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Abstract 13 

Elevated pCO2 may promote phytoplankton growth, and potentially alleviate carbon 14 

limitation during dense blooms. Under nitrogen-limited conditions, elevated pCO2 may 15 

furthermore alter the phytoplankton carbon: nitrogen (C:N) balance and thereby the synthesis 16 

of secondary metabolites, such as cyanobacterial toxins. A common group of these toxins are 17 

microcystins, with variants that not only differ in C:N stoichiometry, but also in toxicity. Here, 18 

we hypothesized that elevated pCO2 will increase the cellular C:N ratios of cyanobacteria, 19 

thereby promoting the more toxic microcystin variants with higher C:N ratios. To test this 20 

hypothesis, we performed chemostat experiments under nitrogen-limited conditions, exposing 21 

three Microcystis aeruginosa strains to two pCO2 treatments: 400 and 1200 µatm. Biomass, 22 

cellular C:N ratios and total microcystin contents at steady state remained largely unaltered in 23 

all three strains. Across strains and treatments, however, cellular microcystin content 24 

decreased with increasing cellular C:N ratios, suggesting a general stoichiometric regulation. 25 

Furthermore, as predicted, microcystin variants with higher C:N ratios generally increased 26 

with elevated pCO2, while the variant with a low C:N ratio decreased. Thus, elevated pCO2 27 

under nitrogen-limited conditions may shift the cellular microcystin composition towards the 28 

more toxic variants. Such CO2 driven changes may have consequences for the toxicity of 29 

Microcystis blooms.  30 
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Introduction 31 

Atmospheric pCO2 has substantially increased since the start of the Industrial Revolution, 32 

from 285 µatm in 1850 to today’s 400 µatm, a level far exceeding the natural range of the past 33 

850,000 years (Petit et al. 1999; Siegenthaler et al. 2005; Lüthi et al. 2008). Climate change 34 

scenarios predict that atmospheric pCO2 will rise further, reaching up to 1,000 µatm by the 35 

end of 21
st
 century (IPCC 2014). Such high CO2 concentrations may not only promote 36 

phytoplankton primary production in freshwater ecosystems (Schippers, Lürling and Scheffer 37 

2004; Verspagen et al. 2014b), but also alleviate inorganic carbon limitation that can occur 38 

during dense phytoplankton blooms (Ibelings and Maberly 1998; Verspagen et al. 2014b). 39 

These dense blooms particularly occur during warm summers in eutrophic systems, and are 40 

often dominated by harmful cyanobacteria (Schindler et al. 1972; Smith, Tilman and Nekola 41 

1999; Jöhnk et al. 2008). 42 

Various cyanobacteria have the ability to produce toxins, and thus threaten aquatic 43 

ecosystem services such as drinking water production, irrigation, and recreation (Harper 44 

1992). Among the most common cyanobacterial toxins are microcystins, a family of 45 

heptapeptides that can cause serious damage to the liver and other organs (Sivonen and Jones 46 

1999; Carmichael 2001; Zurawell et al. 2005). Microcystins have a general molecular 47 

structure that consists of seven amino acids, of which two amino acid positions are variable 48 

(Welker and von Döhren 2006). Changes in these two variable positions and other smaller 49 

structural differences results in the production of many microcystin variants, of which over 50 

100 have been described so far (Neilan et al. 2008). As a result of their distinct amino acid 51 

composition, microcystin variants differ in their C:N stoichiometry. For instance, 52 

microcystin-RR contains the nitrogen-rich arginine (R) on both variable positions, and thus 53 

has a relatively low C:N ratio of 3.8. In contrast, microcystin-LY contains the less nitrogen-54 

rich leucine (L) and tyrosine (Y), resulting in a relatively high C:N ratio of 7.4 (Table 1).  55 

 by guest on February 23, 2016
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 

http://femsec.oxfordjournals.org/


4 
 

Microcystin variants do not only differ in their C:N ratios, but also in their toxicity 56 

(Sivonen and Jones 1999; Chen et al. 2006; Hoeger et al. 2007). For example, microcystin-57 

