eutrophic lakes. Potassium ion (K+) addition
is one of the suggested methods to combat
harmful cyanobacterial blooms (Figure 8.1).
To investigate the effectiveness of this
method, we compared the potassium ion
sensitivity of four Microcystis strains.
Microcystis strains PCC 7005 and NIES-843
were very susceptible to potassium ion
concentrations of ∼12mmol L−1, whereas

strain PCC 7806 and its non-toxic mutant
PCC 7806 ΔmcyB were not affected by added
potassium ions. The origin of the strain
appears to be of importance. Strain PCC
7806 originates from brackish water and
possesses genes for the synthesis of the
compatible solute sucrose, the water channel
protein gene aqpZ and the sodium influx gene
nhaS2, whereas strains PCC 7005 and NIES843 have a freshwater origin and lack these
genes. We conclude that potassium ion

Figure 8.1. Graphical abstract. Is potassium ion
addition an effective method to combat harmful
cyanobacterial blooms?

addition will not be a successful mitigation strategy in brackish waters, but may temporarily
suppress Microcystis blooms in freshwater lakes. However, in the long run other Microcystis
strains or other cyanobacteria with a higher salt tolerance will likely take over. In addition, our
results also have implications for the potassium ion concentrations of mineral media used in
laboratory studies with cyanobacteria.
8

Introduction
Microcystis is a ubiquitous harmful cyanobacterium that can be found in both fresh and
brackish water (Chorus and Bartram, 1999; Tonk et al., 2007; Moisander et al., 2009). The
cells can produce gas vesicles that provide buoyancy and during summertime, when conditions
are most favourable, the genus can form dense surface blooms and scum layers (Huisman et al.,
2005). Many Microcystis strains produce the hepatotoxinmicrocystin (Carmichael, 2001;
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Dittmann et al., 2013), and bloom development of Microcystis in numerous eutrophic lakes,
reservoirs and estuaries raises worldwide concerns (Chen et al., 2003; Robson and Hamilton,
2003; Michalak et al., 2013). These blooms have led to the closure of lakes for recreational use,
drinking and irrigation water, and aquaculture, with substantial economic damage as a result of
this (Verspagen et al., 2006; Dodds et al., 2008; Qin et al., 2010). Moreover, climate change is
foreseen to increase the problems with harmful cyanobacterial blooms in eutrophic waters
(Paerl and Huisman, 2008; Davis et al., 2009; O’Neil et al., 2012; Verspagen et al., 2014b;
Sandrini et al., 2015a).
The addition of low amounts of potassium ions (K+) has been suggested as a method
to combat harmful cyanobacterial blooms (Parker et al., 1997; Kolmakov, 2006; Shukla and
Rai, 2007). Microcystis appears to bemore sensitive to low concentrations of potassium ions (15 mmol L-1) than to other alkali metal cations such as sodium (Parker et al., 1997). Yet,
currently it is not known if all Microcystis strains are susceptible to potassium ions, and what
the underlying genetic cause is for the observed potassium ion sensitivity.
Potassium ions are involved in a variety of cellular functions such as membrane
energetics, pH regulation, enzyme activities and gene expression (Wood, 1999; Gralla and
Vargas, 2005). Moreover, potassium ions play a vital role in salt and turgor acclimation
(Wood, 1999). Hence, we hypothesize that there might be a relation between the potassium
ion sensitivity of cyanobacteria and their salt tolerance. For adjustment to various external salt
concentrations and to warrant a balanced water potential, cyanobacteria use a large array of ion
transporters, water and mechanosensitive channels, andmay synthesize compatible solutes.
These compatible solutes include sucrose and trehalose in freshwater strains, glucosylglycerol
and glucosylglycerate in moderately halotolerant strains, and glycine betaine and glutamate
betaine in halophilic strains (Hagemann, 2011).
In this brief study, we investigate the effect of potassium ion addition on the specific
growth rate of Microcystis strain PCC 7806 isolated frombrackishwater and two Microcystis
strains obtained from freshwater lakes. Furthermore, we investigate whether microcystin
synthesis affects potassium ion sensitivity by comparison of the growth rate of the microcystinproducing Microcystis PCC 7806 and its non-toxic mutant PCC 7806 ΔmcyB. Finally, we
compare the genomes of these strains to assess whether differences in potassium ion sensitivity
are associated with the presence of specific salt tolerance genes. Our study has implications for
the mitigation of harmful cyanobacterial blooms, and for the composition of mineral media
used in a wide range of ecological and physiological studies of cyanobacteria.
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Materials and Methods
We investigated four Microcystis strains: the non-microcystinproducing strain PCC 7005, the
microcystin-producing strains NIES-843 and PCC 7806, and the non-toxic mutant PCC 7806
ΔmcyB (Dittmann et al., 1997). The axenic strains were grown in 24-well microplates
(Corning Incorporated, New York, NY, USA) using the same experimental set-up as in
Sandrini et al. (2014). In short, the 24-well microplates were placed in sterilized 1.7 L glass
incubation chambers, which in turn were placed in a large Orbital incubator (Gallenkamp,
Leicester, UK) that was maintained at 25°C and provided 120 rpm shaking and continuous
light from TL-D 30W/33–640 white fluorescent tubes (Philips, Eindhoven, the Netherlands).
The photon flux density at the wells was ∼15 µmol photons m-2 s-1. The glass incubation

chambers were provided with CO2-enriched air at a flow rate of 25 L h-1 containing 400 ppm
pCO2.
Nutrients were provided by a modified BG11 medium (Rippka et al., 1979), with 0.2
mmol L K2HPO4, 5 mmol L−1 sodium nitrate and 5 mmol L-1 sodium chloride, but without
−1

addition of sodium bicarbonate or sodium carbonate (‘BG11∗’). To test the potassium ion

sensitivity of the strains, we compared their growth rates with and without an extra addition of
11.5mmol L-1 potassium chloride. Hence, the potassium chloride treatment contained
∼12mmol L-1 of potassium ions, whereas the control contained only 0.4mmol L-1. We also

measured the growth rates after addition addition of 11.5 mmol L-1 sodium chloride and
lithium chloride, to compare the potassium ion sensitivity against the sensitivity to two other
alkali metal cations.
At the start of the experiments, exponentially growing precultures were diluted with
mineral medium to a similar absorbance at 750 nm of A750 ∼0.015. The strains were

randomized over the microplates to minimize position effects, with six replicates per strain and
per treatment. The total start volume per well was 2,200 µL. Samples of 100 µL were taken
from the wells on an almost daily basis for at least 1 week and transferred in a sterile hood to a
96-well microplate (Corning Incorporated) to measure the A750 with a tunable Versamax
microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Some wells close to the gas inlet showed evaporation and were excluded from the data
analyses. Specific growth rates were calculated from six time points during the linear growth

phase, using the slope obtained by linear regression of the natural logarithm of A750 versus time.
The growth data were analysed with two-way analysis of variance to test whether the specific
growth rates were affected by the strain type and medium composition. Type III sum of
squareswas used to account for unequal sample sizes and post-hoc comparisons of the means
were based on Tukey’s unequal N HSD test, using a significance level α of 0.01.
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We screened the genomes of Microcystis PCC 7806 (Frangeul et al., 2008), Microcystis
NIES-843 (Kaneko et al., 2007), Microcystis PCC 7005 (Sandrini et al., 2014) and 13 other
sequenced Microcystis strains (Fiore et al., 2013; Humbert et al., 2013; Yang et al., 2013;
Okano et al., 2015) to assess whether differences in potassium ion sensitivity are associated
with the presence of specific salt tolerance genes. First, CyanoBase (Nakamura et al., 1998),
KEGG (Kanehisa and Goto, 2000) and Genbank (Benson et al., 2013) were used to search and
retrieve sequences of proteins involved in salt acclimation of cyanobacteria. Subsequently,
BLAST (Altschul et al., 1990) was used to find homologues of cyanobacterial salt stress genes
in Microcystis strains, using protein sequences of the cyanobacteria Synechocystis PCC 6803,
Nostoc PCC 7120, Synechococcus PCC 7002 and Synechococcus WH8102 as reference.

Results
The results show a strain-specific response to the different salt treatments (Figure 8.2; Table
S8.1, Supplementary Information). Microcystis strains PCC 7806 and its non-toxic mutant
PCC 7806 ΔmcyB maintained a high growth rate irrespective of the salt supplements.
Furthermore, addition of sodium and lithium ions did not have major effects on the growth
rates of the strains, although lithium chloride slightly lowered the growth of NIES-843. In
contrast, the growth of strains PCC 7005 and NIES-843 was significantly reduced in the
treatment with potassium chloride (Figure 8.2).

Figure 8.2. Specific growth rates of selected Microcystis strains after addition of 11.5mmol L-1 of sodium, potassium
and lithium salts to the mineral medium. Error bars indicate the standard deviations (n = 5-6). Bars with different
letters indicate significant differences in growth rate, as tested by a two-way analysis of variance (Table S8.1) followed
by post-hoc comparison of the means.
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To explain differences in potassium ion sensitivity between Microcystis strains, the
genes involved in salt acclimation were compared between the sequenced Microcystis strains
PCC 7806, PCC 7005 and NIES-843, and the model cyanobacterium Synechocystis PCC 6803
(Table 8.1). It appeared that the three Microcystis strains have a similar set of ion transporting
proteins, with only few differences.
Yet, a notable difference is the presence of the gene nhaS2 encoding for a
sodium/proton antiporter and the gene trkA encoding for a homologue of a potassium ion
transporter in Microcystis strain PCC 7806, whereas both genes are absent in strains PCC 7005
and NIES-843 (Table 8.1). Moreover, both genes were also detected in Microcystis strains PCC
9432, PCC 9443, PCC 9807, PCC 9809, T1-4 and TAIHU98, but were absent in seven
other sequenced Microcystis strains (NIES-44, PCC 7941, PCC 9701, PCC 9717, PCC 9806,
PCC 9808 and SPC77).
Another notable difference is the presence of aqpZ, encoding for a water channel
protein, in Microcystis PCC 7806 (IPF_3590), and absence of this gene in Microcystis PCC
7005 and NIES-843 (Table 8.1). Besides Microcystis PCC 7806, aqpZ was detected in only
one other Microcystis strain (PCC 9443).
Genes for the synthesis of the compatible solute glucosylglycerol that are present in
the genome of the moderately halotolerant cyanobacterium Synechocystis PCC 6803 were not
detected in the three Microcystis strains. However, genes for the synthesis of the compatible
solute sucrosewere present in strain PCC 7806, but not in strains PCC 7005 and NIES-843
(Table 8.1). We did not detect any other compatible solute gene clusters in these three
Microcystis strains. Moreover, extended genome analysis demonstrated that compatible solute
synthetase genes appeared completely absent in all other Microcystis strains that we investigated
(PCC 7005, NIES-843, NIES-44, PCC 7941, PCC 9432, PCC 9443, PCC 9701, PCC 9717,
PCC 9806, PCC 9807, PCC 9808, PCC 9809, SPC77, T1-4 and TAIHU98).
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Table 8.1. Salt-dependent and salt acclimation genes in Microcystis strains.

Gene name

Function of gene
product

Protein
BLAST
bit score
(Microcystis
strain)d,e

Homologue
present in
Microcystis
PCC 7806b

Homologue
present in
Microcystis
PCC 7005b

Homologue
present in
Microcystis
NIES-843b

Locus tags of
Microcystis
homologuesc,e

+

+

-

IPF_4911

-

+

+

MAE_62090

+

+

+

IPF_4370

+

-

-

IPF_5459

+

+

+

IPF_4912

-

-

-

n.a.

n.a.

-

-

-

n.a.

n.a.

+

+

+

MAE_60970

+

+

+

IPF_871

+

+

+

IPF_634-IPF_641

+

+

+

IPF_5465

+

+

+

IPF_5556

-

-

-

n.a.

n.a.

-

-

-

n.a.

n.a.

-

-

-

n.a.

n.a.

