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Abstract

Over the next century, it is expected that the concentration of CO2 in the atmosphere

will roughly double (Watson et al., 2001, Climate Change 2001: the Scientific Basis,

Intergovernmental Panel on Climate Change, Geneva). Microbial populations, which

have large population sizes and short generation times, may respond to CO2 enrichment

through genetic change. Here we describe microalgae isolated from the soil of natural

CO2 springs and compare these strains with lines of Chlamydomonas that were selected at

elevated CO2 in the laboratory. Both the laboratory and natural populations failed to

evolve specific adaptations to elevated CO2, and contain populations that grow poorly at

ambient levels of CO2. Laboratory and CO2 spring populations also include lines whose

growth rates are insensitive to CO2. This demonstrates that, although laboratory

selection experiments use simplified environments, the evolutionary responses that are

seen following long-term CO2 enrichment correspond to those found in natural

populations that have experienced similar conditions.
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I N TRODUCT ION

Laboratory selection experiments are often used to under-

stand the processes that underlie adaptation better. In

contrast, selection experiments can also be used to obtain or

describe a particular phenotype that is important for

commercial, medical or ecological reasons. This is the case

with experimental evolution studies examining the degrada-

tion of pollutants (Swenson et al. 2000) or antibiotic

resistance (Chopra et al. 2003; Dobrindt et al. 2004) in

bacteria or responses to rising CO2 in algae (Collins & Bell

2004). In cases such as these, it is important to establish that

the model system used mimics the outcome of selection in

natural populations closely enough to produce realistic end

outcomes.

Experimental approaches are powerful because they allow

the experimenter to control the environment, and thus to

attribute adaptive outcomes unambiguously to a defined

environmental change. However, by defining and control-

ling the environment that adaptation occurs in, experimental

systems run the risk of oversimplifying important aspects of

the natural environment. This oversimplification may alter

adaptive outcomes, which need not be a weakness in

experiments meant to study a general process, but is of

concern when specific adaptive outcomes are being studied.

We previously used an experimental model system so as to

study the evolutionary effects of elevated CO2 on micro-

algae (Collins & Bell 2004). The main simplifications used in

the experimental design were that the algae populations

were grown at a pH of 7 that did not change as CO2

increased and were grown in a nutrient-rich media.

Furthermore, they existed in a microcosm where no

competition with other species could occur, although this

has been shown to be important in multicellular plants as

well as in mixed cultures of microalgae acclimating to

changes in CO2 levels (Bazzaz et al. 1995; Tortell & Morel

2002). The conditions of our previous experiment were not

intended to mirror the natural growth conditions of

microalgae accurately, but to detect any evolutionary change

attributable solely to elevated CO2. A more fundamental

limitation of experimental evolution as a whole is that it may

provide a range of possible outcomes, but cannot predict

which outcome(s) will occur in nature (with respect to plant

responses to elevated CO2, e.g. see Klus et al. 2001; Collins

& Bell 2004).

CO2 springs offer a naturally occurring selection

experiment, where populations have existed at elevated

CO2 for 100s of years or more (Raschi et al. 1997), which

Ecology Letters, (2006) 9: 129–135 doi: 10.1111/j.1461-0248.2005.00854.x

� 2005 Blackwell Publishing Ltd/CNRS



is ample time for evolutionary change to occur in micro-

organisms or plants with short generation times. Material

from CO2 springs has been used in order to understand

better long-term genetic changes that occur in response to

increased CO2 (Raschi et al. 1999). This work has focused

primarily on multicellular plants, although a few studies of

photosynthetic algae found in lichen exposed to CO2-

enriched air from CO2 springs have been published

(Balaguer & Barnes 1999; Balaguer et al. 1999). Responses

observed in multicellular plants from CO2 springs have

been shown to be comparable with those observed in

microevolutionary experiments spanning several genera-

tions (Marchi et al. 2004). One of the weaknesses in using

CO2 springs alone to look at evolutionary responses is

that it is very difficult to attribute responses definitively to

high CO2 (e.g. see Andalo et al. 1999). Parameters that

co-vary with CO2 levels, such as pH or the presence of

competing species can confound the cause of microev-

olutionary change and may also make it difficult to find

an appropriate ambient CO2 comparison population

nearby. It is also difficult to be sure that heritable

physiological differences translate into differences in

fitness, rather than to neutral variation between popula-

tions (Fordham & Barnes 1999; Woodward 1999). In

addition, unknown immigration rates from nearby popu-

lations adapted to ambient CO2 levels may impede

adaptation to high CO2 in resident populations. Despite

these ambiguities, CO2 springs offer long-term mesocosm

experiments that should be taken advantage of both as

experimental systems on their own and in combination

with laboratory studies. Here, we have isolated soil

microalgae from two well-studied CO2 springs so as to

characterize their growth and compare it with laboratory

selection lines.

