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Dissolved oceanic CO2 concentrations are rising as result of increasing atmospheric partial pressure of CO2
(pCO2), which has large consequences for phytoplankton. To test how higher CO2 availability affects different
traits of the toxic dinoflagellate Alexandrium ostenfeldii, we exposed three strains of the same population to 400
and 1,000 µatm CO2, and measured traits including growth rate, cell volume, elemental composition, 13C frac
tionation, toxin content, and volatile organic compounds (VOCs). Strains largely increased their growth rates and
particulate organic carbon and nitrogen production with higher pCO2 and showed significant changes in their
VOC profile. One strain showed a significant decrease in both PSP and cyclic imine content and thereby in
cellular toxicity. Fractionation against 13C increased in response to elevated pCO2, which may point towards
enhanced CO2 acquisition and/or a downscaling of the carbon concentrating mechanisms. Besides consistent
responses in some traits, other traits showed large variation in both direction and strength of responses towards
elevated pCO2. The observed intraspecific variation in phenotypic plasticity of important functional traits within
the same population may help A. ostenfeldii to negate the effects of immediate environmental fluctuations and
allow populations to adapt more quickly to changing environments.

1. Introduction
The atmospheric partial pressure of CO2 (pCO2) is increasing at an
exceptional rate due to anthropogenic activities (Hönisch et al., 2012;
Stocker et al., 2013). The oceans act as the world’s largest exogenic
carbon reservoir and will take up more CO2 as atmospheric concentra
tions rise (Post et al., 1990; Riebesell et al., 2009). This will result in a
change in the speciation of dissolved inorganic carbon (DIC) in the upper
ocean layer, and a subsequent drop in pH values. This ocean acidifica
tion is expected to have considerable consequences for marine life
(Doney et al., 2009; Dutkiewicz et al., 2015; Falkowski et al., 1998;
Hurd et al., 2020). Specifically for organisms living in the surface layer
of the oceans, such as phytoplankton, that utilize CO2 for photosynthesis
(Beardall et al., 2009).
Phytoplankton vary in their inorganic carbon (C) acquisition due to

differences in the operation of carbon concentrating mechanisms (CCMs;
Giordano et al., 2005). These CCMs are responsible for increasing the
concentration of CO2 in the vicinity of Ribulose-1,5-bisphosphate car
boxylase/oxygenase (RubisCO) to ensure effective carboxylation
(Badger et al., 1998; Thoms et al., 2001), and include active CO2 and
HCO−3 uptake, the use of carbonic anhydrase (CA) to accelerate the
interconversion between CO2 and HCO−3 , and minimization of CO2 efflux
(leakage) from the cell (Giordano et al., 2005; Reinfelder, 2011). Di
noflagellates possess the very inefficient type II RubisCO, which among
all eukaryotic phytoplankton exhibits the lowest affinity for its substrate
CO2 (Badger et al., 1998; Morse et al., 1995). However, studies suggest
that dinoflagellates are not C limited at present atmospheric CO2 levels
due to the operation of effective CCMs (Eberlein et al., 2014; Fu et al.,
2008; Ratti et al., 2007; Rost et al., 2006; Van de Waal et al., 2019). They
could nonetheless benefit from higher CO2 concentrations by
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downscaling their CCMs and reallocate energy and resources towards
other cellular processes (Rost et al., 2008; Van de Waal and Litchman,
2020).
Alterations in oceanic carbonate chemistry could thus lead to
changes in the expression of various phytoplankton functional traits. For
instance, nitrogen (N) limitation combined with elevated pCO2 resulted
in reduced N stress in Alexandrium fundyense and Scrippsiella trochoidea
presumably due to reallocation of energy from C to N assimilation as a
consequence of lowered costs of C acquisition (Eberlein et al., 2016).
Moreover, growth rates and toxicity increased in response to elevated
pCO2 in dinoflagellate species Karlodinium veneficum and A. catenella (Fu
et al., 2008; Tatters et al., 2013). In contrast, unaltered growth rates and
a decrease in cellular toxicity were observed for two strains of
A. fundyense due to higher CO2 concentrations (Van de Waal et al.,
2014). Trait responses may also vary within populations, as several
A. ostenfeldii strains from the Baltic Sea responded differently to CO2 in
experiments (Kremp et al., 2012). Slower growing strains generally
showed an increase in growth rate, while faster growing strains did not
respond or responded negatively. However, alterations in toxin pro
duction were more consistent, as all tested strains increased their
toxicity through higher saxitoxin (STX) production (Kremp et al., 2012).
Phytoplankton, including dinoflagellates, may also emit volatile
organic compounds (VOCs; Fink, 2007; Lawson et al., 2019; Zuo, 2019).
These are compounds of low molecular weight, well known as swift
infochemicals in both aquatic and terrestrial ecosystems (Schmidt et al.,
2015), and may play a variety of roles in phytoplankton metabolism and
ecology. For instance, these compounds may help in grazer defense and
interactions with other micro-organisms (Fink, 2007), or can be
important in relieving abiotic stress and protection against pathogens
(Shiojiri et al., 2006; Sunda et al., 2002). VOCs are thought to be pro
duced during active growth (Buchan et al., 2014) and can be regulated
by changes in abiotic conditions, such as light and nutrient availability
(Bromke et al., 2013; Halsey et al., 2017) or microbial interactions
(Schmidt et al., 2015). We expect that elevated pCO2 will increase C
assimilation and, consequently, increase VOC synthesis, as VOCs are
C-rich compounds that comprise a significant part of the dissolved
organic carbon pool (Hauser et al., 2013; Ruiz-Halpern et al., 2010). The
overall regulation of VOCs is referred to as the ‘volatilome’, which has
been shown to vary across phytoplankton species (Lawson et al., 2019).
It is still unclear whether the volatilome may also vary across strains.
Harmful algal bloom (HAB)-forming species, and specifically di
noflagellates, are known to possess a high genetic and phenotypic
variation within populations, and this is thought to contribute to their
success (Alpermann et al., 2010; Brandenburg et al., 2018; Burkholder
and Glibert, 2006; Godhe et al., 2016; Maranda et al., 1985; Medlin
et al., 2000). Functional trait variation within populations enhances
complementarity of traits, which can result in higher resource use effi
ciencies, enhanced resistance to consumers, and resilience to environ
mental changes (Bolnick et al., 2011; Hooper et al., 2005; Violle et al.,
2012). In addition to standing variation in populations that is mainly
beneficial for the longer term selection and adaptation (Barrett and
Schluter, 2008), phenotypic plasticity in trait responses can buffer the
immediate effects of environmental fluctuations and allow individual
strains to persist by widening their ecological niche (Charmantier et al.,
2008; Litchman et al., 2012). Strains may differ in their trait plasticity
ranges, where low trait plasticity can reflect stronger specialization
under more stable environmental conditions, while higher plasticity
may be favorable in dynamic environments (Nicotra et al., 2010), as is
the case during the development of HABs.
Here, we assess how the regulation of various functional traits
changes in response to elevated pCO2 in three strains of A. ostenfeldii
derived from a single population. A. ostenfeldii is a notorious producer of
various neurotoxins, including paralytic shellfish poisoning (PSP)
toxins, and cyclic imine toxins, such as gymnodimines (GYM) and spi
rolides (SPX; Cembella et al., 2000). A. ostenfeldii usually occurs in low
background numbers in phytoplankton assemblages, though blooms of