+

+

+

MAE_12960

784
(NIES-843)

sll0993

+

+

+

IPF_4613

slr1728

+

+

+

IPF_1236

slr1729

+

+

+

IPF_1235

slr1730

+

+

+

IPF_1229

slr1731

+

+

+

IPF_5006

slr1509

+

+

+

IPF_4143

Synechocystis
PCC 6803
locus tagsa

Sodium
transport
Sodium-dependent
sll0834
bicarbonate transporter
Sodium-dependent
sbtA
slr1512
bicarbonate transporter
Sodium/proton
nhaS1
slr1727
antiporter
Sodium/proton
nhaS2
sll0273
antiporter
Sodium/proton
nhaS3
sll0689
antiporter
Sodium/proton
nhaS4
slr1595
antiporter
Sodium/proton
nhaS5
slr0415
antiporter
Sodium/proton
nhaS6
sll0556
antiporter
Solute/sodium
sll1087
n.a.
symporter
slr2006Multicomponent
slr2012;
mrp operon
sodium/proton
ssr3409-ssr3410
antiporter
Sodium-dependent
gltS
slr1145
glutamate transport
Probable sodiumsll1428
n.a.
dependent transporter
Sodium-dependent
slr0625
n.a.
glutamate transport
Sodium-dependent
gtrABC
sll1102-sll1104
glutamate transport
Probable
n.a.
sodium/calcium
slr0681
exchanger
Probable
sll0640
sac1
sodium/sulfate
symporter
bicA

755
(PCC 7806)
614
(NIES-843)
622
(PCC 7806)
521
(PCC 7806)
513
(PCC 7806)

696
(NIES-843)
89.4
(PCC 7806)
n.a.
561
(PCC 7806)
244
(PCC 7806)

Potassium
transport
kchX

Potassium channel

Potassium-transporting
ATPase subunit A
Potassium-transporting
kdpB
ATPase subunit B
Potassium-transporting
kdpC
ATPase subunit C
Potassium-transporting
kdpD
ATPase subunit D
Membrane subunit of
ktrB/ntpJ a Ktr-like ion transport
system
kdpA
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468
(PCC 7806)
727
(PCC 7806)
1036
(PCC 7806)
221
(PCC 7806)
475
(PCC 7806)
526
(PCC 7806)
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Table 8.1 continued.
n.a.
trkA
krtA
n.a.
n.a.
kchX
n.a.

Potassium channel
Potassium uptake
protein TrkA
Potassium uptake
protein TrkA
Inward rectifier
potassium channel
Putative flavoprotein
involved in K+
transport
Probable potassium
channel
Probable potassium
channel

758
(PCC 7806)
292
(PCC 7806)
283
(PCC 7806)

sll0261

+

+

+

IPF_2272

slr0773

+

-

-

IPF_5457

sll0493

+

+

+

IPF_4144

slr5078

-

-

-

n.a.

n.a.

slr0801

-

-

-

n.a.

n.a.

sll0536

+

+

+

IPF_1361

375
(PCC 7806)

n.a.

+

+

+

IPF_4452

n.a.

sll1864

+

+

+

IPF_3699

865
(PCC 7806)

sll0855

-

-

-

n.a.

n.a.

sll0103

+

+

+

IPF_3014

516
(PCC 7806)

slr7060

-

-

-

n.a.

n.a.

sll0045

+

-

-

IPF_1564

201 (PCC
7806)

n.a.

+

-

-

IPF_1565

n.a.

slr0953

+

-

-

IPF_1566

254
(PCC 7806)

sll1566

-

-

-

n.a.

n.a.

slr0746

-

-

-

n.a.

n.a.

slr0747

-

-

-

n.a.

n.a.

Chloride
transport
n.a.
n.a.
n.a.

n.a.

Chloride channel
protein
Chloride channel
protein
Calcium-activated
chloride channel
homolog
Calcium-activated
chloride channel
homolog

Sucrose
synthesis
spsA
susA
sppA

Sucrose phosphate
synthase
Sucrose cleavage
glucosyltransferase
Sucrose phosphate
phosphatase

Glucosylglyc
erol synthesis
ggpS
ggpP

ggtA

ggtB

ggtC

ggtD

Glucosylglycerolphosphate synthase
Glucosylglycerolphosphate synthase
Glucosylglycerol
transport system
substrate-binding
protein
Glucosylglycerol
transport system
substrate-binding
protein
Glucosylglycerol
transport system
permease protein
Glucosylglycerol
transport system
permease protein

8
slr0529

-

-

-

n.a.

n.a.

slr0530

-

-

-

n.a.

n.a.

slr0531

-

-

-

n.a.

n.a.
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Other genes
mscS

Mechanosensitive
channel

slr0765;
slr0639

+ (5)

+ (3)

+ (5)

IPF_417; IPF_829;
IPF_1474;
IPF_1762;
IPF_2625

mscL

Mechanosensitive
channel

slr0875

-

-

-

n.a.

n.a.

n.a.

aqpZ

Water channel protein

slr2057

+

-

-

IPF_3590

119
(PCC 7806)

n.a.

Glycine/betaine
transport system
homolog

n.a.

+

+

+

IPF_64

n.a.

a

Synechocystis PCC 6803 was used as reference strain for comparison with Microcystis PCC 7806, PCC 7005 and NIES-

843.
b

Homologues present in the Microcystis strains are indicated with a plus sign (‘+’), whereas absence is indicated with a

dash sign (‘−‘).
c

The locus tags are from Microcystis PCC 7806 (IPF) or NIES-843 (MAE).

d

The bit scores of the protein sequence alignments were calculated with BLAST (Altschul et al., 1990).

e

n.a.: not applicable.

Discussion
Parker et al. (1997) previously reported that Microcystis is only dominant in lakes with low
potassium ion concentrations ≤2.5 mmol L-1 and high sodium/potassium ion ratios (>4). They
found that growth of field-collected Microcystis was strongly reduced after addition of 5 mmol
L-1 potassium chloride (Table 8.2). A study by Shukla and Rai (2007) also showed that
Microcystis growthwas strongly inhibited by addition of 4-8mmol L-1 potassium chloride (Table
8.2), and that potassium ion addition inhibited phosphorus and nitrogen metabolism. In our
study, exposure to 12 mmol L-1 potassium chloride at a sodium/potassium ion ratio of ∼0.8

strongly reduced the growth of the microcystin-producing strain NIES-843 and the nonmicrocystin-producing strain PCC 7005, but did not affect the microcystin-producing strain
PCC 7806 and its non-toxic mutant. Hence, our results demonstrate that the effect of
potassium ions on Microcystis is strain specific. Furthermore, our results show that potassium
ion sensitivity does not depend on the capability of strains to produce microcystins.
Strain PCC 7806 was previously shown to withstand relatively high concentrations of
sodium ions (∼170 mmol L-1; Tonk et al., 2007). It was originally isolated from brackish water

(the Braakman, the Netherlands), which may explain the high salt tolerance of this strain and
its possession of genes against salt stress. The sodium/proton-antiporter gene nhaS2 was resent
in Microcystis PCC 7806, but was absent in the potassium ion sensitive strains PCC 7005 and
NIES-843 and several other Microcystis strains. In Synechocystis PCC 6803, nhaS2 (sll0273)
plays an important role in the sodium ion influx of the cells. Moreover, Mikkat et al. (2000)
showed that ΔnhaS2 mutants of Synechocystis PCC 6803 were sensitive to potassium ions. They
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also revealed that the potassium ion sensitivity of the ΔnhaS2 mutants depends not only on the
absolute potassium ion concentration but also on the sodium/potassium ion ratio. For
instance, the ΔnhaS2 mutants did not show growth at sodium/potassium ion ratios <2, unless
the absolute potassium ion concentration was below 1 mmol L-1. Therefore, Mikkat et al.
(2000) concluded that the ΔnhaS2 mutants of Synechocystis PCC 6803 behaved like potassiumsensitive cyanobacteria. Based on these results, it is likely that the presence of nhaS2 also allows
Microcystis PCC 7806 to better cope with low sodium/potassium ion ratios and elevated
potassium ion concentrations than Microcystis strains lacking nhaS2.
Moreover, in contrast to Microcystis PCC 7005 and NIES-843, strain PCC 7806
contains the genes trkA and aqpZ. TrkA is a homologue to a low-affinity potassium ion
transporter (Berry et al., 2003), while AqpZ is a water channel protein (Shapiguzov et al.,
2005). Although trkA has not been studied in detail in cyanobacteria, an aqpZ insertion
mutant of Synechocystis PCC 6803 lacked osmotic shrinkage (Shapiguzov et al., 2005).
Therefore, aqpZ likely plays an important role in the osmotic stress response of Microcystis
PCC 7806.
Table 8.2. Potassium ion sensitivity of various Microcystis strains.
Growth
Tested potassium ion
inhibited by
concentration
(mmol L-1)
potassium ions

Reference

Microcystis strain

Origin

Microcystis PCC 7806

The Netherlands

12

No

This study

Microcystis PCC 7005

United States

12

Yes

This study

Microcystis NIES-843

Japan

12

Yes

This study

Microcystis from Laxmi,
Varanasi

India

4.8

Yes

Parker et al. 1997

Microcystis UWOCC C3-9

United States

5-30

Yes

Parker et al. 1997

Microcystis from Luxmikund,
Varanasi

India

4-8

Yes

Shukla and Rai 2007

Depending on the osmotic strength that cyanobacteria have to tolerate because of salts
in their environment, a range of compatible solutes has been discovered in cyanobacteria,
including sucrose, trehalose, glucosylglycerol, glucosylglycerate, glycine betaine and glutamate
betaine (Hagemann, 2011). The involvement of sucrose synthesis in salt stress tolerance of
Microcystis PCC 7806 was reported previously (Kolman et al., 2012). In our analysis,
Microcystis PCC 7806 was the only strain with sucrose synthesis genes, which confirms that
sucrose synthesis is not common among Microcystis strains (Humbert et al., 2013; Kolman et
al., 2015). Genes for the synthesis of other compatible solutes were absent in all sequenced
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Microcystis strains that we investigated. However, one non-sequenced Microcystis strain,
Gromov 398, was previously reported to synthesize glycosylglycerol (Erdmann et al., 1992). In
contrast to Microcystis, many Anabaena strains are able to produce sucrose (Reed et al., 1984).
Therefore, Anabaena could be more resistant to salt stress than most Microcystis strains. Yet,
whether these compatible solutes play a role only in the protection against salt stress or also in
potassium ion tolerance is not entirely clear. Although the synthesis of compatible solutes
provides protection against salt stress by counteracting the outflow of water, addition of low
potassium ion concentrations (<12 mmol L-1) to combat harmful cyanobacterial blooms is
likely not enough to be of osmotic significance.
The combined presence of sucrose synthesis genes, nhaS2 and aqpZ in Microcystis
PCC 7806 most likely gives this strain increased tolerance to potassium ions and salt stress
compared to other Microcystis strains. Laboratory studies have shown that Microcystis PCC
7806 maintains a high growth rate at salt concentrations up to 10 g L-1, and can temporarily
endure salinities as high as 17.5 g L-1 (Tonk et al., 2007). These lab results are consistent with
field observations, reporting dense Microcystis blooms in brackish waters across the globe at
salinities up to 5-10 g L-1, e.g., in upper San Francisco Bay, USA (Lehman et al., 2005;
Moisander et al., 2009), the Golden Horn estuary, Turkey (Taş et al., 2006) and in the Swan
River, Australia (Orr et al., 2004). Furthermore, lower Microcystis concentrations have been
found at salinities up to 18 g L-1 (Lehman et al., 2005; Taş et al., 2006). Similar to freshwater
ecosystems (Kardinaal et al., 2007), Microcystis blooms of brackish waters appear to consist of
mixtures of different Microcystis strains (Orr et al., 2004; Moisander et al., 2009). Hence, in
addition to strain PCC 7806, other Microcystis strains tolerating elevated potassium ion
concentrations and withstanding salt stress are expected to exist aswell. Potassium ion addition
is therefore unlikely to be very successful against Microcystis blooms in brackish waters.
In contrast, most Microcystis strains isolated from freshwater ecosystems appear to be
sensitive to potassium (Table 8.2). Hence, addition of 1-5 mmol L-1 potassium chloride at a
sodium/potassium ion ratio <2 could be very effective to temporarily suppress Microcystis
blooms in freshwater lakes. Addition of such low concentrations of potassium chloride does not
reduce the growth of macrophytes (Parker et al., 1997), and may actually stimulate the growth
of water fleas (Civitello et al., 2014). However, Microcystis strains that are less sensitive to
potassium ions might take over on the long run. Also other harmful cyanobacteria may take
over the place of the suppressed Microcystis strains. Hence, lake treatments with potassium
ionsmay not resolve the problems over a longer time span.
Our results also have implications for laboratory studies of Microcystis and other
freshwater cyanobacteria. Potassium hydroxide, potassium phosphate and other potassium salts
are often used in the mineral media of laboratory experiments with cyanobacteria. For example,
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mineral medium with 10 mmol L-1 TES buffer may already contain ∼6 mmol L-1 of potassium

ions, if potassium hydroxide is used to set the pH of the buffer at 8.0. This concentration
would exceed the tolerance limit of most (but not all) Microcystis strains. Although potassium is
an essential element for cyanobacterial growth, potassium ion concentrations >1 mmol L-1
should be avoided. Because Microcystis is much less sensitive to sodium ions, replacement of
potassium salts by sodium salts should be the default choice.
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Supplementary Information
Table S8.1. Results of the two-way ANOVA, with the specific growth rate as the dependent variable and the
Microcystis strain type and medium composition as independent variables.
Effect

df1, df2

F

P

Strain type

3, 73

186.58

<0.001

Medium composition

3, 73

369.81

<0.001

Strain type × medium composition

9, 73

76.03

<0.001

Growth rate

Columns indicate the variables of interest, the main effects and interaction effects, the degrees of freedom (df1 and df2),
the value of the F-statistic (Fdf1,df2) and the corresponding probability (P).

