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Long-term culture at elevated
atmospheric (0, fails to evoke specific
adaptation in seven freshwater
phytoplankton species

Etienne Low-Décarie, Mark D. Jewell’, Gregor F. Fussmann and Graham Bell

Department of Biology, McGill University, 1205 Avenue Docteur Penfield, Montréal, Québec, Canada H3A 1B1

The concentration of CO, in the atmosphere is expected to double by the end
of the century. Experiments have shown that this will have important effects
on the physiology and ecology of photosynthetic organisms, but it is still
unclear if elevated CO, will elicit an evolutionary response in primary pro-
ducers that causes changes in physiological and ecological attributes. In this
study, we cultured lines of seven species of freshwater phytoplankton from
three major groups at current (approx. 380 ppm CO,) and predicted future
conditions (1000 ppm CO,) for over 750 generations. We grew the phyto-
plankton under three culture regimes: nutrient-replete liquid medium,
nutrient-poor liquid medium and solid agar medium. We then performed
reciprocal transplant assays to test for specific adaptation to elevated CO,
in these lines. We found no evidence for evolutionary change. We conclude
that the physiology of carbon utilization may be conserved in natural fresh-
water phytoplankton communities experiencing rising atmospheric CO,
levels, without substantial evolutionary change.

1. Introduction
(a) The response of primary producers to rising (0,

The concentration of CO, in the atmosphere is expected to reach levels between
700 and 1000 ppm by the end of the century [1]. The physiological response,
from altered stoichiometry to increased whole-plant growth, is well docu-
mented in all major groups of plants [2,3]. Differences between plant taxa in
their physiological response to CO, are likely to lead to altered community
composition [4]. Experiments with plants have even detected differences
among genotypes within a species with respect to their response to eleva-
ted CO, [4,5]. The presence of genotypic variance in the response to elevated
CO, suggests that populations are likely to adapt to elevated CO, through
the sorting of standing genetic variation within populations, which could be
expanded by new beneficial mutations. This evolutionary response may alter
the physiological response of species to future CO, levels. Moreover, if species
evolve to rising CO, at different rates, evolutionary changes may alter the
course of ecological shifts in species composition. Thus, the evolutionary
response of populations may affect species and communities, and thereby the
properties of whole ecosystems.

Despite the potential importance of evolutionary change in response to
elevated CO,, it has rarely been investigated [4]. Experiments using recipro-
cal transplantation after selection at elevated CO, are the clearest way of
demonstrating an evolutionary response [6], but few have been reported for
elevated CO, [7-11]. Some reciprocal transplant experiments in plants have
shown adaptation to CO, concentration below current levels, but they have con-
sistently failed to detect specific adaptation to elevated CO, [8,9]. The only
study of land plants that has shown an effect of high CO, across generations
was a single-generation reciprocal transplant experiment that was not capable
of distinguishing between maternal effects and genetic change [7].

© 2013 The Author(s) Published by the Royal Society. Al rights reserved.
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The few selection experiments on land plants that have
been reported were limited to very short time scales (only a
dozen generations of selection at most) and involved very
small populations (fewer than 100 individuals per population
[4]). These conditions greatly restrict the potential for an
adaptive response [12]. In these conditions, an evolutionary
response would be detected only if a genotype with a large
selective advantage at elevated CO, were already segregating
at high frequency in the population.

Selection experiments extending over hundreds of gener-
ations with effective population sizes of more than a million
individuals are feasible in microbial systems. There has been
comparatively little work on phytoplankton, even though
photosynthetic microbes make roughly the same contribution
as land plants to the global carbon cycle [13]. This neglect
may be rooted in the general belief that most phytoplankton
systems are not limited by carbon supply. This assumption is
challenged by the presence of inducible carbon concentration
mechanisms (CCMs), which increase the local concentration of
CO; around RuBisCo in the chloroplast when the external con-
centration is low [14]. Moreover, there is a growing body of
evidence that enrichment with CO, increases productivity in
a diversity of aquatic systems [15-17]. We are gaining a grow-
ing understanding of the growth response of phytoplankton
to CO,, including the effect of nutrient availability and the
physiological mechanism underlying it [18,19]. Experiments
have shown that species and groups differ in their response
to elevated CO,, leading to changes in community dynamics
when CO, concentration is increased [20-22].