this species have become more prominent in recent years (Borkman
et al., 2012; Burson et al., 2014; Kremp et al., 2009; Tomas et al., 2012).
The three studied strains were isolated from a small creek in the
Netherlands, where dense blooms annually recur since 2012 (Branden
burg et al., 2017; Burson et al., 2014; Van de Waal et al., 2015). Mi
crosatellite analysis of this population revealed that strains were
genetically very similar, presumably due to a geographical bottleneck
effect, but possessed considerable phenotypic trait variation (Branden
burg et al., 2018). Consequently, we also expect some intraspecific
variation in trait responses to alterations in carbonate chemistry. Tested
traits included growth rate, cell size, elemental composition, toxin
content, 13C fractionation, and untargeted VOC production.
2. Material & methods
2.1. Culturing
The three Alexandrium ostenfeldii strains (AON13, AON15, AON5.26)
used in this experiment were isolated from the Ouwerkerkse Kreek, the
Netherlands (51˚62’N, 3˚99’E), a brackish water creek, during summer
blooms in 2015 (AON5.26) and 2016 (AON13; AON15). Cultures of
these strains were kept in ½K – medium (after Keller et al., 1987), using
0.2 µm sterilized North Sea water adjusted to a salinity of 10 by dilution
with demineralized water. Prior to the experiment, culture medium was
pre-aerated with air containing pCO2 of 400 µatm (ambient CO2 treat
ment) and 1000 µatm (high CO2 treatment). These concentrations were
obtained by mixing pressurized air with CO2 (100%) using mass flow
controllers (SLA5800 series, Brooks Instruments, Hatfield, US). CO2
concentrations were verified by a nondispersive infrared analyzer sys
tem (LI-820, LI-COR Biosciences, Bad Homburg, Germany). Before the
start of the experiment, cultures were first acclimated to the experi
mental CO2 concentrations for 14 days, representing at least 3 genera
tions. Cultures were subsequently inoculated with densities of ~400
cells mL− 1 and grown in 2 L round bottom flasks in triplicates, at a
temperature of 18 ◦ C and an incident light intensity of 85 µmol photons
m− 2s− 1, with a light dark cycle of 16:8 h. Every other day, samples for
assessing carbonate chemistry and cell densities were taken. After at
least 3 generations, cultures were harvested in exponential growth phase
at densities of approximately 4.0 × 103 cells mL− 1 for the assessment of
elemental composition, toxin content, 13C fractionation, and untargeted
VOC analysis as described below.
2.2. Carbonate chemistry
The pH of the cultures was measured every other day using a 2-point
calibrated pH meter (Multi 350i, WTW, Weilheim, Germany). Samples
for dissolved inorganic carbon (DIC) were taken simultaneously over the
course of the experiment and analyzed with a TIC/TOC analyzer (TOCLCPH FA, E200 Total Organic Carbon Analyser; ASI-L Autosampler,
Shimadzu, Kyoto, Japan). The carbonate chemistry was subsequently
calculated with CO2sys (Pierrot et al., 2006) using pHNBS (National
Bureau of Standards) and DIC of each time point. Equilibrium constants
of Mehrbach et al. (1973), refitted by Dickson and Millero (1987) were
chosen.
2.3. Growth rate and cell size
Cell densities were estimated by taking a sample for cell counts every
other day. A sample of 5 mL was taken and fixed with Lugol’s iodine
solution (Lugol) to a final concentration of 1% and stored in the dark at 4
◦
C until analysis. 1 mL aliquots of sample were subsequently counted on
an inverted microscope (DMI 4000B; Leica Microsystems CMS GmbH,
Mannheim, Germany), this was done in triplicate for samples from the
harvest day. Specific growth rates (µ) were calculated for each replicate
of each strain by fitting an exponential function through all cell counts
over time, following:
2
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Nt = N0 expμt