We tested if the specific growth rates were affected by the type of Microcystis strain and the
medium composition. A two-way ANOVA was used, with the specific growth rate as
dependent variable and the Microcystis strain type and medium composition as independent
variables. All treatments were replicated 5-6 times. Type III Sum of Squares was used to
account for unequal samples sizes. Post-hoc comparisons of the means were based on Tukey’s
unequal N HSD test, using a significance level α of 0.001.
The results of the two-way ANOVA show significant main effects of the Microcystis
strain type and of the medium composition (Table S8.1, Supplementary Information). In
contrast, the specific growth rate of strain PCC 7005, which contains both bicA and sbtA, was
not significantly affected by the treatments. The results of the post-hoc comparison of the
means are presented in Figure 8.2 of the main text.

208

Chapter 9

Afterthoughts

Chapter 9

Introduction
The goal of this thesis was to investigate effects of elevated CO2 concentrations on harmful
cyanobacteria. The ubiquitous cyanobacterium Microcystis was used as model organism. This
cyanobacterium can develop dense blooms, causing problems in many lakes worldwide.
We found an intriguing genetic diversity of inorganic carbon uptake systems in
Microcystis. Different strains have different Ci uptake genes, and the strains also vary in their
expression of these Ci uptake genes. This genetic variation resulted in different growth
responses to elevated CO2, and can cause microevolutionary adaptation of Microcystis blooms
to the prevailing Ci conditions. The current section puts these findings in perspective.
First, developments in techniques to study genotypes and gene expression will be
discussed. Then, the genetic variability of the Microcystis CCM and the transcriptional
regulation of Microcystis CCM genes will be evaluated. Next, the anticipated effects of climate
change on Microcystis blooms and microcystin production are discussed. This is followed by an
analysis of the foreseen effects of climate change on other harmful freshwater cyanobacteria,
marine cyanobacteria and eukaryotic algae. Methods to effectively combat harmful
cyanobacterial blooms are also appraissed, and the chapter ends with the main conclusions of
this thesis.

Developments in techniques to study gene expression and genotypes
A wide variety of techniques have become available to study the genome and transcriptome of
microorganisms. In this thesis, changes in gene expression were determined using microarrays
(Chapter 3) and RT-qPCR (reverse transcription quantitative polymerase chain reaction;
Chapters 3, 4 and 6).
Using RT-qPCR to study gene expression has several advantages. It is easier to apply
than for instance microarrays, the data analysis is relatively straightforward, and the genes of
interest can be studied in depth. In addition, the primers can be designed to match the
sequences of many different strains or species. However, with this technique, one can only
target a small number of genes at a time.
For laboratory studies of the entire transcriptome, microarrays and transcriptome
sequencing (‘RNA-seq’) are the preferred choice. Microarrays were successfully applied in this
thesis (Chapter 3) and previous studies with cyanobacteria (Wang et al., 2004; Eisenhut et al.,
2007; Schwarz et al., 2011; von Wobeser et al., 2011; Krasikov et al., 2012). In recent years,
transcriptome sequencing has become more popular, because of increased sequencing capacity
and much faster processing rates, longer reads, improved data analysis tools and reduced costs
(Van Dijk et al., 2014). The choice between microarrays and transcriptome sequencing will
also depend on the expertise at hand and if one or many different organisms are to be studied.
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For our fieldwork at Lake Kennemermeer (Chapter 6), microarrays and
metatranscriptomics were not suitable to study the expression of Microcystis genes. A
microarray is usually custom-made for a known strain. Because of the large variation in gene
sequences and large number of strain-specific genes (e.g., Humbert et al., 2013), microarray
probes designed for a specific strain are often not suitable for other strains. Moreover, data
analysis of metatranscriptome sequences becomes extremely complex for very diverse
communities, information about transcripts is often obtained at a relative low resolution, and
transcripts with relatively low abundance might be missed (Moran, 2009; Penn et al., 2014).
Therefore, we applied RT-qPCR for our lake study at Lake Kennemermeer, which enabled the
quantification of gene expression in a complex mixture of different Microcystis strains
embedded in a larger natural community.
We also used qPCR to quantify the genotype composition of Microcystis (Chapter 5).
The relative abundances of five Microcystis strains were quantifiable in chemostat experiments,
because each strain contained a different combination of genes (Chapter 5). In lake studies,
detailed genetic information on individual strains is not available. However, the bicA+sbtA
sequence of Microcystis can be used as ‘reference gene’ to calculate the ratios of strains with
bicA+sbtA to strains with only bicA or only sbtA. Hence, the relative abundances of the bicA,
sbtA and bicA+sbtA genotypes can be quantified (Chapter 5).
This method works for Microcystis, because bicA and sbtA are located on the same
operon. The method cannot be used to quantify different Ci uptake genotypes in other
cyanobacteria, because in all other cyanobacteria sequenced so far the bicA and sbtA gene are
located at separate locations in the genome. In addition, while bicA or sbtA are present in all
Microcystis strains analyzed so far, both genes are absent in some of the Planktothrix and
Anabaena strains (which were therefore called ‘minimalist genotypes’; Chapter 7). As a
consequence, relative abundances of the bicA gene and sbtA gene can be quantified, but relative
abundances of the bicA genotype, sbtA genotype, bicA+sbtA genotype and minimalist genotype
cannot be quantified in blooms of Planktothrix, Anabaena and other cyanobacteria. For
example, suppose that 75% of the cells in a Planktothrix bloom contain the bicA gene and 60%
the sbtA gene, then it is still not known which percentage of these cells contains both bicA and
sbtA, and which percentage contains only bicA or only sbtA.
Alternatively, amplicon sequencing can be used to quantify different cyanobacterial
strains (Shokralla et al., 2012; Poretsky et al., 2014). Amplicon sequencing is nowadays often
replacing Denaturing Gradient Gel Electrophoresis (DGGE), which was introduced in
microbial ecology by Muyzer et al. (1993). In amplicon sequencing, PCR is used to create
numerous copies of part of a gene, that are subsequently sequenced. The PCR is based on
specific primers that can bind to regions of genes that are strongly conserved among a
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microbial community (Klindworth et al., 2012). To reduce costs, short nucleotide sequences
(tags) can be ligated to the DNA fragments or included in the primer design (Binladen et al.,
2007; Meyer et al., 2007), giving samples a unique barcode and allowing multiple samples to
be sequenced simultaneously. Often, amplicon sequencing is based on sequencing of the 16S
rRNA gene. However, this is complicated by the fact that bacterial genomes often have
multiple copies of this gene, and the different copies are not always 100% identical in their
DNA sequence (Větrovský and Baldrian, 2013). Alternatively, the internal transcribed spacer
(ITS) region, located between the 16S rRNA and 23S rRNA, can be used in amplicon
sequencing, because it shows more variation among different strains compared to the 16S
rRNA gene. Yet, multiple ITS regions are also present in the genomes of many bacteria,
including cyanobacteria.
Both amplicon sequencing and DGGE are not suitable to detect the different
Microcystis Ci uptake genotypes in lakes, because strains differ not only in the sequences of bicA
and sbtA, but also in the presence of these genes. Yet, amplicon sequencing of other genes in
the Microcystis genome can be used for example to determine relative abundances of defined
strains in laboratory competition experiments, such as the competition experiments described
in Chapter 5. For Microcystis, ccmR2 could be a suitable gene to determine relative strain
abundances using amplicon sequencing, since the gene is already sequenced for many strains,
only one copy of the gene is present in Microcystis genomes, the gene is present in all Microcystis
strains but not in the other cyanobacteria investigated so far, and the gene shows considerable
variation between strains.
Fluorescence in situ hybridization (FISH) has also proven to be a successful method
to study the genetic composition and gene expression of laboratory and field samples. An
advantage of this technique is that information about genes can be combined with information
about morphology. Application of FISH techniques to cyanobacteria requires strong
fluorescence signals using bright probes, to overcome the strong autofluorescence of
cyanobacteria. Yet, ‘normal FISH’, that is typically used on 16S rRNA, cannot be applied to
mRNA or genomic DNA sequences, because of the low copy numbers and hence low
fluorescence signal. Alternatively, RING-FISH (recognition of individual genes by a long
network of connected probes) has been successfully used on Microcystis communities, to
quantify mcyD mRNA and to quantify toxic and non-toxic genotypes (Dziallas and Grossart,
2011; Dziallas et al., 2011). However, applying this method with new untested probes could
prove to be difficult and time-consuming, and combining different probes for different targets
seems problematic. CARD-FISH, in which the signal is amplified with horseradish peroxidase,
has been used successfully as well to detect toxic Microcystis cells (Metcalf et al., 2009).
Furthermore, Stellaris FISH, that uses multiple fluorescently labelled oligonucleotides with
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different sequences that bind collectively along the same target to produce a strong signal,
might be used to detect specific mRNA or genes in cyanobacterial cells. The fluorescence signal
in FISH could also be enhanced by quantum dots (Qdots; Smith and Nie, 2004). These Qdots
are fluorescent semiconductor nanoparticles that provide long-term photostability. Although, it
might prove difficult to get the relatively large Qdot molecules (2-10 nm) into cyanobacterial
cells without destroying the cells completely, they have already been successfully used to detect
cyanobacterial proteins (Orcutt et al., 2009).
In conclusion, the ideal technique to study genetic diversity and gene expression will
depend largely on the type of experiment. In our experience, qPCR is a powerful method to
target specific genes at low concentrations and we expect it will continue to be a popular
method in the upcoming years, until (meta)genome and (meta)transcriptome sequencing
provide adequate resolution to obtain data about all relevant genes for an affordable price.

Genetic variability of the CCM of Microcystis
Results of this thesis show that the genomes of Microcystis strains differ in the presence or
absence of the sodium-dependent bicarbonate uptake genes bicA and sbtA (Chapter 2). We
distinguished three different Ci uptake genotypes in Microcystis: bicA strains, sbtA strains and
bicA+sbtA strains. In addition to the 20 Microcystis strains of Chapter 2, we now also analyzed
the more recently sequenced genomes of Microcystis SPC777 (Fiore et al. 2013), TAIHU98
(Yang et al., 2013), NIES-44 (Okano et al., 2015), NIES-2549 (Yamaguchi et al., 2015) and
FACHB-1757 (Yi and Rui, unpublished; GenBank sequence CP011339.1), and analyzed
strains NIES-1099, PCC 7820 and SAG1785 using PCR with specific primers targeting the
CCM genes. These analyses revealed two additional bicA strains (FACHB1757 and SAG1785),
five sbtA strains (NIES-44, NIES-1099, PCC 7820, SPC777 and TAIHU98), and one
bicA+sbtA strain (NIES-2549).
Analysis of the Microcystis community in Lake Kennemermeer showed that all three
Ci uptake genotypes co-occurred in the same lake (Chapters 5 and 6). Additional screening of
other Dutch lakes (Gooimeer, Oosterduinse Meer, Ottermeer, Uitgeestermeer, Valkenburgse
Meer and Zoetermeerse Plas) using PCR and specific primers revealed that each of the three
Microcystis Ci uptake genotypes were present in all seven lakes (Figure 9.1). This genetic
variation in Ci uptake genes gives Microcystis communities the ability to adapt their genotype
composition to changes in Ci conditions (Chapters 4 and 5).
9
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Figure 9.1. PCR-based detection of the three different Microcystis Ci uptake genotype in samples from seven Dutch
lakes. Samples with gDNA from the lakes were exposed to different primers using PCR and the PCR products were
subsequently analyzed using gel electrophoresis. The PCR approach targets different regions of the ccmR2-bicA-sbtAnhaS3 operon, as described in the Supplementary Information of Chapter 5. L indicates marker lanes. The dashed
circles indicate PCR products that are present but hardly visible. The tested samples are from lakes that contained
Microcystis and were sampled during summer/autumn 2013. ZMP: Zoetermeerse Plas; ODM: Oosterduinse Meer;
KM: Kennemermeer; GM: Gooimeer; UGM: Uitgeerstermeer; VM: Valkenburgse Meer; OTM: Ottermeer.