Despite the importance of phytoplankton in carbon cycles
and food chains, and the growing evidence of phytoplankton
sensitivity to atmospheric CO, concentrations, only two
selection experiments have been reported. Long-term exper-
iments with the unicellular chlorophyte Chlamydomonas
reinhardtii failed to show any specific adaptation to elevated
CO; [10]. Some lines evolved higher rates of photosynthesis,
but these were offset by photorespiration and carbon leakage
from the cell [23]. Some high-CO, selection lines grew slowly
at ambient CO, concentration, as do natural populations of
soil algae collected from CO, springs [23]. Further exper-
iments suggest that the evolution of strains differing in
their response to elevated CO, is constrained by competition
with other strains [24]. The coccolithophore Emiliania huxleyi
is detrimentally affected by elevated CO,, which impedes for-
mation of the calcium carbonate scales that cover the cell
surface. Long-term selection of this species under elevated
CO; yielded cells with enhanced calcification at the low pH
caused by the treatment [11,25].

A general prediction of how elevated CO, will affect pri-
mary productivity requires understanding the evolutionary
response of phytoplankton groups with different histories
and physiological attributes. We have measured the evolution-
ary response of seven species of phytoplankton from three
major groups, all of which benefit to different extents from
the rise in atmospheric CO, [22]. They were cultured in
growth regimes differing in how the atmospheric concentration
affected the CO, concentration experienced by the organisms
(directly or through diffusion into liquid) and in the expected
constraints on growth (low and elevated nutrients). We cultured
these species for between 750 and 1050 generations at ambient
and elevated CO, concentrations in all culture regimes before
measuring their growth in reciprocal transplant assays so as
to identify any specific genetic adaptation to elevated CO,.

(b) Mechanisms of evolutionary response to
elevated (0,

The direct response to elevated CO; is specific adaptation to
the new environment. The hypothesis that photosynthetic
organisms may adapt specifically to elevated CO, would be
supported by reports of differences between genotypes in
CO; response. Under elevated CO,, carbon is no longer limit-
ing for growth. The increased growth made possible by
greater carbon availability will increase the demand for
other nutrients and light. Genotypes with mutations confer-
ring increased uptake of resources other than CO,, or
reduced needs for these resources, would be at a selective
advantage. Such phenotypes contribute to the physiological
response to elevated CO,, including increased quantum
yield, and thereby enhanced light use efficiency [18]. The
mean fitness of the population selected at elevated CO,
would increase as these types spread (figure 1a).

The indirect antagonistic response to elevated CO; is the
impairment of growth at ambient CO,. This might be
caused by the accumulation of mutations that are neutral at
elevated CO, but harmful at ambient CO,. Growth is partly
limited by carbon availability at ambient CO,, as shown by
the increased growth of many photosynthetic organisms at
elevated CO,. There is thus selective pressure to increase
the carbon supply rate through CCMs and to use fixed
carbon efficiently. Elevated CO, leads to downregulation of
genes governing the CCM [18], and the increased availability
of CO, might relax or eliminate the selective pressure on the
maintenance of CCMs. Conditionally deleterious mutations
in genes regulating carbon uptake and efficient use would
accumulate at elevated CO,, an evolutionary response we
can readily detect in our reciprocal transplant assay: lines
selected at elevated CO, will have reduced growth, relative
to controls maintained at ambient CO,, when grown in ambi-
ent CO, (figure 1b). Collins & Bell [10] postulated that this
mechanism explains the results of their long-term selection
experiment in which two of ten elevated CO, lines could
not grow at ambient CO, concentrations. The accumulation
of conditionally deleterious mutations would be harder to
detect in diploid species as a functional allele could mask
the effect of a deleterious allele in the same organism. Similar
results to those expected from the accumulation of con-
ditional deleterious mutations could also be obtained if
ambient selection lines became better adapted to ambient
CO; conditions, but we assume that the ancestral populations
are optimally adapted to current conditions.