εp =

where Nt refers to the cell concentrations at time t, and N0 to the cell
concentrations at the start of each experiment.
Lugol fixed samples from the harvest day were used for cell size
measurements (diameter) with an inverted microscope (DMI 4000B;
Leica Microsystems CMS GmbH, Mannheim, Germany), and software
Cell^D (Imaging software for Life Sciences Microscopy, Olympus, Tokyo,
Japan). The diameter data was then used to calculate cell volume
assuming an ellipsoid shape. For each replicate, at least 100 cells were
measured.

In order to calculate the isotopic composition of CO2 (δ13CCO2) from
δ13CDIC, we calculated the isotopic composition of HCO−3 (δ13CHCO3-)
based on δ13CDIC according to a mass balance relation following Zeebe
and Wolf-Gladrow (2001) and the temperature-dependent fractionation
−
factors between CO2 and HCO−3 and CO2−
3 and HCO3 , as determined by
Mook et al. (1974) and Zhang et al. (1995), respectively.
2.7. VOC analysis

2.4. Elemental composition

Volatile organic compounds (VOCs) were measured at the harvest
day of each experiment. 75 mL of culture from each replicate was
transferred to sterile flasks and two Rotilabo®-silicone tubes (PDMS
tubes; Carl Roth GmbH+Co. KG, Karlsruhe, Germany) were added to
each flask for collecting VOCs. The PDMS tubes were pretreated as
described by Kallenbach et al. (2015). The tubes were incubated with
the cultures for exactly 20 min, after which they were removed and kept
at − 20 ◦ C until further analysis.
VOCs were desorbed from the PDMS tubes by using an automated
thermodesorption unit (model UnityTD-100, Markes International Ltd.,
UK) at 250 ◦ C for 12 min (He flow 50 mL min− 1). The desorbed VOCs
were subsequently collected on a cold trap at − 10 ◦ C and introduced
into the GC-QTOF (model Agilent 7890B GC and the Agilent 7200AB
QTOF, USA) by heating the cold trap for 10 min to 280 ◦ C. The column
used was a 30 × 0.25 mm ID DB-5MS with as film thickness of 0.25 μm
(Agilent 122–5532, USA). The temperature program was as follows: 2
min. at 39 ◦ C, 3.5 ◦ C min− 1 to 95 ◦ C, 4 ◦ C min− 1 to 165 ◦ C and finally 15
◦
C min− 1 to 280 ◦ C that was held for 15 min. VOCs were detected by the
MS operating at 70 eV in EI mode. Mass spectra were acquired in full
scan mode (30–400 AMU, 4 spectra s− 1). The collected GC/MS data were
subsequently converted to mzData files using the Chemstation B.06.00
(Agilent Technologies, Santa Clara, USA) and further processed (peak
picking, baseline correction and peak alignment) in an untargeted
manner using MZmine V2.14.2 (Schulz-Bohm et al., 2015; Tyc et al.,
2015).