In contrast to the bicarbonate uptake genes bicA and sbtA, the cmpABCD operon
encoding for the bicarbonate transporter BCT1 was present in all studied Microcystis strains.
So, why was this operon not lost in any of the strains? Low sodium concentrations in a lake
could make the sodium-dependent bicarbonate transporters BicA and SbtA ineffective, and
then BCT1 would be the only suitable uptake system for bicarbonate uptake. Yet, many lakes
have sufficiently high sodium concentrations (> 1.7 mmol L-1) to allow BicA and SbtA to
operate above half of their maximum activity (Parker et al., 1997; Price et al., 2004; Du et al.,
2014; Chapter 5). Alternatively, the directly ATP-dependent bicarbonate transporter BCT1
could be very effective at high light but low Ci conditions, when plentiful ATP supply via
linear and cyclic photophosphorylation is provided, and cmpABCD was therefore not lost in
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Microcystis strains. This would be especially relevant for Microcystis, because it often develops
surface dwelling blooms that are exposed to high light, and provide shading for other
phytoplankton (Ibelings and Maberly 1996; Huisman et al., 2004). Indeed, our field study in
Lake Kennemermeer shows that the cmpA gene was highly expressed during daytime (Chapter
6). There are, however, other cyanobacteria without the cmpABCD operon, but with bicA and
sbtA, such as the marine cyanobacterium Synechococcus PCC 7002 (Rae et al., 2011).
Genes encoding the two CO2 uptake systems were present in all strains. Furthermore,
there was no variation among the strains in the presence of carboxysome and RuBisCO genes,
except for the presence of an additional carboxysomal carbonic anhydrase gene (ccaA2) in some
of the strains.
The observed genetic diversity in the Ci uptake systems of Microcystis (Chapter 2)
may be just a snapshot in time. Horizontal gene transfer and recombination events are very
common among bacteria. In this way, in response to rising CO2, future cyanobacteria could
acquire genes for low-affinity Ci uptake from other cyanobacteria, and may lose genes for highaffinity Ci uptake. Interestingly, like many other bacteria also for Microcystis pili structures were
identified that connect cells. These retractable pili structures likely facilitate DNA uptake from
the environment, and Microcystis might therefore alter its gene pool relatively easily (Nakasugi
and Neilan, 2005; Nakasugi et al., 2007).
This thesis provides the first example of a cyanobacterium in which the bicarbonate
uptake genes bicA and sbtA can be found in one and the same operon (Chapter 2). Current
and future research is focusing on the integration of efficient cyanobacterial CCM genes,
including bicA and sbtA, in C3 plants to increase the photosynthesis and productivity of various
crops (Price et al., 2011a; Price et al., 2013; McGrath and Long, 2014; Pengelly et al., 2014).
Recently, the more efficient RuBisCO of a Synechococcus strain was successfully integrated in
tobacco plants (Lin et al., 2014; Price and Howitt 2014) and bicA was integrated in tobacco
chloroplasts (Pengelly et al., 2014). Models indicate that the incorporation of bicarbonate
uptake systems is a key step that may particularly increase the photosynthetic rate of C3 plants
(McGrath and Long, 2014). Microcystis strains with the combination of bicA and sbtA in one
operon might be an interesting donor of these genes for plants, to introduce bicarbonate
uptake over a wide range of bicarbonate concentrations.
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Transcriptional regulation of the Ci uptake genes

Microcystis strains display considerable variation in the transcriptional regulation of their Ci
uptake genes. Most Microcystis strains downregulated bicA and sbtA at elevated CO2 (Chapters
3 and 4), and the lake data also showed downregulation of bicA and sbtA during the increase in
Ci availability at night (Chapter 6). However, strain PCC 7005 displayed constitutive high
expression of the bicA-sbtA operon and strain NIVA-CYA 140, with a transposon insert in
complete bicA, showed constitutive low expression of the operon. Expression of the cmpABCD
operon encoding for the BCT1 bicarbonate transporter was reduced at elevated CO2 in all
strains, and showed large diel fluctuations in response to the daily changes in Ci availability in
the lake data (Chapter 6). In contrast, expression of the CO2 uptake genes of Microcystis hardly
changed in response to elevated CO2 (Chapters 3, 4 and 6). In this respect, Microcystis differs
from Synechocystis and Synechococcus strains, in which genes encoding the high-affinity CO2
uptake system NDH-I3 are strongly upregulated at low CO2 levels (Woodger et al., 2003;
Wang et al., 2004; Woodger et al., 2005; Eisenhut et al., 2007, Schwarz et al., 2011). Possibly,
Microcystis attempts to secure imported Ci as effectively as possible, by a continuous usage of
both the high- and low-affinity CO2 uptake systems to intercept CO2 leaking from the
carboxysomes, because it is often exposed to Ci limitation in its natural environment.
Furthermore, expression of the carboxysome and RuBisCO genes and of carbon assimilation
genes in pathways downstream of Ci fixation hardly changed when Microcystis was exposed to
elevated CO2 (Chapters 3 and 4). Hence, from the results in this thesis, it is evident that
transcriptional regulation of the CCM genes of Microcystis occurs mainly at the bicarbonate
uptake genes, although transcriptional regulation of bicA and sbtA varies among Microcystis
strains (Chapter 3 and 4).
The thesis has identified a new cyanobacterial CCM transcriptional regulator gene,
which was called ccmR2 (Chapter 2), in addition to the previously discovered CCM repressor
gene ccmR (Figge et al., 2001) and activator gene cmpR (Omata et al., 2001). The gene ccmR2
is found upstream of the bicA-sbtA operon in Microcystis and therefore most likely regulates the
expression of bicA and sbtA in this organism. In other cyanobacteria, ccmR2 has not been
detected so far, and CcmR regulates the expression of bicA or sbtA, and also the expression of
high-affinity CO2 uptake genes (Wang et al., 2004; Woodger et al., 2007). Microcystis lacks the
common activator CmpR of the cmpABCD operon (Omata et al., 2001). Instead, in
Microcystis, CcmR likely regulates the expression of cmpABCD, because expression of ccmR and
cmpA varied in concert in both our laboratory experiments and lake study (Chapter 4 and 6).
The CCM transcriptional regulators are regulated in turn by intracellular
concentrations of metabolites whose concentrations depend on the dissolved Ci levels (Figure
9.2). Recently, it was shown that α-ketoglutarate (α-KG) and NADP+ act as co-repressors of
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CcmR in Synechocystis PCC 6803 (Daley et al., 2012; Burnap et al., 2015). In addition,
ribulose-1,5-bisphosphate (RuBP) and 2-phosphoglycerate (2PG) were identified as coactivators of CmpR in Synechocystis PCC 6803 (Daley et al., 2012; Burnap et al., 2015). α-KG
is an import metabolite that is used to supply carbon skeletons for nitrogen assimilation,
forming a link between C and N metabolism. NADP+ is a metabolite that can be reduced to
NADPH at photosystem I or alternatively NADPH can be oxidized to NADP+ by the CalvinBenson cycle. RuBP is a metabolite of the Calvin-Benson cycle which can be converted to 3phosphoglycerate (3PG) by carboxylation when RuBisCO utilizes CO2 as substrate, or
alternatively the oxidation of RuBP leads to the formation of 2PG when RuBisCO utilizes O2
as substrate. For example, a shift from high Ci conditions to Ci-limitation would increase the
NADPH/NADP+ ratio and lead to relatively lower NADP+ levels. Furthermore, a shift to Cilimitation would increase the 2PG and decrease the α-KG levels by increased oxygenation of
RuBP and decreasing α-KG formation levels respectively. Because RuBP concentrations
probably do not increase during Ci limitation, 2PG is likely the primary metabolite responsible
for activation of CmpR and indirectly the cmpABCD operon in Synechocystis PCC 6803. For
Microcystis it is not yet known if CcmR and CcmR2 act as repressor or activator, and which
metabolites regulate the activity of CcmR and CcmR2, but NADP+, RuBP, α-KG and 2PG are
probable candidates (Figure 9.2).
It is currently still difficult to construct Microcystis mutants, in contrast to for example
Synechocystis PCC 6803, because of relatively high intracellular and extracellular nuclease
activity and poor growth on agar plates of Microcystis (Dittmann et al., 1997). This hampers
study of the transcriptional regulators in Microcystis in more depth. Yet, in several Microcystis
strains, changes in expression of the cmpA and bicA/sbtA genes did not occur concomitantly
(Chapter 4), suggesting that ccmR and ccmR2 are regulated by different metabolites. Possibly
there is also variation between strains in the CCM regulatory metabolites they respond to,
considering the different responses in CCM gene expression to elevated CO2 of, for example,
strains PCC 7005 and HUB 5-3 (Chapter 4).
In addition to these regulatory metabolites, small RNAs might also affect the
transcription of CCM genes, and possibly other enzymes influence the gene products at the
post-transcriptional or post-translational level (Burnap et al., 2015).
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Figure 9.2. Proposed regulatory mechanisms of the Ci uptake systems in Microcystis. Changes in extracellular C i
availability (1A) can lead to altered intracellular Ci levels (1B). This, together with light availability (1C) triggers
changes in the levels of metabolites, such as NADP+, α-ketoglutarate (α-KG), ribulose-1,5-bisphosphate (RuBP) and 2phosphoglycerate (2PG) (2). These metabolites can alter the activity of the transcriptional regulators CcmR and
CcmR2 by allosteric modulation (3). In addition, CcmR and CcmR2 can suppress the expression of ccmR and ccmR2.
Changes in activity and levels of CcmR and CcmR2 lead to changes in expression of the bicarbonate uptake genes
cmpABCD, sbtA and bicA (4). Altered expression of the bicarbonate uptake genes will lead to an altered set of Ci uptake
systems (5). The two CO2 uptake systems NDH-I3 and NDH-I4 are expressed constitutively in Microcystis.
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Effects of climate change on Microcystis blooms
Most of the available literature suggests that especially freshwater cyanobacteria like Microcystis
will benefit from elevated CO2 concentrations and rising temperatures, and also from
increasing N and P loads associated with climate change (Davis et al., 2009; Paerl and
Huisman, 2009; O’Neil et al., 2012; Verspagen et al., 2014b; Chapter 7). Indeed, this thesis
shows that Microcystis strongly increases its biomass when relieved from Ci limitation (Chapter
3), which is in agreement with recent model predictions and chemostat experiments
(Verspagen et al. 2014b). It is foreseen that rising CO2 levels will particularly stimulate
cyanobacterial blooms in nutrient-rich waters, but less in oligotrophic waters (Verspagen et al.,
2014a). The effects of reduced pH values as a consequence of elevated CO2 concentrations are
expected to be small on freshwater cyanobacteria, since they are already accustomed to large
fluctuations in pH (Maberly, 1996; Verspagen et al., 2014b; Chapter 5).
Freshwater cyanobacteria are often assumed to be especially effective at high pH and
low CO2 conditions, because of the presence of an effective CCM (Shapiro, 1997). Yet, this
thesis shows that the CCM differs among strains of Microcystis (Chapter 2), and varies even
more among different cyanobacterial genera (Chapter 4). These genetic differences can lead to
phenotypic variation in the CO2 response of Microcystis strains (Chapters 2 and 4). Hence, it is
now clear that cyanobacteria have different optimal Ci conditions. At low CO2 concentrations,
all Microcystis strains rely strongly on bicarbonate uptake. However, the strains use different
sets of bicarbonate uptake systems (Chapters 2 and 4; Table 9.1), and hence some strains
perform better at low bicarbonate concentrations whereas others perform better at high
bicarbonate concentrations (Chapter 5). At high CO2 conditions, sbtA strains rely mainly on
CO2 uptake, whereas bicA and bicA+sbtA strains combine CO2 uptake with bicarbonate uptake
(Chapter 3 and 4; Table 9.1). The strong dependence on CO2(aq) of sbtA strains at high CO2
conditions is in agreement with the study of Verspagen et al. (2014b), which showed that the
growth rates of strains HUB 5-2-4 and NIVA-CYA 140 were far below their maximum when
grown at high bicarbonate, but low CO2(aq) concentrations.
The experiments and lake data in this thesis (Chapters 2-5) show that bicA strains
have an advantage at elevated CO2 conditions. Strains with BicA will benefit especially in
environments with high bicarbonate concentrations combined with sodium concentrations >5
mmol L-1. The bicarbonate concentration depends on pH and alkalinity, and on the influx of
atmospheric CO2 and mineralization of dissolved organic carbon. Hence, changes in any of
9

these factors can affect the genotype composition of cyanobacterial blooms.
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Table 9.1. Variation in activity of Ci transporters between Microcystis strains at low versus high CO2 conditions.
Microcystis strain