In contrast to studies using multicellular plants, almost all

work to date on microalgal responses to rising CO2 has been

performed using short-term studies in natural and laboratory

populations (reviewed recently by Beardall et al. 1998;

Colman et al. 2002; Riebesell, 2004) or by comparisons

between different taxa of extant phytoplankton (Raven

2003). These studies have resulted in detailed descriptions of

the physiological responses of contemporary populations to

changes in CO2. The strength of this approach is that it has

established that the changes in carbon uptake in standard

microalgal model systems behave like natural populations

over short time scales. In this study, we show that the same

holds true for using the model alga Chlamydomonas to

experimentally test long-term evolutionary responses to

increasing CO2 in microalgae. In demonstrating that the

model system we have used to date behaves like comparable

natural populations, we show that CO2 springs and

laboratory experiments can be used together in order to

obtain both a realistic description of a high CO2 evolved

phenotype, as well as explain how natural selection can lead

to this phenotype.

MATER I A L S AND METHODS

Collection and isolation of natural populations

Soil samples were collected at the Bossoleto CO2 spring

near Sienna, Italy (latitude 43�17¢, longitude 11�35¢) and at

the Strmec spring near Radenci, Slovenia (latitude 46�39¢,
longitude 16�00¢). The Bossoleto and Strmec springs are

well-characterized CO2 springs with undetectable levels of

methane and sulphur in their emissions. Average daytime

CO2 levels at the springs range from 600 to 1200 p.p.m. in

air at the Bossoleto spring and 2600–4200 p.p.m. in soil at

the Strmec spring (Bettarini et al. 1999; Kaligaric 2001;

Marchi et al. 2004), although CO2 levels in soil very near the

springs can exceed 5%. Sulphur levels were undetectable

near both springs. Soil samples were collected in CO2-

enriched areas around the springs, and comparison soil

samples were collected in nearby areas that were not

enriched. Samples were not taken from the mud near or in

the spring water. Soil samples were mixed with 1/4 strength

HSM (High Salt Medium) (Harris, 1989) and illuminated

under either very high (5%) or ambient levels of CO2 and

sampled after 48 and 72 h of growth. This level of CO2 was

within the range of CO2 levels measured at the Bossoleto

spring during sampling. Microalgae were isolated from soil

by phototaxis (Sack et al. 1994). Algae were allowed up to

24 h to swim through agarose-filled pipettes; cells that

reached the illuminated end of the pipettes were then grown

on HSM agar plates at either very high or ambient CO2.

This procedure would have failed to isolate any types that

had an absolute (short term) requirement for high CO2 or

which could not grow in HSM. Populations were identified

by visual inspection by Thomas Pröschold (texts used: Ettl

& Gärtner 1988, 1995; Gärtner & Ettl 1988). Isolates were

nearly monospecific, made up of one of the following:

Tetracystis sp., Chloranomala sp. or Chlorococcum sp., all of

which are common soil algae (Bold & Wynne 1985).

Individual isolate identifications are listed in Appendix S1.

Maximum population densities and growth rates

Maximum population densities and growth rates were

measured in 384-well plates containing 90 lL HSM per

well. All cultures were first acclimated for a single culture

cycle (3–6 days), then diluted and transferred to assay plates.

For spring lines that often failed to grow at ambient CO2,

several extra acclimation cultures were inoculated, and the

surviving cultures were used for growth assays. This may

have allowed some back-selection of the spring lines, so that

the results presented here are conservative. The plates were
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grown in the same phytotron chamber as above at either 430

or 2000 p.p.m. CO2. Absorbance of each culture was

measured every 24 h. Maximum densities were calculated

from the maximum absorbance attained by a culture in the

same assay as was used to measure growth rates. Growth

rates and maximum densities are relative, such that the

average value of the control cultures growing at ambient

CO2 is 1.0. Three independent triplicate measurements were

made for each culture. The physiological response to

changes in CO2 was also calculated from this data.