Particulate organic carbon (POC), particulate organic nitrogen
(PON) and particulate organic phosphorus (POP) were determined in
20–40 mL of culture material collected on a pre-combusted glass mi
crofiber filter (Whatman GF/F, Maidstone, UK). Filters were dried
overnight at 60 ◦ C and stored in the dark until further analyses. For POC
and PON analyses, and δ13CPOC, a subsample (14%) of every filter was
punched out and folded into a tin cup (as a whole filter does not fit into
the cups) and analyzed on an elemental analyzer (Flash 2000, Thermo
Scientific, Karlsruhe, Germany) coupled to an isotope ratio mass spec
trometer (IRMS, Thermo Scientific, Karlsruhe, Germany; Morriën et al.,
2017). δ13CPOC was reported relative to the Vienna PeeDee Belemnite
standard (VPDB). POP was analyzed by first combusting the remainder
of the filter (86%) for 30 min at 550 ◦ C in Pyrex glass tubes, followed by
a digestion step with 5 mL persulfate (2.5%) for 30 min at 120 ◦ C. This
digested solution was measured for PO3−
4 on a QuAAtro39 AutoAnalyzer
(SEAL Analytical Ltd., Southampton, UK).
2.5. Toxin sampling and analyses
Samples for toxin analyses (PSP toxins and cyclic imines) were taken
by filtration of 20–40 mL of A. ostenfeldii culture over glass microfiber
filters (GF/F, Whatman, Maidstone, UK), which were stored at − 20 ◦ C
until further analysis. PSP toxins were determined by ion pair liquid
chromatography coupled to post-column derivatization and fluores
cence detection, as described in Krock et al. (2007) and Van de Waal
et al. (2015). The cyclic imine toxin measurements (SPX and GYM) were
performed on a 1100 LC liquid chromatograph (Agilent, Waldbronn,
Germany) coupled to a 4000 Q Trap triple-quadrupole mass spectrom
eter (SCIEX, Darmstadt, Germany) with a Turbo V ion source. Toxins
were quantified by external calibration curves of SPX-1 and GYM A with
standard solutions ranging from 10 to 1000 pg µL− 1, each. Other SPXs
and GYMs for which no standards are available were calibrated against
the SPX-1 and GYM A calibration curve, respectively, and expressed as
SPX-1 or GYM A equivalents. For further details, also see Van de Waal
et al. (2015).
2.6.

13

(δ13 CCO2 − δ13 CPOC )
(
)
13 C
POC
1 + δ 1000

2.8. Statistical analyses
Statistical analyses were performed in R version 3.6.3 (R Core Team
2018). A generalized linear model (glm) was fitted to the each of the
measured traits including fixed effects for CO2 and strain, and an
interaction effect between strain and CO2 to assess significant responses.
Data was checked for normality and residuals were checked for heter
oscedasticity. Pairwise comparisons (following the Tukey method) be
tween the two CO2 treatments and between the three strains were made
to assess significant differences in the traits using the R package
“emmeans” (Lenth et al., 2020). We also tested whether the strains
responded differently to elevated pCO2 by comparing their response to
each of the measured traits using the “contrast” function from the R
package “emmeans”.
The significance of the relationship between 13C fractionation and
the concentration of CO2 in the water, and POC production/[CO2] was
tested using linear model and a hyperbolic regression following Hoins
et al. (2015), respectively.
Multivariate analysis of processed and normalized (log trans
formation and mean centered) GC–MS data was conducted with
MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/MetaboAnalyst, Xia
et al., 2015), where we used a partial least squares discriminant analysis
(PLS-DA) using the R package “mixOmics” to illustrate the differences in
the mass traces of VOCs produced by the strains and between CO2
treatments (Rohart et al., 2017).

C fractionation

For isotopic measurements of the dissolved inorganic carbon
(δ13CDIC), every other day 4 mL of culture suspension was filtered
through sterile 0.2 μm cellulose acetate filters (VWR International,
Amsterdam, the Netherlands) and stored at 4 ◦ C. 0.7 mL of the filtrate
was then transferred to 8 mL vials, which contained three drops of 102%
H3PO4 solution, and headspaces filled with helium. After equilibration,
the isotopic composition in the headspace was measured using a GasBench-II coupled to a Thermo Delta-V advantage isotope ratio mass
spectrometer, with a precision of ±0.1‰.13C fractionation (εp) was
calculated relative to the isotopic composition of dissolved CO2 in the
water (δ13CCO2) with an equation modified after Freeman and Hayes
(1992):
3
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3. Results