Ci transporters active
Low CO2 conditions

High CO2 conditionsa

PCC 7806

CO2 uptake systems +

CO2 uptake systems +

(bicA strain)

BCT1 + BicA

BicA (↓)

HUB 5-3

CO2 uptake systems +

CO2 uptake systems +

(bicA + sbtA strain)

BCT1 + SbtA + BicA

SbtA (↓) + BicA (↓)

PCC 7005

CO2 uptake systems +

CO2 uptake systems +

(bicA + sbtA strain)

BCT1 + SbtA + BicA

SbtA + BicA

NIES-843 + CCAP 1450/10

CO2 uptake systems +

(sbtA strain)

BCT1 + SbtA

NIVA-CYA 140

CO2 uptake systems +

(inactive bicA-sbtA operon)

BCT1

CO2 uptake systems

CO2 uptake systems

a

A downward arrow indicates that transcription of the gene is downregulated, but that the O2 optode experiments in

Chapters 3 and 4 indicate that the C i transporter is still active.

Several previous studies showed that in other cyanobacteria, bicarbonate uptake is also
highly active at elevated CO2 levels (Yu et al., 1994b; Sültemeyer et al., 1995; Benschop et al.,
2003; Hopkinson et al., 2014; Eichner et al., 2015). These studies used a membrane inlet mass
spectrometer (MIMS) to measure Ci fluxes according to the method introduced by Badger et
al. (1994). In cells acclimated to either low or high CO2 conditions, bicarbonate uptake was
predominant at saturating CO2 and bicarbonate concentrations, at least in strains with the
bicarbonate uptake system BicA (Table 9.2). These experiment signify the importance of
bicarbonate uptake for cyanobacteria containing bicA, and can explain the selective advantage
of bicA strains and to a certain extent bicA+sbtA strains at high Ci concentrations in Chapter 5.
Future experiments with a MIMS are needed to interrogate the exact CO2 and bicarbonate
uptake rates in Microcystis strains grown at ambient and elevated CO2 concentrations.
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Table 9.2. Contribution of bicarbonate uptake to total Ci uptake in cyanobacteria provided with saturating CO2 and
bicarbonate concentrations.
% bicarbonate uptake of total C i uptakea
Cyanobacterial strain

Synechocystis PCC 6803

Synechococcus PCC 7002

Ci uptake systems

BCT1, BicA, SbtA,
NDH-I3, NDH-I4
BicA, SbtA,
NDH-I3, NDH-I4

Low-CO2

High-CO2

acclimated cells

acclimated cells

(≤380 ppm)

(≥ 900 ppm)

66%

56%

75%

75%

Reference

Benschop et al.,
2003
Sültemeyer et al.,
1995
Yu et al., 1994a,b;

Synechococcus PCC 7942

BCT1, SbtA,
NDH-I3, NDH-I4

?b

50%

Woodger et al.,
2005; Price et al.,
2008

Trichodesmium

BicA,

erythraeum IMS101

NDH-I4

Prochlorococcus MED4

BicA2, SbtA2

Kranz et al., 2009,
80%

80%

2010; Eichner et al.,
2015

100%

100%

Hopkinson et al.,
2014

a

Total Ci uptake = Vmax(CO2 uptake) + Vmax(bicarbonate uptake).

b

In studies of Yu et al. (1994a,b), bicarbonate uptake was responsible for 60% of the Ci uptake in high-CO2 acclimated

cells of Synechococcus PCC 7942. However, Price et al. (2008) suggested predominance of CO2 uptake in high-CO2
acclimated cells of Synechococcus PCC 7942 based on the data of Woodger et al. (2005).

Climate change may also increase the salinity of some lakes, because of rising sea
levels and more intense droughts (Paerl and Huisman, 2009; Paerl and Paul, 2012).
Salinization strengthens vertical density stratification, which benefits buoyant cyanobacteria.
Furthermore, several studies showed that Microcystis can occur in brackish waters, and hence
can be quite salt tolerant (Orr et al., 2004; Tonk et al., 2007; Moisander et al., 2009).
However, the results of this thesis indicate that salt tolerance is also one of those traits that
varies considerably among Microcystis strains. Chapter 8 shows that although some Microcystis
strains, such as PCC 7806, are relatively salt tolerant, many Microcystis strains lack effective
mechanisms to tolerate increasing salinities. Consequently, nearshore freshwater lakes with
cyanobacterial blooms that experience increasing salinities due to climate change will likely see
major changes in strain composition.
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Increasing toxicity of Microcystis with rising CO2?
The genetic variation in Ci uptake genes was not linked to the presence or absence of
microcystin synthetase genes (Chapter 2). However, elevated CO2 concentrations led to a large
increase in the intracellular microcystin content in Microcystis PCC 7806 (Chapter 3) and
earlier in Microcystis HUB 5-2-4 (Van de Waal et al., 2009). It is known that several
environmental factors influence the synthesis of microcystins, including e.g. light intensity,
temperature and the availability of nitrogen, phosphorus, sulphur and iron (Figure 9.3; Long et
al., 2001; Vezie et al., 2002; Wiedner et al., 2003; Sevilla et al., 2008; Van de Waal et al.,
2009; Long, 2010; Neilan et al., 2013). Recent studies connected the production of
microcystins by Microcystis to protection against oxidative stress (Zilliges et al., 2011; Kaplan et
al., 2012; Meissner et al., 2013). In our experiments (Chapter 3) and the experiments of Van
de Waal et al. (2009), elevated pCO2 released the cells from photo-oxidative stress, by
increasing the Ci concentration in the mineral medium while reducing the light availability
through shading from the denser cyanobacterial population (Murata et al., 2007; Latifi et al.,
2009).
As in most other studies, only the methanol-extractable microcystin was quantified,
which does not include microcystin molecules that are covalently bound to protein (Meissner
et al., 2013). Hence, potential bond breakage between protein and bound microcystin during
the transition from a Ci-limited to a light-limited state could be a plausible explanation for the
observed increase in methanol-extractable microcystins at elevated CO2 levels, although the
formation of the thioether bond between microcystin and a cysteine residue is regarded
irreversible (Runnegar et al., 1995). Yet, possibly there is a not yet disclosed enzymatic
microcystin-protein lyase present in Microcystis that is able to cleave the protein-microcystin
covalent bond (Figure 9.3). This lyase would free microcystin in times of abundant nutrient
supply and growth opportunities that lower oxidative stress, such that microcystin can fill in its
well-established role as a toxin. However, such a bond-cleaving enzyme has not yet been found
in Microcystis. Meissner et al. (2013) suggest it is more likely that proteins with bound
microcystins are degraded and resynthesized. From this perspective, cells with a higher
methanol-extractable microcystin content at elevated CO2 may have synthesized microcystins
de novo, in response to the decreased pH and increased Ci levels.
Microcystins bound to proteins via a thioether bond were suggested to be much less
toxic for mammals, including humans (Meissner et al., 2013). Yet, hydrolysis of microcystins
by peptidases in the stomach is inadequate and it is likely that a significant amount of
microcystin passes the intestinal barrier and is absorbed (Chorus and Bartram, 1999). Peptides
with attached microcystin are then actively taken up into hepatocytes and concentrated in the
liver (Runnegar et al., 1981). Since the human liver contains enzymes that can actually cleave
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thioether bonds (cystathionases; EC. 4.4.1.1), it might be that bound microcystins do play an
important role in the toxicity (Figure 9.3). This should be investigated in more detail, as the
possible risks of protein-bound microcystin are currently not accounted for in water safety
regulations.
Microcystis blooms often consist of a mixture of microcystin-producing (‘toxic’) and
non-microcystin-producing (‘non-toxic’) strains (Kurmayer et al., 2002; Kardinaal et al., 2007;
Davis et al., 2009). Laboratory competition experiments by Van de Waal et al. (2011) and in
this thesis (Chapter 5) found dominance of toxic strains at low CO2 conditions, but
dominance of non-toxic strains at high CO2 conditions. These changes in strain composition
were explained by the trade-off between affinity and flux rate of their Ci uptake systems,
because the strains differed not only in toxicity but also in their Ci uptake genes. Yet, the
possibility that microcystin production also plays a role cannot be excluded. Microcystin
production may offer protection against oxidative stress (Zilliges et al., 2011), which can be
induced by e.g. Ci-limited conditions, suggesting that toxic strains might have a competitive
advantage at low CO2 levels whereas non-toxic strains may increase in relative abundance at
elevated CO2 levels. However, in our field study at Lake Kennemermeer (Chapter 5), the
abundance of toxic strains remained at ~72% despite large changes in the Ci concentrations.
At present, it is not known why cyanobacteria produce more than 80 different
microcystin variants. Possibly, since cyanobacteria fight a war with other plankton as well,
different microcystin variations might require different defense mechanisms by other plankton.
Another possible explanation for the large diversity of microcystin variants is that toxin
synthesis relies on non-ribosomal peptide synthase enzymes, that may be less rigid in amino
acid selection than ribosomes would be. This also further complicates any prediction about
dominant future toxin variants. Currently, microcystin-LR is one of the most common but also
most toxic variants (Zurawell et al., 2005). However, laboratory experiments by Van de Waal
et al. (2009) indicate that, under nitrogen-rich conditions, elevated CO2 levels may lead to an
increased formation of the less toxic microcystin-RR. This finding might be understood from
our results. Chapter 3 of this thesis shows that rising CO2 induces glutamine synthetase (glnN).
Moreover, rising CO2 levels may also stimulate carbon fixation rates, providing the carbon
skeletons (e.g., 2-oxoglutarate) for the conversion of glutamine to glutamate. Glutamate is a
direct precursor of the amino acid arginine. In microcystin-RR, the first and second variable
amino acid position are both occupied by arginine (R). Indeed, addition of arginine (R) is
known to stimulate the production of microcystin-RR (Tonk et al., 2008). Hence, the results
of Chapter 3 provide a physiological explanation for the observation by Van de Waal et al.
(2009) that elevated CO2 levels may lead to an increased production of microcystin-RR in
strains capable of producing this variant.
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Figure 9.3. Overview of the possible roles of microcystins in Microcystis. Changes in Ci and N concentrations can
affect the intracellular availability of different amino acids, which can lead to altered synthesis rates of microcystins and
the production of different microcystins variants. Environmental conditions like P, Fe, S, H+ concentrations can affect
the expression and synthesis of microcystins. Sunlight can lead to the formation of reactive oxygen species (ROS) in the
cell which can modify proteins by creating sulfur bridges at cysteine residues of proteins and can cause cell damage.
Microcystins can bind to cysteine residues of specific proteins, including RuBisCO and phycobilisomes, protecting
them from degradation. ROS can also trigger increased expression of the two mcy operons and increased microcystin
synthesis by the microcystin synthetases. It is currently unknown if the binding of microcystins to specific proteins is
reversible and how toxic protein-bound microcystins are to mammals and birds. Unbound microcystins are possibly
partly exported by McyH outside the cell, where microcystins might act as a signal molecule between Microcystis cells.
This figure was adapted from Kaplan et al. (2012), with permission from Frontiers.