The antagonistic indirect response, or specific adaptation
with trade-offs, might instead arise because alleles have
different effects at ambient and elevated CO,. Carbon
uptake, and the uptake and use of other nutrients, may be
functionally antagonistic in such a way that relaxed selection
for carbon uptake at elevated CO, would lead to selection for
the alteration of other physiological traits. If these traits had
been optimized in the ancestral population, adaptation to
elevated CO, would be accompanied by reduced fitness at
ambient CO, (figure 1c). A combination of conditionally dele-
terious mutations and specific adaptation would lead to a
similar outcome.

Finally, selection lines might adapt to some general fea-
ture of the culture environment independent of the CO,
treatment, such as temperature or light level. The treatment
and control lines would then both respond in the same way
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Figure 1. Possible outcomes of a reciprocal transplant experiment showing the expected effect of different mechanisms of evolutionary change. Solid grey line is
ambient (0, selection line; dashed black line is elevated (O, selection line. (a) Beneficial mutations in elevated (0, lines could lead to specific adaptation to
elevated (0,. (b) Conditionally deleterious mutations in genes regulating carbon uptake and efficient use could accumulate at elevated C0,, lowering fitness of high
lines in ambient (0,. (c) A trade-off in adapting to elevated (0, or a combination of specific response and conditionally deleterious mutation could lead to lines
from each environment becoming adapted only to their environment. (d) Our selection lines might diverge due to factors not directly related to C0,.

to elevated CO, (figure 1d; note that this figure could equally
be drawn with the ambient lines uppermost).

2. Material and methods

(a) Selection experiments

We set up a selection experiment with three major groups of fresh-
water phytoplankton: cyanobacteria, diatoms and chlorophytes.
We chose two species of different growth form or size, where poss-
ible, as representatives of each group (Canadian Phycological
Culture Centre number is given in brackets). The species were
the cyanobacteria (haploid) Synechococcus leopoliensis (102) and
Anabaena variabilis (105), the diatoms (diploid) Navicula pelliculosa
(652) and Nitzschia palea (160), and the chlorophytes (haploid)
Pseudokirchneriella subcapitata (37) and Scenedesmus acutus (10).
To allow for comparison with previous studies of adaptation
to elevated CO, in phytoplankton, Chlamydomonas reinhardtii
(haploid; Chlamydomonas Centre no. 2936 [26]) was included in
the experiment.

We propagated a treatment set of three axenic (i.e. free from
living organisms other than the organism of interest) selection
lines of each species in atmospheres with 1000 ppm of CO,. We
maintained a control set of three replicate axenic lines per species
at ambient CO, levels (375-400 ppm) throughout the experiment.

Cultures were grown under 100 phEm™?s™ " of continuous
light at 25°C in growth chambers at the McGill University Phyto-
tron, using the WMA-4 CO, analyser (PP Systems Inc.) to control
CO,. We used modified Bold’s Basal Medium (BBM) with pH
adjusted to 7 using HCl , supplemented with silicate (0.58 g1~
Na,Si03) and vitamins (2 ml1™! of the vitamin mix from F/2
Medium; for further information on the medium and references
see [22]). We allowed the medium to equilibrate with chamber air
for 5 days before inoculation. BBM is devoid of carbon, making
CO, the sole available carbon source. For liquid culture, the

medium was buffered against changes in pH using HEPES
buffer (4.766 g1~') in 125 ml glass flasks. Cultures were continu-
ously shaken at 250 r.p.m. with a 3 mm rotation diameter. An
inoculum of 500 wl was transferred to 50 ml fresh medium after
at each transfer. The cultures were not bubbled.

Three culture regimes were devised to modulate the avail-
ability of CO, and limitation by other mineral nutrients.

(i) Regime 1

Nutrient-replete medium (undiluted modified BBM) with long
transfer cycles of 5 days. In this regime, the CO, concentration
of the elevated treatment increased gradually, rising over 20 trans-
fers and about 100 generations from ambient levels to 1000 ppm
(less than 7 ppm per generation). This regime was maintained
for over 1050 generations (160 transfers over 800 days).