production (Fig. 2; P<0.01). In AON5.26, C:P ratios showed a significant
increase, while N:P ratios increased for both AON5.26 and AON15
(P<0.05; Table 2). εp values only increased significantly for AON15
(P<0.01; Table 1). Across strains, εp values increased with CO2 con
centration (Fig. 4a). Moreover, when corrected for C demand, εp showed
a negative hyperbolic relationship with POC production/[CO2] (i.e. 13C
fractionation increased when C demand over supply was low, and vice
versa), though with a lower correlation coefficient (Fig. 4b).
Elevated pCO2 also caused a change in VOC production in all strains,
illustrated by the separation in volatilomes based on partial least squares
discriminant analysis (Fig. 3). Blends of VOCs produced by AON15 and
AON5.26 showed a stronger shift with elevated CO2 than those pro
duced by AON13 (based on the most explanatory component). With
more CO2, AON13 was still more different in its volatilome as compared
to AON15 and AON5.26, although this difference decreased based on
the most explanatory component 1. We observed clear changes in upand downregulation of mass traces of VOCs with elevate pCO2 (Fig. 5),
with the highest number of mass traces (53) being upregulated in strain
AON13 and down-regulated (132) in strain AON15.
We also tested whether strains responded differently to elevated
pCO2 for each trait and found that AON5.26 exhibited a stronger in
crease in growth, and PON and POC content and production than both
AON13 and AON15 (Fig. 1a, 2). On the other hand, AON15 showed a
stronger decrease in toxicity and cyclic imine toxin content than the
other two strains, and a significant stronger decrease in PSP toxin con
tent than AON13 (Fig. 1b-d). In STX quotas, both AON15 and AON5.26
showed a comparable decrease in response to CO2, while this was not the
case for AON13 (Fig. S2).

3.1. Experiment control
The carbonate chemistry between the ambient and high CO2 treat
ments was significantly different for all three strains during the exper
iment (Table 1; P<0.001), despite a drift in pH due to biomass build-up.
Specifically, mean pCO2 ranged between 213 and 357 µatm in the
ambient CO2 treatments, and between 479 and 676 µatm in the high CO2
treatments.
3.2. Comparison between strains
Several differences between the strains were apparent in the ambient
CO2 treatments. For instance, AON13 grew at 0.17±0.008 d− 1, which
was significantly slower than the two other strains, AON15 and
AON5.26, that had average growth rates of 0.22±0.01 and 0.22±0.006
d− 1, respectively (Fig. 1a; P<0.001). Toxin contents also varied between
the strains, with significantly different cyclic imine toxin contents of
4.25, 5.74 and 3.02 pg cell− 1, for AON13, AON15 and AON5.26,
respectively (Fig. 1b; P<0.05). Total PSP toxin content did not vary
significantly between the strains, but differences in the amounts of PSP
toxin analogues were observed (Fig. 1c, Fig. S1). For instance, AON5.26
contained more STX than the other two strains, consisting of 3.2% of the
total PSP toxin content against 2.1% and 2.4% for AON13 and AON15,
respectively (Fig. S2; P<0.001). Total cellular toxicity also differed be
tween the strains, with AON15 being significantly more toxic than the
other two strain (P<0.05), with averages of 4.6, 7.9 and 6.0 pg STXeq
cell− 1, for AON13, AON15 and AON5.26, respectively (Fig. 1d).
There were also some differences in elemental composition. AON13
contained more POC and PON than AON15 and AON5.26, with averages
of 306 against 228 and 192 pmol C cell− 1, and 40 against 32 and 27 pmol
N cell− 1, respectively (Fig. 2a, b; P<0.05). AON13 also had a signifi
cantly higher than C:P ratio than the other two strains (Table 2). How
ever, there were no significant differences in cell volume (Table 2).
Untargeted analysis of VOCs also revealed differences in the pro
duction of VOCs between the strains under ambient CO2 conditions.
Different mass traces of VOCs were produced by the strains, where the
volatilomes of AON15 and AON5.26 were quite similar as compared to
the volatilome of AON13, which is illustrated by the separation based on
PLS-DA (Fig. 3). Component 1 and 2 both do not clearly separate VOCs
produced by AON15 and AON5.26.

4. Discussion
Elevated pCO2 affected multiple phenotypic traits of the tested
A. ostenfeldii strains, with general increases in growth rate, POC and PON
content, and εp values, although not always significant. The strength of
these trait responses varied between strains, while for other traits, such
as toxin content, both the strength and direction of response varied
between strains with no consistent response to elevated pCO2.
4.1. Experimental setup
Over the course of the experiment, pH drift did occur as a result of
biomass build-up (Table 1; compare pCO2 with CO2 treatment). In na
ture, pH and pCO2 may vary substantially during the formation of an
algal bloom, with severe reductions in CO2 concentrations and associ
ated increases in pH at the peak of a bloom (Hansen, 2002). It is unclear
whether cells become limited by low CO2 or inhibited by high pH in
course of the experiment (Flynn et al., 2015; Hansen et al., 2007). Yet,
by allowing some pH drift to occur, the experiment does represent
changes in carbonate chemistry as result of biomass build-up under
ambient and elevated CO2 conditions, which also occurs naturally
(Hansen, 2002), especially since the experimental cell densities are in
the same order of magnitude as natural bloom densities (Brandenburg