In conclusion, the toxicity of Microcystis blooms is expected to increase with rising
CO2, because of increased toxin production of the cells and an increased Microcystis cell
concentration during blooms. Furthermore, elevated CO2 may potentially increase the
buoyancy of the cells (Chapter 3), which can lead to a further accumulation of Microcystis cells
in the surface layer. This might be counteracted by possible shifts from toxic to non-toxic
strains, but convincing evidence for this hypothesis is lacking. Furthermore, there are
indications that the ubiquitous variant microcystin-LR might be replaced to some extent by the
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less toxic variant microcystin-RR. For future research it would be valuable to further investigate
the possible changes in microcystin variants, the role and toxicity of bound versus unbound
microcystins, and the production of other polyketides of Microcystis.

Effects of rising CO2 on other harmful freshwater cyanobacteria
Chapter 7 showed that intraspecific variation in the presence of the bicA and sbtA genes is not
unique for Microcystis. Similar variation can also be found in other harmful cyanobacteria such
as Anabaena, Aphanizomenon and Planktothrix. Moreover, some Anabaena, Aphanizomenon and
Planktothrix strains even lack both bicA and sbtA genes, and hence form a fourth Ci uptake
genotype, whereas in Microcystis either bicA or sbtA was always present so far. The genes
encoding the two CO2 uptake systems and the BCT1 bicarbonate transporter were found in all
strains of Anabaena, Aphanizomenon and Planktothrix, similar to Microcystis. However, only the
CCM transcriptional regulator gene ccmR was detected in the Anabaena, Aphanizomenon, and
Planktothrix strains, but not the transcriptional regulator gene ccmR2 found so far only in
Microcystis (Sandrini et al., 2014) and neither the gene cmpR found in some other
cyanobacteria (Omata et al., 2001). Presumably, the genetic diversity of Ci uptake systems in
Anabaena, Aphanizomenon, and Planktothrix produces a similar phenotypic variation as in
Microcystis, with a selective advantage for strains with sbtA at very low CO2 conditions and a
selective advantage for strains with bicA at high CO2 conditions. The ability of Anabaena,
Aphanizomenon, and Planktothrix strains to synthesize microcystins was not linked to the
absence of presence of the various Ci uptake systems, as was shown before for Microcystis
(Sandrini et al., 2014).
Often Microcystis co-exists with Anabaena, Aphanizomenon, and Planktothrix in the
same lake. However, Aphanizomenon and Anabaena are able to fix nitrogen using heterocysts,
while the other two genera cannot. Therefore, Anabaena and Aphanizomenon are often found
in nitrogen-limited lakes or earlier in the season when low concentrations of nitrate and
ammonium can limit phytoplankton growth. Then, later during the season, other
cyanobacterial genera, like Microcystis and Planktothrix, can take over, which are strong
competitors when enough bound nitrogen is available (Barica et al., 1980). Furthermore, all
four genera can produce gas vesicles, and hence can float upwards to dominate the surface layer
(Walsby, 1994; Huisman et al., 2004). Planktothrix agardhii is typically found in shallow lakes,
whereas Microcystis is often found in deep lakes with a high stability due to temperature
stratification during summer (Tonk et al., 2005; Kardinaal et al., 2007). Microcystis also thrives
well in shallow lakes (Chen et al., 2003; Verspagen et al., 2006) and other Planktothrix species
such as P. rubescens have their niche in deep lakes (Jacquet et al., 2005; Cuypers et al., 2011).
Other factors, like phosphate, iron, temperature, salinity and grazing zooplankton, also
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influence the dominance of different cyanobacterial species (Paerl et al., 2001; Huisman et al.,
2005; Paerl and Huisman, 2009). The preference for different lake conditions indicates that,
despite rising CO2 concentrations, this diversity of cyanobacterial genera will likely persist.
However, within each genus, the relative abundances of the different Ci uptake genotypes and,
hence, the genetic composition of harmful cyanobacterial blooms, will likely be altered in
response to elevated CO2.

Effects of rising CO2 on marine cyanobacteria
While freshwater systems can show large fluctuations in Ci and pH (Maberly, 1996; Sobek et
al., 2005; Verspagen et al., 2014b; Chapter 5), marine systems typically show much smaller
fluctuations in Ci and pH. Freshwater cyanobacteria, including Microcystis, mostly contain βtype carboxysomes. In contrast, most marine cyanobacteria contain an α-type carboxysome
(Rae et al., 2011). The α- and β-type carboxysome are formed by different gene products, but
are functionally highly similar (Whitehead et al., 2014). Synechococcus and Prochlorococcus are
the two main cyanobacterial genera found in the oceans (Garcia-Pichel et al., 2003).
It was previously shown that Synechococcus strains can have either an α- or β-type
carboxysome, and that there is a large diversity in the set of Ci uptake systems present in the
different strains of this genus (Rae et al., 2011). Interestingly, most α-type marine Synechococcus
strains of the open ocean lack all three high-affinity Ci uptake systems SbtA, BCT1 and NDHI3, in marked contrast to the β-type freshwater strains. The lack of high-affinity Ci uptake
systems in oceanic cyanobacteria is in agreement with the Ci availability in the oligotrophic
oceans, where the CO2(aq) concentration is seldom depleted. Coastal Synechococcus strains can
have a more elaborate set of Ci uptake systems, which they seem to have acquired from
freshwater cyanobacteria through horizontal gene transfer and which enables them to deal
more effectively with fluctuations in Ci availability (Rae et al., 2011).
Prochlorococcus is a ubiquitous cyanobacterium in the oceanic subtropical gyres, and
known as an oligotrophic specialist with its streamlined genome (Partensky and Garczarek,
2010). In Prochlorococcus, the known Ci uptake genes of cyanobacteria are lacking, despite the
presence of an α-type carboxysome in this genus (Rae et al., 2011; Roberts et al., 2012). Yet,
Palinska et al. (2002) showed that Prochlorococcus is capable of bicarbonate uptake and it was
found that Prochlorococcus strains do contain genes that encode for homologues resembling
BicA and SbtA, named BicA2 and SbtA2 (Hopkinson et al., 2014; Gaudana et al., 2015).
Similar to Microcystis (Chapter 2), it is possible that Prochlorococcus also has two different
bicarbonate transporter genes (bicA2 and sbtA2) in one operon (Gaudana et al., 2015).
However, several BicA and SbtA homologues did not appear to be actual bicarbonate
transporters (Rae et al., 2011). For example, sbtA2 of Microcystis (locus tag IPF_6431 in strain
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PCC 7806) most likely does not encode for a bicarbonate transporter, because SbtA2 shares
only ~24% sequence homology with SbtA, and expression of sbtA2 was slightly increased in
response to elevated CO2 instead of lowered like the actual bicarbonate uptake genes (Chapter
3). Furthermore, the bicarbonate transporter BicA also shares substantial homology with sulfate
transporters (Price et al., 2004). Hopkinson et al. (2014) did not see a strong change in
expression of the two candidate bicarbonate uptake genes bicA2 and sbtA2 of Prochlorococcus in
response to changing CO2 conditions, although it is possible that the genes are expressed
constitutively, as was observed in this thesis for Microcystis PCC 7005 (Chapter 4).
Remarkably, active CO2 uptake systems appear to be lacking in Prochlorococcus (Table 9.2;
Hopkinson et al., 2014).
Fu et al. (2007) investigated the effect of increased temperatures and CO2
concentrations on the marine cyanobacteria Synechococcus sp. CCMP1334 containing BicA,
BicA2 and NDH-I4, and Prochlorococcus CCMP1986 containing BicA2 and SbtA2. The results
showed that the Synechococcus strain profited strongly from increased temperatures and CO2
levels, but the Prochlorococcus strain did not. This implies that climate change could influence
the dominance relationships among Synechococcus and Prochlorococcus in the oceans.
Effects of rising CO2 have also been investigated for marine diazotrophic (nitrogenfixing) cyanobacteria. The responses varied among species and strains, as reviewed in Chapter
7. Trichodesmium erythraeum IMS101 possesses the high-flux Ci uptake systems BicA and
NDH-I4 (Table 9.2; Kranz et al., 2011). Therefore, in line with expectation, nitrogen fixation
rates of Trichodesmium erythraeum IMS101 strongly increase with elevated CO2 (Hutchins et
al., 2007; Levitan et al., 2007; Kranz et al., 2010; Garcia et al., 2011). However, Hutchins et
al. (2013) found large intraspecific variation in the response of nitrogen fixation rates to
elevated CO2 among different strains of Trichodesmium and Crocosphaera. This indicates that
these strains may differ in the presence and/or expression of their Ci uptake systems, similar to
the variation among Microcystis strains described in this thesis.
The findings reviewed in this section imply that rising CO2 concentrations could also
constitute an important selective force shaping the genetic diversity and community
composition of marine cyanobacteria. Hence, selection experiments are recommended to get a
better idea of which marine cyanobacteria are favored at elevated CO2.

Effects of rising CO2 on eukaryotic algae
Eukaryotic algae can also employ a CCM, yet it operates differently from the CCM typically
found in cyanobacteria. In Chlamydomonas reinhardtii, the CCM is based on a pH gradient
that is set up across the chloroplast thylakoid membrane (Moroney and Ynalvez 2007;
Moroney et al., 2011). In light, the chloroplast stroma has a pH of ~8 and the thylakoid lumen
227
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a pH of 4-5, at which bicarbonate is the dominant Ci species in the chloroplast stroma, while
CO2 is the dominant Ci species in the thylakoid lumen. Bicarbonate transported into the
thylakoid lumen is thus converted to CO2, and in this way increases the local CO2
concentration in the thylakoid lumen as well as in the adjacent pyrenoid in which RuBisCO is
located. Several carbonic anhydrases and bicarbonate transporters are involved in this CCM
(Spalding, 2008), yet much less is known about the CCM genes and proteins of eukaryotic
algae compared to cyanobacteria.
An interesting selection experiment revealed that when C. reinhardtii was exposed to
elevated CO2 for 1,000 generations, some cell lines lost the ability to induce high-affinity CO2
uptake (Collins and Bell 2004; Collins et al., 2006). This was assigned to mutations in CCM
genes. This firstly shows that Chlamydomonas, similar to cyanobacteria, likely has a set of highaffinity and low-affinity Ci uptake genes, and secondly that eukaryotic algae can evolve in
response to elevated CO2. In contrast to these results, Low-Décarie et al. (2013) indicated that
they found no evidence for irreversible evolutionary change in response to elevated CO2 in
long-term evolution experiments with seven axenic freshwater phytoplankton species
(including five eukaryotic species and two cyanobacteria). A possible explanation for the lack of
evolutionary change in their experiments is that Low-Décarie et al. (2013) worked with axenic
strains, and hence did not introduce genetic variation in their experiments. Their results differ
markedly from our laboratory competition experiments and field study at Lake Kennemermeer
(Chapter 5), which showed that elevated CO2 can rapidly alter the genetic composition of
Microcystis populations, by selecting for bicA strains without the high-affinity bicarbonate
uptake gene sbtA.

Combatting harmful blooms
Eutrophication and climate change are foreseen to intensify harmful cyanobacterial blooms. To
counter the increasing dominance of harmful cyanobacteria like Microcystis, eutrophication of
lakes should be halted or reversed by nutrient reduction measures and other effective
treatments against harmful cyanobacterial blooms. Examples of successful lake treatments
include hydrogen peroxide addition (H2O2; Matthijs et al., 2012) and artificial mixing of deep
lakes (Visser et al., 1996; Huisman et al., 2004). Potassium addition has also been suggested,
because earlier reports indicated that Microcystis can be very sensitive to potassium (Parker et
al., 1997). However, the results of Chapter 8 show that potassium sensitivity varies among
Microcystis strains. In particular, salt-tolerant Microcystis strains are also tolerant of high
potassium concentrations. Hence, the application of potassium to combat Microcystis blooms
might be successful in freshwater lakes on the short-term, but in due time salt-tolerant
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Afterthoughts
Microcystis strains and other (potentially harmful) cyanobacterial species are likely to succeed
the suppressed Microcystis strains (Chapter 8).