RESUL T S

Growth rates and maximum population densities

Figure 1 shows the growth rates and maximum population

densities of CO2 spring and comparison isolates. Both

comparison and CO2 spring populations were successfully

isolated from Strmec soil samples, but no comparison

populations were isolated from the Bossoleto spring. Results

from the Strmec isolates only are analysed below.

There was no detectable effect of genus on either growth

rates (F5,5 ¼ 1.83, P ¼ 0.19) or maximum population

densities (F5,5 ¼ 1.24, P ¼ 0.35). Because of this, the

isolates are only divided into CO2 spring and comparison

populations below, regardless of identity. This may be

partially because the isolation procedure used would have

excluded cells that grew very slowly or were not motile, and

any populations that could not grow detectably in the media

used. Thus, the isolation procedure itself might select for

relatively homogenous growth rates. In addition, there are

relatively few isolates of each genus, making it unlikely that

small differences in growth rate or maximum population

density would be detected here.

Figure 1a shows the relative growth rates of the spring

and comparison isolates. The expected physiological

response to an increase in CO2 is an increase in growth

rate. The effect of the assay environment (high or ambient

CO2) is significant (F1,1 ¼ 17.95, P < 0.0001) whereas the

main effect of habitat (spring vs. comparison) is ambiguous

(F1,1 ¼ 3.48, P ¼ 0.068) and the assay · habitat interaction

is non-significant. A direct evolutionary response to long-

term growth at high CO2 would result in the CO2 spring

isolates having a higher growth rate or maximum population

density than the comparison cultures at high CO2. However,

populations from the CO2 springs on average have growth

rate 31% lower than the comparison populations under high

CO2 conditions, although the range of growth rates does

not extend below that of the controls. This effect is only

marginally significant (see above), mostly because there is no

systematic difference in growth rates between high and

comparison isolates at ambient CO2. There is no significant

difference in maximum population densities achieved by the

CO2 spring isolates and the comparison isolates when

grown at high CO2.

Figure 1b shows the maximum cell density attainable by a

culture. There is no significant difference in mean growth

rates (F1,1 ¼ 0.07, P ¼ 0.79) or maximum population

densities (F1,1 ¼ 1.15, P ¼ 0.29) between the CO2 spring

and comparison populations when grown at ambient CO2.

However, three of 10 CO2 spring populations have near-

zero growth rates at ambient CO2, and periodically fail to

grow at all ambient CO2. These three isolates do not have

unusually low growth rates when grown at high CO2.

Changes in sensitivity to CO2

Figure 2 shows the physiological response to changes in

CO2 in populations collected from either CO2 springs or

from surrounding areas where CO2 was not elevated

(comparison). The response is shown as either change in

Figure 1 (a) Relative growth rates of CO2 spring and comparison

algae at high (2000 p.p.m.) and ambient levels of CO2. (b) Relative

maximum cell density attained by cultures of CO2 spring and

comparison algae at high and ambient levels of CO2. In both cases,

each point represents the mean value from three independent

replicate measurements for a single population.
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growth rate (Fig. 2a) or change in maximum population size

(Fig. 2b). The physiological response is calculated as

proportional increase in growth rate or maximum popula-

tion size at high CO2, calculated as (Yhigh ) Yamb/Yhigh) for

each isolate such that a value of 0 indicates that growth rate

or maximum population size is the same at high and

ambient CO2.

There is no significant effect of genus on the physiolo-

gical response to increases in CO2 (growth rate: F5,5 ¼ 2.29,

P ¼ 0.12; maximum population density: F5,5 ¼ 1.05, P ¼
0.44). Because of this, the isolates are pooled into either

spring or comparison treatments below, regardless of

identity. We found no effect of long-term growth at high

CO2 on the mean physiological response to CO2 levels in

terms of growth rate (t0.05(2)13 ¼ 1.3, P ¼ 0.21) or maxi-

mum population densities (t0.05(2)27 ¼ 0.51, P ¼ 0.67). The

populations isolated from the CO2 spring did, however,

have a larger variance in the response of growth rate to CO2

than did the comparison cultures (F ¼ 6.64, P ¼ 0.016), as

the sample from the CO2 spring contained both isolates

with very reduced growth at ambient CO2 (values at or

near 1) and CO2-insensitive isolates (values at or near 0),

which the comparison sample did not.

