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Rapid microevolutionary adaptation of Microcystis 

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 ATP-
dependent 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 5.2. 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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