(ii) Regime 2

Nutrient-poor medium (10% BBM) with short transfer cycles of
3 days. In this regime, elevated lines were directly exposed to
1000 ppm. This regime was maintained for over 750 generations
(118 transfers over 413 days), with the exception of Navicula
which was maintained for 340 generations (53 transfers over
184 days) owing to initial poor growth in diluted medium.

(iii) Regime 3

Nutrient-replete solid medium (undiluted BBM with 2.5 g1~ agar
and no HEPES) with short transfer cycles of 3 days. The added
agar is not a source of available carbon. As in regime 2, elevated
lines were directly exposed to 1000 ppm. Less than 1 per cent of
the grown culture was transferred to a new agar plate flooded
with 0.5 ml of undiluted BBM at each transfer. A single species
of each group followed this regime (the cyanobacterium
Synechococcus leopoliensis, the diatom Navicula pelliculosa and
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the chlorophyte Pseudokirchneriella subcapitata). This regime was
maintained for over 750 generations (118 transfers over 413 days).

(b) Dissolved (0, measurement and other
physical parameters

Aqueous CO, was measured in the final transfer in each regime.
A 30 ml sample of culture was vigorously shaken with 30 ml of
air lacking CO, (using Sofnolime indicator by Molecular Pro-
ducts Inc.). The equilibrated air sample was injected through a
hydrophobic 0.2 pm filter into an infrared gas analyser (IRGA,
EGM-4 by PP-Systems Inc.) that was set up for static sampling.
Measurements of salinity and temperature were made with a
YSI-63 probe (YSI Inc.). Aqueous CO, concentrations were calcu-
lated from the measure of CO; in the equilibrated CO, samples,
adjusted for temperature and salinity, using methods provided
by Yves Prairie, Biology Department, Université du Québec a
Montréal [27]. These values were comparable with values
calculated from the method provided by E. Lewis, Atmospheric
Sciences Division, Brookhaven National Laboratory [28].

(c) Assay of growth by reciprocal
transplant experiments

We conducted reciprocal transplants at intervals during the selec-
tion experiments; only the final assays are described here, but
all gave similar results. The growth of lines with histories of ambi-
ent and elevated CO, was measured at both ambient and elevated
CO, assay concentrations simultaneously. We used samples from
each selection line to inoculate two cultures, one for each assay
environment. All lines were tested in liquid cultures, as growth
could not be measured accurately on solid medium. One culture
was grown at elevated CO,, while the other culture was grown
at ambient CO,. These cultures were allowed to acclimate to the
CO, environment for one transfer cycle to remove any potential
non-evolutionary effect carried over from the selection line (e.g.
the nutrient status of cells in the inoculum). The assay cultures
whose growth was measured were inoculated from each of these
acclimated cultures.

Reciprocal transplants were conducted both in flasks and in
48-well microplates (Costar plates by Corning Inc.) sealed with
highly permeable membrane (Aeraseal by Excel Scientific Inc.).
Growth in microplates allowed for an increased measurement
rate. For microplates, 10 pl was used to inoculate 1 ml culture
volume (1%, same as for flasks). Only the results of the micro-
plate transplants are presented here; results from flask culture
were similar. Absorbance through time was measured through-
out the duration of growth (10-12 days) using an optical plate
reader (Synergy-HT, BioTek, Winooski, VT).

(d) Analysis

All analyses and curve-fitting were conducted using the R
statistical package [29]. All data and analysis scripts are availa-
ble in the electronic supplementary material. Logistic growth
Ny =KNy/[No+ (K- Np) exp(—rt)] was fitted using bounded
maximum-likelihood estimation assuming normality of error
with Simplex/Nelder-Mead optimization (optim) to estimate
the limiting growth rate () and limiting density (K).

Specific adaptation to an environment, the accumulation of
conditionally deleterious mutations owing to the relaxation of a
stress, or both together, would lead to an interaction between the
selection environment and the assay environment (figure la—c)
[6]. Thus, to test for the presence of an evolutionary response,
we focused on the interaction term containing selection and
assay environment in ANOVAs conducted on growth parameters
(rand K). Selection lines (A—F) are nested within selection history.
We used a repeated-measures analysis, because a given line

is tested in both CO, environments simultaneously, with the
variance among lines treated as the appropriate error term for
testing hypotheses.