RR has an LD50 of 600 μg kg
-1 

(i.p. on mice), while the LD50 of microcystin-LY has been 58 

estimated to be about 10-fold lower (Table 1) (Rinehart, Namikoshi and Choi 1994). Mouse 59 

toxicity data are only available for a limited number of microcystin variants. For some 60 

variants, including microcystin-LW and microcystin-LF, recent in vitro studies have shown 61 

that, on cellular level, they are distinctly more toxic than microcystin-LR, the variant that is 62 

mostly used for risk assessments (Feurstein et al. 2009; Vesterkvist et al. 2012). This higher 63 

toxicity is due to more rapid transport of the hydrophobic variants into cells such as human 64 

hepatocytes (Fischer et al. 2010). Although microcystin-LR, microcystin-RR, and 65 

microcystin-YR are most commonly reported in literature, also microcystin-LW and 66 

microcystin-LF may occur frequently in natural waters and can contribute substantially to the 67 

overall toxicity of blooms (Faassen and Lürling 2013). Yet, little is known about the impacts 68 

of environmental factors on the synthesis of these microcystin variants. 69 

Cellular microcystin content is affected by the availability of nitrogen, and generally 70 

decreases under nitrogen limitation (Van de Waal et al. 2009; Van de Waal et al. 2014). The 71 

availability of nitrogen may furthermore determine which amino acids are produced (Allen 72 

1984; Oppermann-Sanio and Steinbüchel 2002). As cyanobacteria can change the proportion 73 

of amino acids incorporated in microcystins (Tonk et al. 2008), changes in nitrogen 74 

availability may thus cause shifts in the synthesis of specific microcystin variants. For 75 

instance, resupply of nitrogen to nitrogen limited Planktothrix cells caused a strong relative 76 

increase in cellular concentrations of the nitrogen-rich arginine, and particularly led to an 77 

increase in cellular quota of microcystin-RR relative to microcystin-LR (Van de Waal et al. 78 

2010). The assimilation of carbon and nitrogen are closely coupled, notably in the synthesis of 79 

amino acids (Flores and Herrero 2005; Commichau, Forchhammer and Stülke 2006). Through 80 
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a series of anabolic and catabolic pathways, CO2 is converted into various organic carbon 81 

compounds that provide carbon skeletons for amino acids. Elevated pCO2 may, therefore, 82 

potentially affect the production of different microcystin variants.  83 

Freshwater systems are generally considered to be phosphorus limited, but the 84 

importance of nitrogen limitation is becoming increasingly acknowledged (Elser et al. 2007; 85 

Paerl et al. 2014). In many eutrophic lakes, enhanced anthropogenic phosphorus inputs 86 

relative to nitrogen have led to the situation that nitrogen frequently limits growth and 87 

abundance of cyanobacteria during bloom periods (Xu et al. 2010; Chaffin and Bridgeman 88 

2013). Although the impacts of elevated pCO2 on growth and biomass build-up under 89 

nitrogen limited conditions is expected to be small, cellular C:N ratios may increase 90 

(Verspagen et al. 2014a). As a consequence, the production and composition of microcystin 91 

variants may change as well. Specifically, with elevated pCO2 we predict a decrease in the 92 

cellular contents of microcystin variants exhibiting lower C:N ratios, and an increase in the 93 

more toxic variants exhibiting higher C:N ratios. To test this hypothesis, we cultured three 94 

Microcystis aeruginosa strains with distinct microcystin profiles under nitrogen limitation in 95 

chemostat systems, and exposed the cultures to present day pCO2 (400 µatm) and a future 96 

scenario (1200 µatm). 97 

Material and methods 98 

Growth conditions 99 

The three strains Microcystis aeruginosa NIES1099, HUB524 and PCC7820 were grown in 100 

1.7 L flat vessel chemostats at an incoming light intensity of 120 ± 15 µmol photons m
-2

 s
-1

 101 

supplied by daylight tubes (PL-L 24W/840/4p, Philips) at a light-dark cycle of 16:8 hrs. 102 