3.3. Comparison between CO2 treatments
Both AON15 and AON5.26 showed a significant increase in growth
rate in response to CO2 (Fig. 1a; P<0.01). Only AON15 showed a
decrease in all toxin quotas (PSP, GYM and SPX) and in overall toxicity
in response to elevated pCO2 (P<0.01; Fig. 1b-d), while STX content
decreased in both AON15 and AON5.26 (Fig. S2; P<0.05). In contrast,
PON and POC content, and POC production only increased in both
AON13 and AON5.26 (P<0.001), while all strains increased their PON

Table 1
Carbonate chemistry and 13C fractionation (εp) for the different CO2 treatments per strain, showing the mean over the course of the experiment. Values for DIC, pH and
εp indicate the mean of triplicate incubations and pCO2 was calculated based on pH and DIC of each incubation, using equilibrium constants by Mehrbach et al. (1973),
refitted by Dickson and Millero (1987). Significance levels for pCO2 and εp between the low and high CO2 treatments are indicated by the asterisk (*** P<0.001, **
P<0.01).
Strain

CO2 treatment

pH
mean

sd

DIC (µmol L
mean

AON13
AON13
AON15
AON15
AON5.26
AON5.26

400
1000
400
1000
400
1000

8.23
7.82
8.07
7.75
8.17
7.86

0.02
0.01
0.07
0.08
0.05
0.03

1188
1168
1120
1117
1085
1126

4

− 1

)

sd

pCO2 (µatm)
mean

sd

14
56
21
10
15
2

213
527***
357
676***
286
479***

11
30
36
55
13
18

εp (‰)
mean

sd

1.39
11.17
5.92
15.42**
6.21
11.08

1.34
5.30
1.97
7.09
1.23
2.77
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Fig. 1. a) growth rate, b) cyclic imine toxin, c) PSP toxin content and d) cellular toxicity content of the three strains in the low (light gray) and high (dark gray) CO2
treatments (n = 3). Significance level is indicated by the asterisks (** P<0.01, *** P<0.001).

et al., 2017).

Although we did not measure CCM activity in A. ostenfeldii, several
other studies have revealed effective and flexible CCMs in various
Alexandrium species (Eberlein et al., 2014; Hoins et al., 2015; Toulza
et al., 2010; Van de Waal et al., 2014). It is therefore conceivable that
A. ostenfeldii also possesses effective and adjustable CCMs. This apparent
possession of CCMs is supported by the hyperbolic relationship between
εp and POC production/[CO2], describing the dependency of εp on both
C demand (POC production) and supply (CO2 concentration; Fig. 4b).
13
C fractionation is higher when the C demand is low and the C supply
high, as RubisCO can better discriminate against 13C under such con
ditions. When cells solely depend on diffusive CO2 uptake, one would
expect an inverse linear relationship between εp and POC pro
duction/[CO2], as εp changes directly as a function of CO2 supply or C
demand (i.e. changes in growth rate or cell size). Consequently, any
deviation from such an inverse linear relationship between εp and POC
production/[CO2] indicates that cells can alter their C uptake through
operation of a CCM. However, the hyperbolic relationship between εp
and POC production/[CO2] was only apparent when looking at the
population level (i.e. across strains and CO2 treatments). This may be
due to the inclusion of more data points covering a broader range of POC
production/[CO2], as comparable relationships have earlier been shown
for single strains (Hoins et al., 2015). Moreover, the differences in εp
between the strains may also point towards different CCM strategies.
Such an intraspecific variation in CCMs has been reported earlier for
cyanobacteria and diatoms (Sandrini et al., 2014; Shen et al., 2017). It is
conceivable that the population as a whole will benefit from this vari
ation, as it provides a broader range of inorganic C concentrations where
the species can prevail.
Strains varied in their εp values at ambient CO2 conditions, as well as
in the strength of the shifts in εp with elevated pCO2, particularly when
corrected for the C demands (Fig. 4b). The differences in εp values be
tween the strains could thus suggest variations in the mode of CCMs,

4.2. C and N assimilation
Strains tended to increase their growth rate in response to elevated
pCO2, although the strength of the response varied. The growth rate of
AON13 showed a minor but insignificant increase, whereas the growth
rates of AON15 and AON5.26 both showed a clear significant increase
(Fig. 1a). There was also an overall increase in POC and PON quotas, and
together with higher growth rates, this resulted in a higher POC and
PON production with more CO2 (P<0.05; Fig. 2). Higher POC and PON
quotas could be associated with larger cells, but there was no consistent
increase in POP quota and cell volume (Table 2). This suggests that
A. ostenfeldii cells increased both their C and N assimilation with
elevated pCO2, which may be explained by the close coupling of these
respective assimilation pathways (Flynn, 1991; Turpin, 1991). A similar
increase in C and N assimilation in response to more CO2 was found in
A. fundyense, although this experiment was performed under N-limiting
conditions (Eberlein et al., 2016). Higher POC production rates may
imply that strains were C limited in the ambient treatment and/or that
strains could downscale their CCMs in the high CO2 treatment and
reallocate energy towards growth and C assimilation (Hoins et al.,
2016).
4.3. CCM regulation
13
C fractionation increased with elevated pCO2 (Fig. 4a), although
only specifically for AON15 (Table 1). Higher CO2 concentrations allow
RubisCO to better express its preference for 12C by acquiring more CO2
relative to HCO−3 . It thus seems that all three strains acquired more CO2,
relative to HCO−3 , which might reflect a down-regulation of CCMs (Rost
et al., 2008; Hoins et al., 2016a; but see below).
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Fig. 2. a) POC content, b) PON content, c) POC production rate, and d) PON production rate of the three strains in the low (light gray) and high (dark gray) CO2
treatments (n = 3). Significance level is indicated by the asterisks (** P<0.01, *** P<0.001).
Table 2
Cell volume and elemental ratios for the different CO2 treatments per strain (n = 3). Significance levels between the low and high CO2 treatments are indicated by the
asterisk (* P<0.05).
Strain