We shall report on estimates of the limiting growth rate, r (the
estimates of K are reported in the electronic supplementary material
and lead to the same conclusions). This parameter is the most
important determinant of fitness, as cultures were transferred
during the exponential growth phase in all regimes. The estimates
we shall use are those for the last reciprocal transplant for each
regime. This is the transplant for which lines had the most time
to adapt to the treatment conditions. The same conclusions were
obtained from all previous transplants (results available in the elec-
tronic supplementary material). Thus, our measure of fitness is
based on growth in pure culture, not growth in competition.

3. Results

(a) Dissolved (O, measurement and other
physical parameters

At inoculation, all media were in equilibrium with treatment
levels of CO, (ambient approx. 380 ppm, elevated 1000 ppm).

In liquid cultures, however, the biological uptake of CO,
exceeded the maximum flux of CO, through the stopper and
through the air-liquid interface, despite thorough mixing.
This caused CO, concentration in the headspace and the aqu-
eous CO, concentrations to decrease during the transfer cycle.
However, CO, treatments remained different throughout the
transfer cycle (for regime 1, ANOVA, F; 4 = 6.70, p = 0.016,
average 51 ppm in the control culture and 72 ppm in the elev-
ated CO, cultures, Chlamydomonas was not measured;
for regime 2, ANOVA, F;,g=771.31, p <0.0001, average
131 ppm in the control culture and 626 ppm in the eleva-
ted CO, cultures; only Anabaena decreased CO, to equal
levels across treatments in regime 2; figures provided in the
electronic supplementary material).

Drawdown—the amount of CO, being taken up by phy-
toplankton from the medium and air—is related to the
amount of growth and photosynthesis in each culture.
Species differed in growth and their growth was also greatly
affected by culture regime (figure 2). Culture regimes thus
differed in their drawdown. In culture regime 1, with
strong growth permitted by high nutrient availability, CO,
uptake by the phytoplankton was much higher than the
influx into the media resulting in a steeper decline in aqueous
CO, concentration across all treatments and species (average
final concentration was 13.4% of initial concentration in ambi-
ent and 7.1% in elevated). In regime 2, where growth was
more strongly limited by nutrient availability, the decline
was lower (average final concentration was 34.4% of initial
concentration in ambient and 62.9% in elevated). The regimes
were thus effectively distinct environments to test for the
evolutionary effect of elevated atmospheric CO,.

Species differed in their drawdown of CO, in both
liquid regimes, however; Anabaena stood out with the
highest drawdown in both regimes (see the electronic sup-
plementary material, figures S1-S4). Anabaena may be less
nutrient-limited owing to its ability to fix nitrogen.

The buffering was effective: pH rose marginally during
transfer cycles and differed significantly with treatment (ambi-
ent compared with elevated) only in regime 2, which had a
lower buffer concentration (ANOVA, F; ¢; = 5.20, p < 0.0001;
pH 7.11 in control cultures and pH 7.03 in elevated treatment
cultures). The lower pH in the elevated-CO, cultures would
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Figure 2. Boxplot (hinges are first and third quartile, midline is the median) of limiting growth rate (r) in ambient and elevated (0, assay environment. Grey and
solid lines indicate ambient (0, selection history, black and dashed lines indicate elevated (0, selection history. Interaction due to specific adaptation would be
shown by black above grey at right (figure 1a,c). Results are shown for (a) regime 1, (b) regime 2 and (c) regime 3.

lead to a greater CO, availability in the elevated CO,
conditions, increasing the effect of this treatment.

There was no liquid phase in the solid culture, and we
presume that chamber CO, concentrations are representative
of CO, available to cultures and individual cells.