Temperature was kept constant at 22 ± 1 
o
C by means of a cooling finger, and homogenous 103 
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mixing was ensured by aeration. Cultures were grown in modified WC-medium (Kilham et al. 104 

1998), adjusted to 50 µmol L
-1

 PO4
3-

, 500 µmol L
-1

 HCO3
¯, and 200 µmol L

-1
 NO3

¯. The 105 

dilution rate was set at 0.2 d
-1

. Cultures were supplied with compressed air at a flowrate of 106 

about 25 L h
-1

, with a pCO2 of 400 µatm in the control conditions. Steady state was reached 107 

when biovolume remained stable over a period of two weeks, with a deviation of <10% from 108 

the mean. After four weeks of acclimatization, and two weeks of steady state measurements 109 

for control conditions, pCO2 was elevated to 1200 µatm by means of mass flow controllers 110 

(delta smart II, Brooks instrument). Also for the elevated pCO2 treatment, cultures were 111 

acclimated for a period of four weeks, and samples were taken during a two week steady state 112 

period. 113 

Sampling and analyses 114 

During acclimatization, every second or third day, pH and temperature were measured by a 115 

pH electrode (pH/cond 340i, WTW) at mid-day (i.e. at 8 ± 1 hrs after the onset of the light). 116 

At the same time, samples were taken for cell and biovolume determination using an 117 

automated cell counter (Multisizer
TM

 3 Coulter Counter, Beckman), with duplicated counts of 118 

2 × 500 µL isotone solution (0.9% NaCl solution, Beckman) containing 10-25 µL of sample. 119 

At steady state, additional samples were taken for dissolved inorganic nitrogen (DIN), cellular 120 

carbon and nitrogen contents, and microcystin contents and composition, for a period of two 121 

weeks. To prevent large sample volumes (i.e. >6% of total vessel volume), samples for 122 

cellular elements and microcystins were taken on alternated days, and amounted to a final 123 

number of three samples for each strain and each treatment covering a period of at least 9 124 

days. Weekly samples for alkalinity (TIM 840 Titration Manager, Radiometer Analytical) 125 

allowed regular determination of pCO2 and [CO2] in the chemostats using the freshwater 126 

option in the CO2sys program developed for MS Excel (Pierrot, Lewis and Wallace 2006), 127 
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with pH and temperature values measured on the respective days. Samples for dissolved 128 

nutrients were obtained by filtering of 10-15 mL through a 0.2 µm mixed cellulose membrane 129 

filter (Sartorius), and were stored in the dark at -20
o
C. Prior to analyses, samples for DIN 130 

were thawed and concentrations of NO3
¯, NO2

¯and NH3 were then determined by a QuAAtro 131 

segmented flow AutoAnalyzer (Seal Analytical, Beun DeRonde), according to the methods 132 

described by Armstrong, Stearns and Strickland (1967), Gordon et al. (1993) and Kéuroul and 133 

Aminot (1997) with detection limits of 0.02 μmol L
-1

 for NO3
¯ and NO2

¯ , and 0.04 μmol L
-1

 134 

for NH3.  135 

For analyses of cellular carbon and nitrogen, 15-30 mL of cell suspension was filtered 136 

through a demi-water pre-washed 25 mm GF/F filter (Whatman
TM

), which was subsequently 137 

dried overnight at 60
o
C and stored in a desiccator. A subsample of 9-13% was taken from 138 

each filter by perforation. The acquired punches were then folded in a tin cup and the sample 139 

was analyzed on a CN analyzer (Flash 1112, Interscience). 140 

For the analyses of microcystins, 15-30 mL cell suspension was filtered through a 25 141 

mm GF/F filter (Whatman
TM

), and stored at -20
o
C. Prior to extraction, filters were freeze-142 

dried for 6 hrs. Filters were transferred into a 2.5 mL 75% MeOH solution, and incubated at 143 

60
o
C for 30 min. Extracts were centrifuged and the supernatant was transferred into new 8 mL 144 

glass collection tubes. Extraction and transfer of supernatant was repeated twice, and the 145 

collected extract was evaporated in a Savant™ SPD121P speedvac (Thermo Scientific) at 146 