Conclusions
This thesis has contributed to a better understanding of how harmful cyanobacteria deal with
changes in Ci concentrations in their natural habitat. The results demonstrate that harmful
cyanobacterial blooms are well-adapted to large diel and seasonal fluctuations in Ci
concentrations, and show how cyanobacteria subtly adjust their cells at the molecular and
physiological level to changes in Ci availability. Harmful cyanobacteria are therefore likely to
benefit strongly from increasing CO2 levels in eutrophic lakes. In particular, elevated CO2
levels will favor the dominance of cyanobacterial strains with the low-affinity but high-flux Ci
uptake gene bicA.
Beyond the cyanobacteria, one of the key lessons of this work is that future climate
change studies should keep in mind the large genetic and physiological variation within species.
It would be interesting and valuable to further elucidate the (diversity of) CCMs in other
species, to assess how rising CO2 concentrations may affect the species composition of our
planet in the coming decades.
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List of frequently used abbreviations,
symbols and genes

2PG

2-phosphoglycerate

3PG

3-phosphoglycerate

ATP
BCT1

adenosine triphosphate
ATP-dependent bicarbonate uptake system (high affinity, low flux)

bicA
BicA

gene encoding sodium-dependent bicarbonate uptake system BicA
sodium-dependent bicarbonate uptake system (low affinity, high flux)

CA
CCM

carbonic anhydrase
CO2-concentrating mechanism

ccmR
ccmR2

gene encoding transcriptional regulator CcmR
gene encoding transcriptional regulator CcmR2

cDNA
Ci

complementary DNA, synthesized from messenger RNA
inorganic carbon

Chl a

chlorophyll a (pigment)

chpY (=cupA)
chpX (=cupB)

gene encoding CO2 hydration subunit of CO2 uptake system NDH-I3
gene encoding CO2 hydration subunit of CO2 uptake system NDH-I4

cmpA
CO2(aq)

gene encoding bicarbonate-binding subunit of uptake system BCT1
carbon dioxide dissolved in water

CO32DIC

carbonate
dissolved inorganic carbon

DOC
HCO3-

dissolved organic carbon
bicarbonate

gCO2

CO2 gas influx

gDNA
flv1-4

genomic DNA
genes encoding flavodiiron proteins, involved in oxidative stress protection

I / Iin / Iout
isiA

irriadiance / incident irriadiance / irradiance penetrating through vessel
gene encoding iron stress-induced protein

K0.5
KH

half-saturation constant
solubility constant of CO2 gas in water

MC
mcyB

microcystin (hepatotoxin)
microcystin synthetase gene

NADPH
NDH-I3

nicotinamide adenine dinucleotide phosphate
CO2 uptake system (high affinity, low flux)

NDH-I4

CO2 uptake system (low affinity, high flux)

nhaS1-6
PAR

genes encoding sodium/proton antiporters
photosynthetically active radiation, spectral range used for photosynthesis

pCO2

partial pressure of CO2
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PKS

polyketide synthetase

ppm

parts per million

PSI
PSII

photosystem I
photosystem II

rbcX
ROS

gene encoding RuBisCO chaperone
reactive oxygen species, chemically reactive molecules containing oxygen

RT-qPCR
RuBisCO

reverse transcription quantitative polymerase chain reaction
ribulose-1,5-bisphosphate carboxylase/oxygenase

sbtA
SbtA

gene encoding bicarbonate uptake system SbtA (high affinity, low flux)
sodium-dependent bicarbonate uptake system (high affinity, low flux)

sbtB
v

gene found downstream of sbtA, associated with sbtA
gas transfer velocity (piston velocity) across the air-water interface
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Effects of rising CO2 on the harmful cyanobacterium Microcystis
Harmful cyanobacteria (‘blue-green algae’) are notorious for causing worldwide ecological and
economical problems in eutrophic lakes and reservoirs, where they can produce dense and
often toxic blooms. Climate change is foreseen to have large effects on these photosynthetic
microorganisms. Yet, while several studies have investigated effects of global warming on
harmful cyanobacteria, the implications of rising CO2 have received relatively little attention.
Cyanobacteria are often assumed to be favored at low inorganic carbon conditions, because of
the presence of an effective CO2-concentrating mechanism (CCM) to fix CO2. But how will
they perform at elevated CO2 levels? This thesis investigates the impact of elevated CO2 on
various strains of the ubiquitous harmful cyanobacterium Microcystis aeruginosa.
The following questions are addressed:
1) How variable are the CCMs within the genus Microcystis? (Chapter 2)
2) What are the adaptations of Microcystis to elevated CO2? (Chapter 3)
3) What are the similarities and differences in CCM gene expression (1) among
Microcystis strains, and (2) between Microcystis and other cyanobacteria? (Chapters 2
and 4)
4) How are the Microcystis CCM genes regulated in situ? (Chapter 6)
5) Can genetic variability of the Microcystis CCM cause strain-specific differences in
growth rate at elevated CO2 concentrations? (Chapters 2 and 4)
6) Does rising CO2 affect the competition between different Microcystis strains, and if so,
which strains will benefit most? (Chapter 5)
7) What are the effects of rising CO2 on other harmful cyanobacteria? (Chapter 7)
8) Will rising CO2 concentrations stimulate cyanobacterial blooms and make them more
toxic? (Chapters 2, 3, 5 and 7)
9) Is potassium ion addition an effective method to combat harmful cyanobacterial
blooms? (Chapter 8)
To investigate the first question, 20 Microcystis strains from different continents were studied at
the gene level. Cyanobacteria often use a combination of CO2 and bicarbonate uptake systems
to import inorganic carbon (Ci). Genes encoding the two CO2 uptake systems, the ATPdependent bicarbonate transporter BCT1, the CO2-fixing enzyme RuBisCO and carboxysomes
(compartments containing RuBisCO) were detected in all 20 Microcystis strains. Eight of the
analyzed strains also contain the genes bicA and sbtA, encoding the sodium-dependent
bicarbonate uptake systems BicA and SbtA, respectively. BicA has a low affinity for bicarbonate
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and high flux rate, whereas SbtA has a high affinity and low flux rate. Affinity refers to the
effectiveness of bicarbonate uptake at low bicarbonate concentrations, whereas the flux rate
refers to the bicarbonate uptake rate at high bicarbonate concentrations. A unique feature of
these Microcystis strains is that the genes bicA and sbtA are present in one operon and are cotranscribed. In contrast to these Ci uptake generalists, 12 of the 20 analyzed Microcystis strains
lack either the bicA or sbtA gene. The results show that Microcystis strains have adapted
differently to the wide natural variation in CO2 concentrations.
The second question was answered in chemostat experiments with Microcystis PCC
7806. Changes in the transcriptome (expression of all genes in the genome) were monitored
from 45 minutes up to 2 weeks after increasing the CO2 concentration. Surprisingly, elevated
CO2 affected the expression of only a small number of genes. The bicarbonate uptake genes
were downregulated at elevated CO2. Other regulated genes were involved in the stress
response of the cells, control of the cellular C/N ratio, and the production of two weakly
characterized polyketides. Expression of genes encoding the CO2 uptake systems, carboxysome,
RuBisCO, photosystems, C metabolism and microcystin synthetases did not respond
significantly to elevated CO2.
The third question was answered by exposing batch cultures of six different
Microcystis strains to elevated CO2. The high-affinity gene cmpA (encoding a subunit of the
bicarbonate uptake system BCT1) was downregulated at elevated CO2 in all strains. Most
strains also downregulated bicA and sbtA at elevated CO2, but two strains showed constitutive
expression of these bicarbonate uptake genes. The high-flux BicA uptake system remained
active at high CO2 levels in all strains containing the bicA gene. Interestingly, expression of the
high- and low-affinity CO2 uptake genes of Microcystis was not affected by elevated CO2,
which deviates from most other cyanobacterial species that downregulate the high-affinity CO2
uptake genes. The carboxysome and RuBisCO genes were also constitutively expressed in all
Microcystis strains. We discovered a new CCM transcriptional regulator gene (ccmR2), located
upstream of the bicA-sbtA operon. Both ccmR2 and the bicA-sbtA operon are so far unique for
Microcystis.
The fourth question was answered with an in situ study at Lake Kennemermeer (the
Netherlands) of a cyanobacterial bloom that contained Microcystis. The lake showed large diel
fluctuations in bicarbonate, pH and dissolved oxygen as a consequence of the photosynthetic
activity of the bloom. Expression of the bicarbonate uptake genes of Microcystis was tuned to
the diel variation in bicarbonate concentration. In contrast, expression of the CO2 uptake genes
was constitutive, and expression of the RuBisCO and carboxysomal genes was slightly
increased during nighttime.
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To address the fifth question, a series of laboratory experiments were carried out in
batch culture at different CO2 concentrations. The results showed that strains with the highaffinity gene sbtA perform better at low Ci concentrations, strains with the high-flux gene bicA
perform better at high Ci concentrations, and bicA+sbtA strains containing both genes perform
well across the entire range of Ci conditions investigated.
The sixth question was addressed by investigating mixtures with multiple Microcystis
strains in laboratory competition experiments and a lake study. The competition experiments
and lake study both showed that strains with the high-flux gene bicA have a selective advantage
at elevated Ci levels. These results provide laboratory and field evidence that changes in Ci
availability induce rapid adaptive changes in the genotype composition of harmful
cyanobacterial blooms. Hence, future cyanobacterial blooms may have a genetic composition
that differs from contemporary blooms.
The seventh question was answered by analyzing recently sequenced genomes of other
harmful cyanobacteria, including Anabaena, Aphanizomenon and Planktothrix strains. These
cyanobacteria also showed intraspecific variation in the presence of the bicA and sbtA genes,
similar to Microcystis, suggesting that they are well adapted to a wide range of CO2 conditions.
However, in Anabaena, Aphanizomenon and Planktothrix, bicA and sbtA are not organized in
one operon, and in some strains both bicA and sbtA are absent. Presumably, these harmful
cyanobacteria display a similar phenotypic variation as Microcystis, with a selective advantage
for strains with the high-affinity uptake systems SbtA and/or BCT1 at low Ci conditions and a
selective advantage for strains with the high-flux uptake system BicA at high Ci conditions.
To address the eighth question, it was shown that there was no direct connection
between the presence of the Ci uptake genes bicA or sbtA and the microcystin synthetase genes.
In chemostat experiments with Microcystis PCC 7806, elevated CO2 levels led to a shift from
carbon- to light-limited conditions. The strain contained ~2.5 times more unbound
microcystins per cell at elevated CO2, indicating that the cells can become more toxic at
elevated CO2 levels. Biomass of this strain increased strongly at elevated CO2, suggesting that
cyanobacterial blooms will intensify in eutrophic lakes. Furthermore, the dry weight of the cells
was reduced twofold, indicating that elevated CO2 can promote buoyancy of the cells, and thus
scum layer formation in lakes. Hence, elevated CO2 is foreseen to worsen the problems with
Microcystis blooms in eutrophic lakes.
The ninth question was answered by investigating the potassium ion sensitivity of
selected laboratory Microcystis strains. Strain PCC 7806, originating from brackish water, was
not affected by the increased potassium ion concentration, while the growth of two freshwater
Microcystis strains was strongly reduced. The potassium ion sensitivity of the freshwater strains
was linked to the absence of specific salt tolerance genes. These results show that the salt
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tolerance and potassium sensitivity of Microcystis differ between strains. Hence, on the short
run, potassium ion addition might be a successful remediation strategy to combat Microcystis
blooms in freshwater lakes, but over time more tolerant Microcystis strains or other
cyanobacteria are likely to become dominant.
This thesis contributes to a better understanding of how harmful cyanobacteria respond to
climate change. The results show how cyanobacteria subtly adjust their cells at the molecular
and physiological level to changes in Ci availability. Furthermore, the results demonstrate how
genetic diversity in the Ci uptake systems provide cyanobacteria with the potential for rapid
microevolutionary adaptation to changes in CO2 conditions, with a selective advantage for
strains with the high-flux bicarbonate uptake gene bicA at elevated CO2 levels. Hence, one of
the key lessons of this work is that future studies of climate change effects should keep in mind
the large genetic and physiological variation within species. In total, the results indicate that a
further rise of the atmospheric CO2 concentration is likely to increase the frequency and
intensity of cyanobacterial blooms in eutrophic waters, and possibly may also increase their
toxicity. The predicted intensification of cyanobacterial blooms should be countered by the
reduction of CO2 emissions and the development of effective methods to combat and prevent
harmful cyanobacterial blooms.
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Effecten van stijgend CO2 op de schadelijke cyanobacterie Microcystis
Schadelijke cyanobacteriën (‘blauwalgen’) zijn bekende veroorzakers van wereldwijde
ecologische en economische problemen in oppervlaktewateren zoals voedselrijke meren, waar ze
dichte en vaak toxische bloeien kunnen vormen. Het is voorzien dat klimaatverandering grote
effecten zal hebben op deze fotosynthetische microorganismen. Terwijl verschillende studies de
effecten van stijgende temperaturen hebben onderzocht, hebben de mogelijke gevolgen van
stijgende CO2-concentraties tot nog toe weinig aandacht gekregen. Vaak wordt aangenomen
dat cyanobacteriën voordeel hebben bij lage CO2-condities, door de aanwezigheid van een
effectief CO2-concentreermechanisme (CCM) om CO2 te fixeren. Maar hoe presteren ze bij
verhoogde CO2-niveaus? Dit proefschrift onderzoekt de effecten van stijgende CO2concentraties op verschillende stammen van de wijdverspreide schadelijke cyanobacterie
Microcystis aeruginosa.
De volgende vragen worden behandeld:
1) Hoe variabel zijn de CCM’s binnen het genus Microcystis? (Hoofdstuk 2)
2) Wat zijn de aanpassingen van Microcystis bij verhoogde CO2-concentraties?
(Hoofdstuk 3)
3) Wat zijn de overeenkomsten en verschillen in CCM-genexpressie (1) tussen
Microcystis stammen onderling, en (2) tussen Microcystis en andere cyanobacteriën?
(Hoofdstukken 2 en 4)
4) Hoe worden de CCM-genen van Microcystis gereguleerd? (Hoofdstuk 6)
5) Kan genetische variatie in de CCM’s leiden tot verschillen in groeisnelheid van
Microcystis stammen bij verhoogde CO2-concentraties? (Hoofdstukken 2 en 4)
6) Heeft stijgende CO2 invloed op de competitie tussen verschillende Microcystis
stammen, en zo ja, welke stammen hebben het meeste voordeel? (Hoofdstuk 5)
7) Wat zijn de effecten van stijgend CO2 op andere schadelijke cyanobacteriën?
(Hoofdstuk 7)
8) Zullen stijgende CO2-concentraties bloeien van schadelijke cyanobacteriën stimuleren
en hun toxiciteit verhogen? (Hoofdstukken 2, 3, 5 en 7)
9) Is toevoeging van kaliumionen een effectieve methode om schadelijke cyanobacteriën
te bestrijden? (Hoofdstuk 8)
Om de eerste vraag te onderzoeken zijn 20 Microcystis stammen uit verschillende delen van de
wereld op genniveau onderzocht. Cyanobacteriën gebruiken vaak een combinatie van CO2- en
bicarbonaat-opnamesystemen om anorganische koolstof (Ci) te importeren in hun cellen. Alle
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20 stammen bevatten genen die coderen voor de twee CO2-opnamesystemen, de ATPafhankelijke bicarbonaattransporter BCT1, het CO2-fixatie-enzym RuBisCO en carboxyzomen
(compartimenten die RuBisCO bevatten). Acht van de onderzochte stammen hadden ook de
genen bicA en sbtA, die coderen voor de natrium-afhankelijke bicarbonaatopnamesystemen
BicA en SbtA. BicA heeft een lage affiniteit voor bicarbonaat en een hoge opnamesnelheid,
terwijl SbtA een hoge affiniteit heeft en een lage opnamesnelheid. Met affiniteit wordt hier
bedoeld de effectiviteit van bicarbonaatopname bij lage bicarbonaatconcentraties, terwijl de
opnamesnelheid refereert naar de bicarbonaatopname bij hoge bicarbonaatconcentraties. Een
unieke eigenschap van deze Microcystis stammen is dat de genen bicA en sbtA zich bevinden op
hetzelfde operon en dus gezamenlijk worden getranscribeerd (co-transcriptie). In tegenstelling
tot deze Ci-opnamegeneralisten, misten 12 van de 20 Microcystis stammen het bicA of sbtA gen.
De resultaten laten zien dat Microcystis stammen zich op verschillende wijze hebben aangepast
aan de natuurlijke variatie in CO2-concentraties.
De tweede vraag is beantwoord met behulp van chemostaatexperimenten met
Microcystis PCC 7806. Veranderingen in het transcriptoom (expressie van alle genen in het
genoom) van deze stam werden bekeken van 45 minuten tot 2 weken na het verhogen van de
CO2-concentratie. De verhoogde CO2-concentratie had slechts effect op de expressie van een
verrassend klein aantal genen. De bicarbonaatopnamegenen waren omlaag gereguleerd bij
verhoogde CO2. Andere gereguleerde genen waren betrokken bij de stress respons van cellen,
controle van de cellulaire C/N ratio en de productie van twee nader te karakteriseren
polyketides. De verhoogde CO2-concentratie leidde niet tot significante veranderingen in
genexpressie van de CO2-opnamesystemen, het carboxysoom, RuBisCO, de fotosystemen, het
C metabolisme en de microcystine synthetases.
De derde vraag is beantwoord door batch culturen met zes verschillende Microcystis
stammen bloot te stellen aan verhoogde CO2-concentraties. Het hoge-affiniteit-gen cmpA
(coderend voor een subunit van het bicarbonaatopnamesysteem BCT1) werd in alle stammen
omlaag gereguleerd. De meeste stammen verlaagden ook de genexpressie van bicA en sbtA bij
verhoogde CO2-concentraties, terwijl in twee stammen de expressie van deze
bicarbonaatopnamegenen niet werd aangepast. Het hogesnelheidsopnamesysteem BicA bleef
actief bij hoge CO2-concentraties in alle stammen met het bicA gen. Opvallend genoeg werd de
expressie van de hoge- en lage-affiniteit-CO2-opnamegenen van Microcystis niet beïnvloed door
verhoogde CO2-concentraties, in tegenstelling tot de meeste andere cyanobacteriën die de
expressie van hun hoge-affiniteit-CO2-opnamegenen verlagen. Expressie van de carboxysoom
en RuBisCO genen werd in geen van de Microcystis stammen aangepast. We ontdekten een
nieuw CCM transcriptioneel regulatorgen (ccmR2), dat zich stroomopwaarts van het bicA-sbtA
operon bevindt. Zowel ccmR2 als het bicA-sbtA operon zijn tot nu toe uniek voor Microcystis.
265