(b) Overall effect of elevated (O, on growth

In all regimes, elevated CO, increased growth rate (figure 2).
This effect was strongest in regime 1, in which elevated CO,
almost doubled growth rates (average increase by a factor
of 1.90; ANOVA, F,¢> 13, p <0.02). Effects were smaller
but generally remained significant in regimes 2 and 3. In
regime 2, the average increase was 1.56; the estimate was not
significantly different from 1.00 for diatoms, Chlamydomonas
and Scenedesmus (ANOVA, F,¢ < 6.44, p > 0.064), but was
significant for all other species in both regimes (ANOVA,
Fi6>13.74, p<0.021). In regime 3, the average factor of
increase was 1.403, which was significant for all species
(ANOVA, F, 4> 7.84, p < 0.049).

(c) Evolutionary response to elevated (0,

No evolutionary response was detected in any of our regimes
in any of our assays. Any general evolutionary response
is reflected by the main effect of selection environment
(figure 1d). This was not consistent across species and was
generally not significant, showing that there was no predictable
divergence between ambient and high-CO, lines (figure 2).
For regime 1, the ANOVA main effect had F;4<6.31,
p > 0.07. For regime 2, the main effect was significant only
for Chlamydomonas, (ANOVA, F,,=28.06, p=0.0469; all
others, Fy 4 <4.82, p > 0.0932). For regime 3, the main effect
had F; 4 <4.90, p > 0.0912.

Specific adaptation to CO, concentration is reflected by
the interaction of assay and selection (figure 1la—c). This
was also non-significant for all regimes (figure 2; ANOVA inter-
action term, regime 1, F; ¢ < 1.82,p > 0.24; regime 2, F ¢ < 2.25,
p > 0.21; regime 3, F; c < 6.01, p > 0.070). No consistent trend
could be found in any of our transplant assays for any of the
three culture regimes in any of the seven species.

4. Discussion

Despite long-term selection with a relatively large popula-
tion, we failed to detect any form of evolutionary response
to CO, by any of our species in any of the test conditions.
We discuss this result in the light of the effectiveness of
the CO, treatment imposed, the lack of specific adaptation
and the lack of accumulation of conditionally deleterious
mutations. We shall then compare our system of experimen-
tal evolution with other experimental systems in which
evolution was detected and with what we expect to happen
in natural phytoplankton assemblages.

(a) Effectiveness of (0, treatment

The atmospheric CO, concentrations that we imposed as
treatments in our growth chambers were found in the
media surrounding the phytoplankton cells at inoculation;
however, these treatment levels in the media were not main-
tained throughout the growth cycle (in regimes 1 and 2). This
was due to rapid uptake by phytoplankton of CO, from the
medium. CO, concentrations in the medium, however, were
at treatment levels during the initial phase of growth and
were consistently different, representative of the high versus
low CO, conditions we sought to establish in our cultures
throughout the growth cycle (figure 2; Anabaena in regime 2
is an exception). Comparable falls in CO, concentrations
have been reported in large-scale marine mesocosm studies,
with CO, concentration in elevated CO, mesocosms falling
to half the treatment concentration of 1000 ppm [30]. In natu-
ral marine systems under current CO, concentrations, algal
blooms can reduce CO, concentration by over 90 ppm [31].
In freshwater systems, phytoplankton can completely deplete
dissolved CO, concentrations [32,33]. The contrast between
high and low CO, treatments was more pronounced under
regime 2 (low nutrients) than regime 1, reflecting the lesser
capability of nutrient limited cultures to reduce aqueous
CO, concentrations. We conclude that our ambient versus
elevated treatments provided environments that differ both
in flux of CO, through the cultures and in aqueous CO,
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concentrations around the cells, so that our phytoplankton
populations could be expected, in principle, to evolve specific
adaptations to elevated CO,. The lack of an evolutionary
response in this experiment does not preclude the possibility
of specific adaptation arising in conditions where CO, con-
centrations are much higher or are artificially maintained at
the treatment level, as in experiments using bubbling.

The difference in CO, availability between treatments
affected the growth of all species and major groups, showing
that carbon is a limiting resource in our system (figure 2), and
consequently that the capacity to take up CO, and use it more
efficiently is potentially exposed to selection at ambient CO,
concentrations. Our findings are consistent with previous
reports that CO, availability can limit phytoplankton pro-
ductivity in a wide range of conditions, including nutrient-
replete freshwater cultures [16] and nutrient-poor oceans [15].