50
o
C for 6-8 hrs. The dried pellet was dissolved in 3 × 300 µL 100% MeOH and filtered 147 

through a 0.2 μm cellulose-acetate filter (Grace Davison Discovery Science) in an Eppendorf 148 

tube by centrifugation for 5 min at 16,000 × g (Galaxy 16DH, VWR
TM

). The filtrate was 149 

transferred to an amber vial and stored at -20
 o
C. Samples were analyzed for the microcystin 150 

variants [Dhb
7
] microcystin-RR, microcystin-RR, [Dhb

7
] microcystin-LR, microcystin-LR, 151 

microcystin-YR, microcystin-LY, microcystin-LF and microcystin-LW by LC-MS/MS. 152 
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Analyses were performed as described in (Lürling and Faassen 2013). In short, separation was 153 

performed with an Agilent 1200 LC and an Agilent Zorbax Eclipse XDB-C18 4.6 × 150 mm, 154 

5 μm column, with water with 0.1% formic acid and acetonitrile with 0.1% formic acid as 155 

eluents. The Agilent 6410 MS/MS was operated in positive mode with an ESI source. For 156 

each variant, two transitions were monitored in MRM mode. Samples were quantified against 157 

a calibration curve in methanol, standards were obtained from DHI LAB products (Hørsholm). 158 

Results 159 

In all chemostats, carbonate chemistry was well constrained for both applied CO2 treatments 160 

(Table 2). As a result of biomass build-up, pCO2 at steady state was lower than the initiated 161 

pCO2. Yet, treatments showed distinct differences in pCO2 with average values of 325-349 162 

µatm at the present-day CO2 treatment, and 1007-1077 µatm at the high CO2 treatment. 163 

Dissolved inorganic nitrogen concentrations were comparably low in all chemostats, with 164 

average steady state concentrations of 2.1-4.3 µmol L
-1

.  165 

The tested M. aeruginosa strains responded differently to elevated pCO2 in terms of 166 

population densities. At steady state, biovolume of NIES1099 and PCC7820 remained 167 

unaltered, while the biovolume of HUB524 showed a decrease at elevated pCO2 (Fig.1a). 168 

Responses in cell volumes were strain specific, showing a decrease in NIES1099, an increase 169 

in HUB524 while PCC7820 did not change in response to elevated pCO2 (Fig. 1b). Cellular 170 

carbon and nitrogen contents, as well as C:N ratios, showed no significant differences, except 171 

in HUB524, where cellular nitrogen contents decreased with elevated pCO2 (Fig. 2a, b and c). 172 

Comparably, also changes in total cellular microcystin content were non-significant (Fig. 2d). 173 

Six microcystin variants were detected in NIES1099, three in HUB524 and four in PCC7820. 174 

NIES1099 and HUB524 produced relatively high amounts of microcystin-RR (including 175 

[Dhb
7
] microcystin-RR<1%), microcystin-YR and microcystin-LR (including [Dhb

7
] 176 
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microcystin-LR<1%), and NIES1099 further produced smaller amounts of microcystin-LW, 177 

microcystin-LF, and microcystin-LY. Strain PCC7820 produced a relatively high amount of 178 

microcystin-LR (including [Dhb
7
] microcystin-LR<1%), as well as microcystin-LY, 179 

microcystin-LW and microcystin-LF (Fig. 3).  180 

The cellular microcystin composition responded to elevated pCO2 in all three strains. 181 

In HUB524, microcystin-RR and microcystin-LR showed a decrease, while the relative 182 

content of microcystin-YR increased. Similarly, microcystin composition in PCC7820 shifted 183 

towards less microcystin-LR, but showed an increase in microcystin-LF. Shifts with respect to 184 

microcystin composition in NIES1099 showed a tendency towards less microcystin-RR as 185 

well, and more microcystin-YR, microcystin-LW, microcystin-LY and microcystin-LF (Fig. 186 