CO2 treatment

Cell volume (× 103 µm3)
mean
sd

C:N (molar)
mean

sd

C:P (molar)
mean

sd

N:P (molar)
mean

sd

AON13
AON13
AON15
AON15
AON5.26
AON5.26

400
1000
400
1000
400
1000

216
223
207
202
221
232

7.6
7.4
7.2
6.7
7.1
6.8

0.6
0.0
0.3
0.1
0.0
0.1

96.2
102.6
62.3
92.6
56.1
90.0*

14.0
3.5
12.0
25.4
7.1
5.9

12.7
13.9
8.6
13.9*
7.9
13.2*

2.8
0.6
1.5
3.6
1.0
1.0

19
7
17
31
29
22

where the relative contribution of HCO−3 (which is 13C-enriched
compared to CO2) may be higher in AON13, or there may be less leakage
(or less replenishment of the internal C pool). With elevated pCO2, εp
values increased for all strains, but the increase was not significant for
AON5.26 and AON13. Also, when correcting for C demands (i.e. POC
production), AON5.26 seems less sensitive due to a strong increase in
POC production as well as weak changes in εp values with elevated pCO2.
This suggests intraspecific variation in the plasticity of CCMs, where
AON5.26 was less able to adjust its CCM. Exactly which mode of CCMs
A. ostenfeldii employs and if this can possibly vary between strains re
mains to be determined. However, an increase in relative CO2 uptake, a
downregulation of active C uptake and subsequent reallocation of en
ergy would explain the observed increase in εp, growth and C
assimilation.

Various responses of PSP toxins have been observed for different Alex
andrium species and strains with increasing pCO2 levels. In A. fundyense a
decrease in toxin quotas, and particularly cellular toxicity was reported
(Eberlein et al., 2016; Van de Waal et al., 2014). The latter was
explained by a shift in sulfur metabolism with elevated pCO2, as PSP
toxin composition shifted from the toxic non-sulfated STX towards its
less toxic sulfated analogues (Van de Waal et al., 2014). Non-sulfated
STX and neoSTX are highly toxic, with LD50 values (lethal dose for
50% of the population) in mice of approximately 8 µg kg− 1. Addition of a
sulfate group in gonyautoxins (GTX) reduces toxicity by roughly 40%,
and further addition of a sulfonyl group in C1/C2 toxins reduces toxicity
by 99% (Wiese et al., 2010). In both AON15 and AON5.26, total STX
quotas decreased with 30–60% in response to elevated pCO2 (Fig. S2),
but only in AON5.26 did the relative contribution of STX to the total
toxin composition also decline (Fig. S1), which may point to a similar
change in sulfur metabolism as observed for A. fundyense. Elevated pCO2
can also positively affect toxicity, as was observed for A. catenella and
several A. ostenfeldii strains from the Baltic Sea (Kremp et al., 2012;
Tatters et al., 2013). These shifts were attributed to changes in toxin
composition, with an increase in STX and GTX relative to C1/C2, which

4.4. Toxin production
PSP toxin quotas showed varying responses with elevated pCO2 in
the different strains. No significant change was observed for AON13 and
AON5.26, while PSP toxins decreased with higher CO2 in AON15.
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cyclic imine production rates, both AON13 and AON15 did not show a
significant decrease and AON5.26 increased its cyclic imine production.
Apparently, the synthesis of cyclic imine toxins is regulated largely in
dependent of the availability of CO2, which may result from the oper
ation of effective CCMs allowing continuous fueling of C to downstream
processes.
4.5. Volatile organic compounds
VOCs are compounds of low molecular weight with low to moderate
hydrophilicity and high vapor pressures and low boiling points (Lem
fack et al., 2013; Schmidt et al., 2015). Consequently, VOCs can easily
diffuse through both air and water, allowing them to serve as potentially
important infochemicals. There have been several studies on VOCs
produced by phytoplankton, for instance on the production of volatile
dimethyl sulfide (DMS) that can be released into the atmosphere and
thereby influences large-scale meteorological processes (Gabric et al.,
2001). Our untargeted VOC measurements indicate that the production
of VOCs by A. ostenfeldii differs between strains (Fig. 3, 5). This can be