De vierde vraag is beantwoord met een veldstudie in het Kennemermeer (Nederland)
van een cyanobacteriële bloei met Microcystis. Het meer vertoonde grote dagelijkse
schommelingen in bicarbonaat, pH en opgelost zuurstof als een gevolg van de fotosyntheseactiviteit van de bloei. Expressie van de bicarbonaatopnamegenen van Microcystis was afgestemd
op de dagelijkse variatie in de bicarbonaatconcentratie. Expressie van de CO2-opnamegenen
vertoonde echter geen dagelijkse variatie en expressie van de RuBisCO- en carboxysoomgenen
was iets verhoogd tijdens de nacht.
Om de vijfde vraag te onderzoeken zijn een serie van laboratoriumexperimenten
uitgevoerd in batch-culturen bij verschillende CO2-concentraties. De resultaten laten zien dat
stammen met het hoge-affiniteit-gen sbtA beter presteren bij lage Ci-concentraties, stammen
met het hogesnelheids-gen bicA beter presteren bij hoge Ci-concentraties, terwijl stammen die
beschikken over beide genen goed presteren over het hele bereik van onderzochte Ci-condities.
De zesde vraag is onderzocht door mengsels van verschillende Microcystis stammen te
bestuderen in laboratorium competitie-experimenten en in een veldstudie van een
cyanobacteriële bloei in een eutroof meer. De competitie-experimenten en de veldstudie laten
beide zien dat stammen met het hogesnelheids-gen bicA een selectief voordeel hebben bij
verhoogde Ci-concentraties. De resultaten leveren zowel experimenteel als observationeel bewijs
dat veranderingen in de Ci beschikbaarheid leiden tot snelle adaptieve veranderingen in de
genotypesamenstelling van schadelijke cyanobacteriën. Dit suggereert dat cyanobacteriële
bloeien in de toekomst waarschijnlijk een genetische samenstelling zullen hebben die verschilt
van de huidige bloeien.
De zevende vraag is beantwoord door recent gesequencede genomen van andere
schadelijke cyanobacteriën te analyseren, waaronder Anabaena, Aphanizomenon en Planktothrix
stammen. Deze cyanobacteriën lieten ook intraspecifieke variatie zien in de aanwezigheid van
bicA en sbtA, net als bij Microcystis, wat suggereert dat ze goed zijn aangepast aan een wijde
range van CO2-condities. Echter, in Anabaena, Aphanizomenon en Planktothrix zijn bicA en
sbtA niet ondergebracht in hetzelfde operon, en in sommige stammen zijn zowel bicA als sbtA
afwezig. Waarschijnlijk laten deze schadelijke cyanobacteriën een vergelijkbare fenotypische
variatie zien als Microcystis, met een selectief voordeel voor stammen met de hoge-affiniteitopnamesystemen SbtA en/of BCT1 bij lage Ci-concentraties en een selectief voordeel voor
stammen met het hogesnelheids opname systeem BicA bij hoge Ci-concentraties.
De achtste vraag is beantwoord door aan te tonen dat er geen direct verband is tussen
de aanwezigheid van de Ci-opnamegenen bicA of sbtA en de microcystine-synthetase-genen. In
chemostaatexperimenten met Microcystis PCC 7806 leidde verhoogde CO2-concentraties tot
een verschuiving van koolstof-gelimiteerde naar licht-gelimiteerde condities. De stam bevatte
~2.5 keer meer ongebonden microcystine per cel bij verhoogde CO2-concentraties, wat
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aangeeft dat de cellen toxischer kunnen worden bij stijging van het CO2-niveau. De biomassa
van de stam was sterk toegenomen bij verhoogde CO2-concentraties, wat suggereert dat
cyanobacteriële bloeien in eutrofe meren intenser worden. Daarnaast was het drooggewicht van
de cellen gehalveerd, wat doet vermoeden dat verhoogde CO2-concentraties het drijfvermogen
van cellen kan bevorderen en daarmee de vorming van drijflagen in meren kan stimuleren.
Deze resultaten geven aan dat stijgende CO2-concentraties de problemen met Microcystis in
eutrofe meren waarschijnlijk zullen verergeren.
De negende vraag is beantwoord door onderzoek naar de kaliumgevoeligheid van
geselecteerde Microcystis stammen. Stam PCC 7806, die oorspronkelijk is geïsoleerd uit brak
water, werd niet beïnvloed door verhoogde kalium concentraties, terwijl de groei van twee
zoetwater Microcystis stammen sterk gereduceerd werd. De kaliumgevoeligheid van de
zoetwater stammen lijkt samen te hangen met de afwezigheid van specifieke genen betrokken
bij zoutwatertolerantie. Dit laat zien dat Microcystis stammen verschillen in hun
zoutwatertolerantie en kaliumgevoeligheid. Het gevolg is dat kaliumtoevoeging op korte
termijn een succesvolle beheersmethode kan zijn om Microcystis bloeien in zoet water te
bestrijden, maar dat op de langere termijn waarschijnlijk minder kaliumgevoelige Microcystis
stammen of andere tolerante cyanobacteriën de dominantie zullen overnemen.
Dit proefschrift draagt bij aan een beter begrip van hoe schadelijke cyanobacteriën reageren op
klimaatverandering. De resultaten laten zien hoe cyanobacteriën hun cel op moleculair en
fysiologisch niveau op subtiele wijze kunnen aanpassen aan de Ci beschikbaarheid. Ook laten
de resultaten zien dat de genetische diversiteit in Ci-opnamesystemen van cyanobacteriën kan
leiden tot een snelle micro-evolutie, waarbij de genotype samenstelling van de bloei zich
aanpast aan veranderingen in de CO2-concentratie. Hierbij hebben stammen met het
hogesnelheids-bicarbonaatopnamegen bicA een selectief voordeel bij hoge Ci-concentraties. Een
van de belangrijkste lessen van dit werk is daarom dat toekomstige studies naar de effecten van
klimaatsverandering attent moeten zijn op de genetische en fysiologische variatie binnen
soorten. Alles samenvattend geven de resultaten aan dat verdere stijging van de CO2concentratie waarschijnlijk zal leiden tot een toename van de frequentie en intensiteit van
cyanobacteriële bloeien in eutrofe wateren, en mogelijk ook de toxiciteit van deze bloeien zal
verhogen. De voorspelde toename van cyanobacteriële bloeien zou kunnen worden beperkt
door reductie van de CO2-uitstoot en door de verdere ontwikkeling van effectieve methoden
om schadelijke cyanobacteriën te bestrijden.
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