3).  187 

    Although the cellular C:N ratios did not change with elevated pCO2, the total 188 

cellular microcystin content was negatively correlated with the cellular C:N ratios across M. 189 

aeruginosa strains and CO2 treatments (Fig.4; R
2
=0.74, n=6, P = 0.03). Furthermore, 190 

microcystin variants with high C:N ratios seemed to increase with elevated pCO2, though this 191 

was only significant for microcystin-LF (Fig. 5). In contrast, the variants with low C:N ratios, 192 

notably microcystin-RR, showed a decrease with elevated pCO2 (Fig. 5). As a consequence, 193 

the relative contribution of different microcystin variants showed a positive correlation with 194 

their respective C:N ratios for strains NIES1099 (R
2
= 0.97, n=6, P=0.003) and PCC7820 (R

2
= 195 

0.77, n=4, P=0.02).  196 

Discussion 197 

Biomass build-up differed between the strains, but the response to elevated pCO2 was 198 

generally small for all three strains (Fig. 1a). It thus seems that the imposed nitrogen 199 
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limitation constrained cell growth, also when more CO2 was provided. This is in line with 200 

comparable experiments on M. aeruginosa HUB524 exposed to a range of CO2 201 

concentrations under nitrogen limited conditions (Van de Waal et al. 2009; Verspagen et al. 202 

2014a). In contrast to these earlier studies, however, cellular C:N ratios in our experiments 203 

remained unaltered (Fig. 2a). Apparently, all three strains lacked the ability to use the 204 

additional CO2 for growth or storage. The three strains showed distinct cell volumes, which 205 

responded different to elevated pCO2 (Fig. 1b). Such CO2 dependent changes in cell volume 206 

may have consequences for the overall ability of cells to cope with nitrogen limitation. 207 

Specifically, having a smaller surface area to volume ratio, larger cells may be less efficient 208 

and thus yield a lower biomass under nitrogen limited conditions. HUB524 indeed showed an 209 

increase in cell size combined with a lower biovolume build-up in response to elevated pCO2. 210 

However, NIES1099 and PCC7820 did not show such response between cell volume and 211 

biomass.  212 

Reasons for the observed strain-specific responses in cell volume are unclear. Yet, it 213 

should be noted that our strains of M. aeruginosa were uni- and bi-cellular, which is a normal 214 

growth form under laboratory conditions, while its typical morphological appearance in the 215 

field is in colonies often embedded in mucilage (Geng, Qin and Yang 2013). Such 216 

morphological differences could have an influence on the response of strains to altered 217 

environmental conditions, though none of the three strains in our experiments showed a shift 218 

in the presence of uni-cellular versus bi-cellular morphologies. Different responses of strains 219 

to elevated pCO2 may result from differences in their carbon concentrating mechanisms 220 

(CCMs), which include various processes that facilitate inorganic carbon acquisition 221 

(Giordano, Beardall and Raven 2005). Indeed, strain specific differences in bicarbonate 222 

transporters have been reported for M. aeruginosa (Sandrini et al. 2014), which were 223 

furthermore shown to respond differently to elevated pCO2 (Sandrini et al. 2015). Whether 224 
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such strain-specific differences in the presence and regulation of bicarbonate transporters may 225 

be related to cell size remains to be elucidated.  226 

Not only biovolume and cellular C:N ratios showed minor responses to elevated pCO2, 227 

also total cellular microcystin content remained largely unaltered (Fig. 2b). Irrespective of the 228 

small strain specific changes in C:N ratios and total microcystin contents, total cellular 229 

microcystin contents showed an increase with decreasing C:N ratios across strains and CO2 230 

conditions. We observed no significant correlation between microcystin contents and carbon 231 

or nitrogen contents. Thus, an increase in the relative nitrogen to carbon contents (i.e. a lower 232 

C:N ratio) yielded higher cellular microcystin contents, irrespective of the specific strain or 233 

pCO2. In a genetically diverse M. aeruginosa population, the cellular C:N ratio may be related 234 

to the amount of microcystins that can be produced. We note, however, that the microcystins 235 

that formed a covalent bond or conjugated to other intracellular compounds were not included 236 

in our study, as only the free methanol soluble fraction was investigated (Meissner, Fastner 237 

and Dittmann 2013). Elevated pCO2 may potentially induce oxygenic stress, particularly 238 

under resource limited conditions (Jähnichen et al. 2007; Paerl and Otten 2013) and it has 239 

been shown that bound microcystins can play a role in reducing oxidative stress (Zilliges et al. 240 