Fig. 3. Partial least squares discriminant analysis (PLS-DA) score plot of
detected blends VOCs in all strains in both CO2 treatments, where the replicates
are connected with the centroid.

we also observed for AON15 (Fig. S1). Changes in CO2 concentrations
may thus cause differential shifts in toxicity though altered toxin
composition. The exact mechanisms causing these shifts in PSP toxin
composition, however, remain to be determined.
Cyclic imine toxin contents also decreased with elevated pCO2 in
AON15 (both SPX and GYM concentrations; Fig. 1b), while no changes
were observed for the other two strains. These toxins are C-rich poly
ketides, and synthesis pathways of these compounds are closely coupled
to cellular C acquisition (Staunton and Weissman, 2001). We therefore
anticipated an increase in cyclic imine toxins with elevated pCO2. A
possible explanation for the lack of response or negative response could
be the dilution effect through higher growth rates, preventing accu
mulation of toxins in the cells. AON15 contained more cyclic imine
toxins than the other two strains, and this concentration decreased with
more CO2, possibly due to a higher growth rate. Indeed, when looking at

Fig. 5. Regulation of mass transitions in the three different strains in response
to pCO2, where positive numbers indicate an upregulation and negative
numbers a downregulation.

Fig. 4. 13C fractionation based on CO2 of the three strains (AON13 is dark gray, AON15 is light gray, and AON5.26 is white) as a function of a) CO2, and b) C demand
over supply (POC production/[CO2]). Trend lines represent the relationships between 13C fractionation and CO2 (a) and POC production/[CO2] (b).
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due to the differences in growth rates and potential modes of CCMs that
may thus affect C metabolism. Alternatively, the tested strains may also
possess distinct microbiomes, which can alter the production of VOCs as
well (Moore et al., 2020; Paul et al., 2013). There were no specific mass
transitions found for all strains that were distinctly regulated, suggesting
strain specific responses of the volatilome towards elevated pCO2.
Although little is still known about the exact functions of VOCs and
their modes of action (Schmidt et al., 2019, 2015), specifically in algae
(Fink, 2007), intraspecific variation in the blends of VOCs released by
A. ostenfeldii could suggest differences in cell to cell communication.
Moreover, we also show that VOC production changes in response to
higher CO2 concentrations (Fig. 3), which may have implications for
ecological functions depending on the role of these VOCs. Here, we
performed an initial explorative study based on an untargeted VOC
analysis, which already revealed intraspecific variation in volatilomes
and their responses to pCO2. Future research focusing on the identifi
cation of important algal VOCs, using a more targeted approach, are
required to reveal the physiological processes underlying VOC synthesis.
Understanding these processes may help to explain the observed intra
specific variation in the A. ostenfeldii volatilome, as well as the responses
of the volatilome toward elevated pCO2 and other climate change
drivers.

Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.hal.2020.101970.
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4.6. Concluding remarks
Although the tested A. ostenfeldii strains are genetically very similar,
they showed phenotypic variation within trait values (Brandenburg
et al., 2018), as well as within trait responses towards elevated pCO2.
The intraspecific variation in trait responses to higher CO2 availabilities
was most pronounced in toxin content, which decreased for both PSP
toxins and cyclic imines in AON15, AON5.26 showed changes in PSP
toxin analogues, and toxins stayed largely unaltered in AON13. While all
strains showed tentative increases in their growth rates and POC and
PON production rates, we observed distinct differences in the strength of
the responses between the strains. Traits appeared to be more plastic in
strains AON5.26 and AON15 under elevated pCO2 than in AON13, as
growth rates increased the most in these strains and changes in the
amount of toxins per cell were more pronounced. Consequently,
AON5.26 and AON15 may thrive better under dynamic inorganic C
conditions than AON13, for instance during bloom development with
strong changes in CO2 availabilities, while AON13 may be more
specialized and thereby perform better under more stable inorganic C
conditions, for instance during the period prior to a bloom.
Our findings are in line with other studies that showed considerable
phenotypic variation in traits within algal populations (Alpermann
et al., 2010; Burkholder and Glibert, 2006; Maranda et al., 1985), as well
as differences in strain responses towards environmental stressors
(Band-Schmidt et al., 2014; Kremp et al., 2012; Wang et al., 2006). Both
standing phenotypic trait variation in populations and phenotypic
plasticity in trait responses contribute to species resilience and adapta
tion towards changing environmental conditions (Litchman et al.,
2012). A. ostenfeldii populations possess a high intraspecific trait vari
ation (Brandenburg et al., 2018), and this coupled with considerable
phenotypic plasticity in important functional traits, such as growth rate,
may allow Alexandrium to rapidly adapt to changing environments.
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