The Bossoleto samples were not analysed quantitatively

because of the lack of comparison populations. Qualita-

tively, we see the presence of a high CO2-requiring isolate of

Chlorella minutissima (response ¼ 1), which does not grow at

all at ambient CO2, although standard laboratory popula-

tions of Chlorella are usually cultured in air. Chlorella sp. was

not isolated in any of the comparison samples from either

spring.

D I SCUSS ION

In this study, natural isolates from populations representing

three genera of microalgae did not show any evidence of

adaptive evolutionary change that could be attributed to

elevated CO2. This is in good agreement with the results

obtained from a laboratory selection experiment carried out

at elevated CO2 over 1000 generations in Chlamydomonas, a

widely used model system for photosynthesis and carbon

uptake (Collins & Bell 2004). The phenotypes of the

laboratory lines and natural isolates are summarized in

Table 1. Neither laboratory selection lines nor CO2 spring

isolates show a direct response to selection at high CO2 in

terms of either growth rate or maximum population density.

Selection at high CO2 resulted in an apparently maladaptive

response in some cases. Both laboratory and CO2 spring

isolates had populations that failed to grow reliably at

ambient CO2, present at a frequency of 2/10 in the

laboratory lines and 3/10 in the natural isolates from the

Strmec spring, as well as one isolate from the Bossoleto

spring.

Both laboratory and natural populations showed an

apparently maladaptive response when grown at high CO2: a

Figure 2 (a) Response of growth rate to an increase in CO2

concentration from ambient to high (2000 p.p.m.) in CO2 spring

and comparison cultures. (b) Response of maximum cell density to

an increase in CO2 concentration from ambient to high in CO2

spring and comparison cultures. In all cases, a value of 0 denotes

no change between ambient and high CO2, a value of 1 denotes no

growth at ambient CO2. Each point represents the mean value

from three independent replicate measurements for a single

population.

Table 1 Qualitative descriptions of populations grown for prolonged periods of time, either in the laboratory, or in the soil near CO2 springs

Characters at high CO2 Characters at ambient CO2 Response to changes in CO2

Laboratory selection No adaptive response to selection

Lower average limiting density

Higher variance in limiting density

Presence of high CO2 requiring lines Presence of CO2 insensitive lines

CO2 spring No adaptive response to selection

Lower average growth rate

No difference in variances

Presence of high CO2 requiring lines Presence of CO2 insensitive lines
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reduction in mean maximum population density in the

laboratory populations and a reduction in mean growth rate

in the natural isolates. The nature of this apparently

maladaptive response differs between the laboratory lines

and the spring isolates in that it is seen as significantly

lowered population density in the laboratory cultures and as

lowered growth rates in the CO2 spring isolates. This

suggests that some loss of function in carbon uptake or

metabolism is a general feature of long-term exposure to

elevated CO2 in microalgal populations. However, the

nature and extent of this loss appears to vary between the

laboratory selection lines and the spring isolates, as well as

between replicate laboratory lines (Collins & Bell 2004).

This is consistent with the usual divergence seen between

replicate lines in selection experiments. It has been

suggested that contemporary populations of plants are

adapted to lower (pre-industrial or Pleistocene) CO2 levels,

and that this may constrain or preclude adaptive evolution

to elevated CO2 (Sage & Coleman 2001). While this study

does not address the reason that both natural and laboratory

populations of microalgae failed to adapt to elevated CO2, it

does empirically show that adaptation is unlikely to occur

over 1000s of generations. This is in agreement with studies

spanning a comparable number of generations which were

carried out using banked seeds from the mid-19th century

(Balaguer & Barnes 1999), and in multicellular plants found

at CO2 springs (Andalo et al. 1999; Augusti et al. 1999;

Balaguer & Barnes 1999), although failure to adapt to

elevated CO2 is not always the case (Tousignant & Potvin

1996; Polle et al. 2001; Vodnik et al. 2002).