(b) Lack of specific adaptation

We cultured seven phytoplankton species at elevated CO,;
the species differed substantially in their ancestry, physiology
and ability to assimilate CO,, and were cultured in three
different regimes that affected the availability of CO,. We
were unable to detect evolutionary adaptation in any combi-
nation of species and culture regime: in no case did elevated
CO;, lines have consistently higher growth than ambient lines
at elevated CO,. We were unable to perform competitive
assays as we do not have genetically marked strains in
these non-model organisms, but we have no reason to sup-
pose that competition between genotypes would depend on
anything other than differential growth. Our results are con-
sistent with other investigations into adaptation to elevated
COs; in plants (reviewed in [4]).

In lines maintained in liquid culture (regimes 1 and 2),
where CO, concentration fell during the transfer cycle, selec-
tion would have favoured types capable of higher peak CO,
uptake rates at peak CO, concentrations. The change in selec-
tion pressure through the transfer cycle associated with
changes in CO, availability might retard the process of adap-
tation to directional change in CO, concentrations [34]. The
potential for specific adaptation was greatest in regime 3,
where CO, concentrations were maintained at treatment
level throughout the transfer cycle. Growth as a biofilm
may cause local CO, depletion, however, and decrease flux
[35]. In these lines, specific adaptation to CO, could have
arisen through peak CO, uptake or through mechanisms to
minimize the barrier to CO, in biofilms. Phytoplankton in
these cultures was selected in environments similar to that
of photosynthetically active cells in land plants. The lack of
adaptation in these cultures may suggest that direct adaptation
to CO, conditions may not arise in phytoplankton or land
plants, and that evolutionary changes under rising CO, may
occur through indirect consequences, such as acidification for
phytoplankton and decreased water loss in land plants.

It is unusual for selection experiments to fail as comprehen-
sively as ours. Mutations that confer specific adaptation to
elevated CO, must be correspondingly scarce. The number of
divisions occurring in each cycle in each line is approximately
equal to the final number of cells, so that a conservative
figure for cell density of 10° ml ™" leads to a rule-of-thumb esti-
mate of 7 (species) x 3 (replicate lines per species) x 3 (culture
regimes) x 50 ml (culture volume) x 10° (cellsml™Y) x 100
(transfer cycles) ~ 3 x 10" divisions during which a beneficial

mutation might have occurred. Many new beneficial muta-
tions will be lost soon after appearing, through demographic
stochasticity or dilution at transfer. The probability of fixation
is proportional to the selection coefficient and the dilution rate
[36]; for a modest selection coefficient of 0.05 and a dilution
rate of 0.01 the probability of fixation is about 0.02 (it is
higher for mutations of larger effect). The frequency of
beneficial mutations is then less than about 2 x 10~'° per
genome per generation. The distribution of rates and effects
of mutations have not been studied in any of our focal species,
but even the highest rate leading to our observations is much
lower than estimates from other microbial populations in per-
missive conditions (e.g. 2 x 1075 in E. coli [37] and 4.8 x 10™*
in Streptococcus [38]). As a broad general rule, the overall rate of
mutation is about 3 x 103 per genome per DNA replication,
independent of genome size [39], implying that the fraction of
all mutations that are beneficial under elevated CO, conditions
in phytoplankton is less than about 107, This is much less
than estimates of 0.13 for yeast [40] and 0.027 for Pseudomonas
[41] in permissive conditions. Comparable estimates for
viruses are 0.07 for a chimaeric RNA vesicular stomatitis
virus (VSV) in permissive conditions [42], 0.0009 for VSV
adapting to a new host cell type [43] and 0.0034 for phage
@X174 adapting to high temperature [44]. Further experimen-
tal evolution studies focusing on a diversity of phytoplankton,
which may have been neglected by experimental evolutionary
biologists [45], would be required to understand patterns of
adaptive potential across species for a diversity of conditions.
However, it seems likely that contemporary phytoplankton
species are almost perfectly adapted for photosynthesis over
a broad range of conditions close to contemporary values
with little if any room for improvement. In natural phyto-
plankton assemblages, the standing genetic variance may be
far larger than in our axenic laboratory cultures, which were
started from a single clone. It is true that, 50 million years
ago, phytoplankton encountered atmospheric CO, concen-
trations similar to the predicted conditions (1000 ppm), but
they have not encountered such atmospheric conditions for
at least 500 000 years [12,13]. It is thus conceivable (but unli-
kely) that genotypes adapted to these ancestral conditions
are still present in contemporary populations. It is also
possible that mutations conferring higher fitness in these
conditions are found in contemporary organisms. Thus, adap-
tation to elevated CO, concentrations cannot be ruled out in
nature, but if it occurs at all it will involve very rare genotypes
or very rare beneficial mutations that are unlikely to be
observed in laboratory studies.