2011). Whether the binding capacity of microcystins may change with elevated pCO2 still 241 

requires further investigation.  242 

The microcystin composition shifted in response to elevated pCO2, with a general 243 

increase in the contribution of microcystin-LY and microcystin-LF, while the contribution of 244 

microcystin-RR decreased (Fig. 5). Both strain PCC7820 and strain NIES1099 showed an 245 

increase in the microcystin variants with a high C:N ratio, and a decrease in microcystin 246 

variants with a lower C:N ratio. Strain HUB524 did not produce the microcystin variants that 247 

have a high C:N ratio, but did show a decrease in microcystins with a lower C:N ratio (i.e. 248 

microcystin-RR and microcystin-LR). With relatively small changes in the total microcystin 249 
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content, the observed shifts in microcystin composition likely reflect a shift in the cellular 250 

availability of specific amino acids, which in turn are incorporated in the variable amino acid 251 

positions. Indeed, arginine, leucine, and aromatic amino acids have distinct assimilation 252 

pathways, especially with respect to carbon (Fig. 6).  253 

The nitrogen incorporated into different amino acids is derived from the same source, 254 

i.e. glutamine or glutamate, which uses 2-oxoglutarate (2-OG) as carbon skeleton. Glutamate 255 

also is a direct precursor for arginine (R), which contains four nitrogen atoms, and so is the 256 

nitrogen richest amino acid (Fig. 6). However, 2-OG is not the only carbon skeleton for amino 257 

acids. For instance, pyruvate derived from glycolysis provides a carbon skeleton for leucine 258 

(L). While the carbon skeleton for aromatic amino acids, i.e. tryptophan (W), phenyl-alanine 259 

(F) and tyrosine (Y), is derived from two intermediate products, phosphoenolpyruvate (PEP) 260 

in glycolysis and erythrose 4-phosphate (E4P) in either the pentose phosphate pathway (PPP) 261 

or Calvin Circle (CC). It is not clear how elevated pCO2 may alter the synthesis of amino 262 

acids in cyanobacteria. Yet, in higher plants it has been shown that the contents of the 263 

aromatic amino acids tryptophan (W) and phenyl-alanine (F) increased with elevated pCO2, 264 

while the contents of other amino acids remained unaltered (Ainsworth et al. 2006; Li et al. 265 

2008). In addition to that, Ainsworth et al. (2006) found a transcript associated with aromatic 266 

amino acid biosynthesis which also increased with pCO2. Such internal shifts in amino acid 267 

biosynthesis in response to elevated pCO2 may, therefore, eventually be responsible for the 268 

changes in microcystin composition. Specifically, microcystin variants with aromatic amino 269 

acids occupying one of the two variable positions, such as microcystin-LW and microcystin-270 

LF, may increase with elevated pCO2. On the other hand, the relative decrease in microcystin-271 

RR is most probably due to lower arginine contents under enhanced nitrogen limitation (Van 272 

de Waal et al. 2010).  273 
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The different microcystin variants differ in their toxicity, which is strongly associated 274 

to the hydrophobicity of their structural amino acids. For instance, in microcystin-LW and 275 

microcystin-LF, the more hydrophobic amino acids phenylalanine (F) and tryptophan (W) are 276 

incorporated on one of the two variable positions, while microcystin-LR comprises the more 277 

hydrophilic amino acid arginine (R) on that particular position. Although intracellular 278 

phosphatase inhibition is similar among microcystin congeners, hydrophobicity strongly 279 

influences the affinities and transporting capacities of organic anion transporting polypeptides. 280 