Although there is no adaptive response to growth at

elevated CO2, a range of phenotypes can be seen in

populations propagated at high CO2, such as isolates that

are unable to grow at ambient CO2. All the control isolates

are able to increase their growth rate in response to an

increase in CO2, whereas two of the CO2 spring isolates are

unable to do so. These growth–CO2 relationships do not

systematically correspond to growth rate or maximum

population density at high CO2. A similar range evolved

among replicate experimental lines of Chlamydomonas

(Collins & Bell 2004), demonstrating that long-term

responses to elevated CO2 vary among natural populations

in the same way that they do between experimental lines in

the laboratory.

Because there is a range of neutral phenotypes, long-term

growth at elevated CO2 has the potential to cause non-

adaptive evolutionary change and phenotypic divergence in

natural populations of microalgae as well as in a laboratory

model system. The repercussions of this could be especially

important in isolated populations of the same species, which

have the potential to diverge as CO2 levels rise. The range of

neutral phenotypes found in high CO2 populations

introduces a source of uncertainty and the possibility of

multiple simultaneous outcomes into predictions of how

microalgal populations are likely to change as CO2 rises.

This uncertainty should not be mistaken for a lack of

understanding or be used as an excuse either to discount

models based on current growth–CO2 relationships or to

fail to take prudent measures that could manage anthrop-

ogenic impacts on natural systems. However, findings such

as the ones in this study highlight the inherent unpredict-

ability of biological systems, even when they have been

greatly simplified for laboratory experiments.

In the natural isolates described here, microalgal popu-

lations are unable to improve their performance signifi-

cantly at elevated CO2, but this does not exclude the

possibility that elevated CO2 could indirectly cause adaptive

change. A negative correlated response, where some CO2

spring isolates show reduced growth at ambient CO2,

shows that some degree of normal function can be lost

when CO2 is constantly abundant. Similarly, it was found

that Chlamydomonas selected at high CO2 lost the ability to

induce high-affinity CO2 uptake as effectively as wild-type

cells (S. Collins, D. Sültemeyer and G. Bell, unpublished

data). This might allow energy diverted from CO2 uptake or

regulation to be devoted to the acquisition of limiting

resources, such as iron (Falkowski 1994; Riebesell 2004).

This hypothesis has yet to be directly tested in microalgae,

although there is some support for it in land plants grown

in competition under high CO2 for several generations

(Bazzaz et al. 1995).

The aim of this study was to compare the evolutionary

responses of natural and laboratory populations of micro-

algae to elevated CO2. For the laboratory selection

experiment, an algal model system, Chlamydomonas reinhardtii,

was used. Chlamydomonas is a common soil algae that

possesses the ability to actively concentrate inorganic carbon

inside its cell (Badger et al. 1980). Two of the three genera of

soil algae isolated from the Strmec spring, Chlorococcum and

Tetracystis, are part of the Order Chlamydomonales along

with Chlamydomonas (Lewis & McCourt 2004). Chlorococcum

sp. is known to induce active concentration of carbon inside

its cell under low CO2 (Miyachi et al. 2003), as does

Chlamydomonas. To the best of our knowledge, the carbon

uptake physiology of Tetracystis or Chloranomala has not been

reported, although the ability to concentrate inorganic

carbon is present in most microalgae studied to date

(Colman et al. 2002). In multicellular plants, responses to

CO2 measured over several generations vary idiosyncratic-

ally between species (reviewed by Ward & Strain 1999;

Urban 2003). In contrast with this, our present study failed

to detect any systematic between-genus differences in

evolutionary responses to elevated CO2, although small

differences may be detectable with more intensive sampling.

This suggests that the range of results obtained using

replicate laboratory populations approximates the range of
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results found in the same size sample of natural populations

with similar biology.

Experimental studies designed to examine the effects of

specific environmental changes must simplify both the

biotic and physical environment in order to draw clear

conclusions about the nature and cause of adaptation. While

this simplification is necessary, it is important to establish to

what extent model systems behave like the natural popu-

lations that they are meant to represent. Our findings

validate the use of a model system for studying the

evolutionary response of algae to elevated CO2 and verifies

that the phenotypes found in the laboratory correspond

with the outcome of selection in natural communities.
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