(c) Lack of accumulation of conditionally
deleterious mutations

The accumulation of conditionally deleterious mutations is
the only evolutionary response specific to CO, concentrations
(as opposed to adaptation to pH changes) for which there is
experimental evidence at present [10]. Our experiment failed
to elicit such a response either in diploid (diatoms) or in hap-
loid species (chlorophytes and cyanobacteria), in which we
would be more likely to detect this phenomenon. This may
be attributable to the culture conditions we used. Most phy-
toplankton CO, perturbation experiments so far reported,
and both long-term selection experiments [10,11], have been
conducted by bubbling the media with air having a controlled
concentration of CO,. Bubbling creates an aqueous environment
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in constant equilibrium with the atmosphere. Furthermore, bub-
bling provides a far greater CO, flux than would be available
even in a well-aerated natural system. Thus, these experiments
maximize the potential for the accumulation of conditionally
deleterious mutations for carbon uptake and use mechanisms
by maximizing the availability of CO,. In our liquid cultures,
on the other hand, CO, concentration was drawn down by
algal growth so that all liquid lines were exposed to relatively
low levels of aqueous CO,, reducing the potential to detect the
accumulation of conditionally deleterious mutations in genes
affecting carbon uptake.

There are few situations where natural water is in equili-
brium with the atmosphere; that is, where it is neither a
source nor a sink. Relative saturation with CO, is strongly
affected by biological activity, which can deplete CO, by photo-
synthesis or produce CO, by respiration. Freshwater systems
tend to be supersaturated with CO, produced by bacterial res-
piration [46], with a large portion of primary productivity being
attributable to this supersaturation [47]. Many populations of
freshwater phytoplankton may thus already experience chroni-
cally elevated CO,. In the oceans, relative saturation varies over
time and space [48], with strong local decreases caused by
blooming [49,50]. The availability of CO, for phytoplankton is
further modified by factors including pH, ionic strength
and temperature [51]. It is thus expected that even in a future
atmosphere with elevated CO,, marine phytoplankton would
periodically face low-CO, conditions comparable with the
endpoint in our experiment. Hence, the accumulation of condi-
tionally deleterious mutations depends on the local availability
of carbon and will not necessarily occur as a general response to
global increases in CO, concentration [35].

(d) Adaptation to elevated nutrients, including (O,
For most phytoplankton, with the notable exception of calcify-
ing phytoplankton [11], increasing CO, to high but not extreme
values (less than 1%) is not expected to have an adverse effect
on growth. In the absence of acidification, even calcifying
organisms would be expected to benefit from an increase in
the availability of CO,. Adaptation to acidification would
represent an evolutionary response to stress, whereas adap-
tation to elevated CO, would represent an evolutionary
response to fertilization. In this case, we were unable to identify
an evolutionary response to fertilization.

More broadly, adaptation has usually been investigated
as a response to stress rather than to fertilization. Bacteria cul-
tured for thousands of generations with sugars such as
lactose or glucose as a source of carbon and energy readily
evolve higher fitness [52,53], often through loss-of-function
mutations in genes regulating transport [54]. It is not
clear, however, whether there is a specific adaptation to
high-sugar conditions as opposed to low-sugar conditions.
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