Consequently, microcystin-LW and microcystin-LF are taken up much more rapidly or with 281 

higher affinity by human embryonic kidney cells and human primary hepatocytes leading to 7 282 

to 60 times higher cytotoxicity than microcystin-LR (Fischer et al. 2010). Likewise, 283 

microcystin-LW and microcystin-LF induced more pronounced cytotoxic effects on Caco-2 284 

cells as compared to microcystin-LR (Vesterkvist et al. 2012). The observed CO2-driven 285 

increases in the relative contribution of microcystin-LF may thus have profound impacts on 286 

human health according to these in vitro toxicity tests. For instance, toxicity based on the 287 

shifts in toxin composition showed an average increase of 11% for NIES1099 and 30% for 288 

PCC7820, though the variation was too large for these changes to be significant.  289 

 In natural waters, CO2 is often saturated at the onset of a bloom, while it may become 290 

under-saturated during bloom development, and even limit cyanobacteria growth (Lazzarino 291 

et al. 2009; Balmer and Downing 2011; Verspagen et al. 2014b). Elevated pCO2 enhances the 292 

influx of CO2 into the water, and potentially alleviates, at least partially, inorganic carbon 293 

limitation in a dense cyanobacteria scum (Paerl and Ustach 1982; Ibelings and Maberly 1998). 294 

CO2 limitation may also occur at a microscale within Microcystis colonies due to a putative 295 

reduction in CO2 diffusion through the mucilage, which is presumably stronger in larger 296 

colonies (Ma et al. 2014). This limitation may be possibly counteracted by bacterial 297 

remineralization of the mucilage (Paerl 1996; Paerl and Millie 1996). Thus, CO2 298 
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concentrations can vary substantially not only during the development of a bloom, but also at 299 

a microscale within Microcystis colonies (Paerl and Ustach 1982). Our results demonstrate 300 

that under nitrogen limited conditions, changes in CO2 concentrations may have consequences 301 

for the microcystin variants that can be produced, and thereby alter the toxicity of a bloom.  302 
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 448 

Table 1. Characteristics of different microcystin variants used in this study, including the 449 

amino acids incorporated on the two variable positions, and their respective C:N ratio, LD50 450 

value (i.p. on mice) and relative toxicity (based on microcystin-LR). n.d., not determined. 451 

  
Amino acids at variable positions C:N ratio LD50 

(μg kg
-1

) 

 Toxicity factor
1
 

   

microcystin-RR Arginine (R) Arginine (R) 3.8 600 0.08 

microcystin-LR Arginine (R) Leucine (L) 4.9 50 1 

microcystin-YR Arginine (R) Tyrosine (Y) 5.2 70 0.29 

microcystin-LY Leucine (L) Tyrosine (Y) 7.4 90 0.56 

microcystin-LW Leucine (L) Tryptophan (W) 6.8 n.d. 7 

microcystin-LF Leucine (L) Phenylalanine (F) 7.4 n.d. 7 

 1
Based on Faassen and Lürling (2013) 452 

 453 

 454 

Table 2. Overview of the experimental treatments and steady state characteristics of pCO2, 455 

[CO2], pH and residual dissolved inorganic nitrogen (DIN). Values show mean ± SD over the 456 

steady state period (n=6). 457 

Strain 
CO2 treatment 

(µatm) 
pCO2

1
 

(µatm) 
 

[CO2]
 1
 

(µmol L
-1

) 
pH 

Residual DIN 

(µmol L
-1

) 

NIES1099 400 325 ± 26  12.0 ± 1.0 8.17 ± 0.05 4.3 ± 2.7 

1200 1007 ± 165  37.1 ± 6.1 7.69 ± 0.05 3.4 ± 1.2 

HUB524 400 325 ± 95  12.0 ± 3.5 8.21 ± 0.09 3.1 ± 1.9 

1200 1077 ± 98  39.7 ± 3.6 7.66 ± 0.04 2.1 ± 1.4 

PCC7820 

  

400 349 ± 38  12.9 ± 1.4 8.16 ± 0.04 2.6 ± 0.8 

1200 1062 ± 125  39.1 ± 4.6 7.66 ± 0.04 3.3 ± 2.9 

    1
Values were calculated by CO2sys (Pierrot, Lewis and Wallace 2006) based on pH, 458 

temperature and alkalinity  459 
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FIGURES 461 

 462 

Fig. 1 Population densities (a) and cell volumes (b) of three M. aeruginosa strains at steady 463 

state under present day and high pCO2. Bars show mean ± SD (400 µatm: n=7, 1200 µatm: 464 

n=6) over the steady state period. Significant effects of elevated pCO2 are indicated by an 465 

asterisks (P < 0.05).        466 
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 468 

 469 

 Fig. 2 Cellular carbon contents (a), nitrogen contents (b), C:N ratios (c) and total cellular 470 

microcystin contents (d) of three M. aeruginosa strains at steady state under present day and 471 

high pCO2. Bars show mean ± SD (n=3) over the steady state period. Significant effects of 472 

elevated pCO2 are indicated by an asterisks (P < 0.05). 473 
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 475 

Fig. 3 Relative contribution of each microcystin variant to total microcystin contents for each 476 

M. aeruginosa strain under present day and high pCO2 with microcystin-RR (a), microcystin-477 

LR (b), microcystin-YR (c), microcystin-LY (d), microcystin-LW (e)  and microcystin-LF (f). 478 

Bars show mean ± SD (n=3) over the steady state period. Significant effects of elevated pCO2 479 

are indicated by an asterisks (P < 0.05). 480 
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 481 

Fig. 4 Total microcystin contents as a function of cellular C:N ratios of three M. aeruginosa 482 

strains under present day and high pCO2. Dashed line indicates linear regression (R²=0.74, 483 

P=0.03). Open symbols indicate present day pCO2, and closed symbols indicate high pCO2. 484 

Circle, square and triangle represent NIES1099, HUB524 and PCC7820, respectively. Values 485 

represent mean ± SD (n=3) over the steady state period. 486 

  487 

 by guest on February 23, 2016
http://fem

sec.oxfordjournals.org/
D

ow
nloaded from

 

http://femsec.oxfordjournals.org/


26 
 

 488 

Fig. 5 Response ratios of different microcystin variants as a function of their respective C:N 489 

ratios in three M. aeruginosa strains, indicated by the vertical dashed lines. Data are given as 490 

natural-log transformed response ratios in which the relative contribution of each microcystin 491 

variant at elevated pCO2 was divided by its value at present day pCO2 and then ln-transformed. 492 

The horizontal solid line indicates lack of response (i.e. response ratio = 0). Oblique dashed 493 

lines indicate linear regressions of NIES1099 (R
2
= 0.97, P=0.003) and PCC7820 (R

2
= 0.77, 494 

P=0.02). Open circle, filled square and open triangle represent strains NIES1099, HUB524 495 

and PCC7820 respectively. Values represent mean ± SD (n=3) over the steady state period. 496 
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 498 

Fig. 6 Schematic diagram of inorganic carbon and nitrogen assimilation for amino acids in a 499 

microcystin-producing cyanobacterium. Inorganic nitrogen is incorporated as ammonium 500 

through the glutamine synthetase-glutamate synthase pathway into a carbon skeleton derived 501 

from 2-oxoglutarate (2-OG), which is generated by tricarboxylic acid cycle (TCA). The 502 

resulting glutamine (Gln) or glutamate (Glu) are used for the synthesis of other amino acids, 503 

including arginine (Arg). Besides 2-OG also pyruvate, derived from glycolysis (G ), provides 504 

carbon skeletons for amino acids, including leucine (Leu). The carbon skeleton for aromatic 505 

amino acids (i.e. tyrosine (Tyr), phenyl-alanine (Phe) and tryptophan (Try)) are derived from 506 

two intermediate products, phosphoenolpyruvate (PEP) from GL, and erythrose 4-phosphate 507 

(E4P) from either the pentose phosphate pathway (PPP) or the Calvin Circle (CC). From the 508 

cellular amino acid pool (dashed box), different microcystin variants can be produced (i.e. 509 

microcystin-XZ, where X and Z refer to the variable amino acid positions). Ci, inorganic 510 

carbon. 511 
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