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Variation in atmospheric [CO,] is a prominent feature of the environmental history over which vas-
cular plants have evolved. Periods of falling and low [CO,] in the palaco-record appear to have
created selective pressure for important adaptations in modern plants. Today, rising [CO,] is a
key component of anthropogenic global environmental change that will impact plants and the eco-
system goods and services they deliver. Currently, there is limited evidence that natural plant
populations have evolved in response to contemporary increases in [CO,] in ways that increase
plant productivity or fitness, and no evidence for incidental breeding of crop varieties to achieve
greater yield enhancement from rising [CO,]. Evolutionary responses to elevated [CO,] have
been studied by applying selection in controlled environments, quantitative genetics and trait-
based approaches. Findings to date suggest that adaptive changes in plant traits in response to
future [CO,] will not be consistently observed across species or environments and will not be
large in magnitude compared with physiological and ecological responses to future [CO,]. This
lack of evidence for strong evolutionary effects of elevated [CO,] is surprising, given the large effects
of elevated [CO,] on plant phenotypes. New studies under more stressful, complex environmental
conditions associated with climate change may revise this view. Efforts are underway to engineer
plants to: (i) overcome the limitations to photosynthesis from today’s [CO,] and (ii) benefit maxi-
mally from future, greater [CO,]. Targets range in scale from manipulating the function of a single
enzyme (e.g. Rubisco) to adding metabolic pathways from bacteria as well as engineering the struc-
tural and functional components necessary for C, photosynthesis into C; leaves. Successfully
improving plant performance will depend on combining the knowledge of the evolutionary context,
cellular basis and physiological integration of plant responses to varying [CO,].
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1. INTRODUCTION: WHY TAKE AN
EVOLUTIONARY PERSPECTIVE?

Assimilation of CO, from the atmosphere into biomass
by higher plants is fundamental to: (i) providing food,
fuel and fibre for human consumption; (ii) supplying
energy to terrestrial ecosystems; and (iii) regulating
the concentration of atmospheric CO, ([CO,]) and
climate. In almost all higher plants, photosynthetic
CO,, fixation (A4) and stomatal conductance (g,) are
instantaneously sensitive to variation in [CO,] over
the range of past to present and/or predicted future
[CO,]. The rise in [CO,] starting during the Industrial
Revolution and continuing today is notable for how
quickly it is altering plant function. Changes in 4 and
gs caused by increasing [CO,] initiate a set of cellular
and physiological responses, which typically increase

* Author for correspondence (leakey@illinois.edu).

One contribution of 12 to a Theme Issue ‘Atmospheric CO, and the
evolution of photosynthetic eukaryotes: from enzymes to ecosystems’.

growth and can increase reproductive output. Genoty-
pic variation in almost all elements of these responses
creates the potential for ecological and evolutionary
consequences over a wide range of timescales.

Plant and ecosystem responses to varying [CO,] are
currently best understood at the physiological and
ecological levels and on timescales of one generation
or less. Investigating plant responses to varying atmos-
pheric [CO,] in an evolutionary context is important
because variations in [CO,] over geological timescales
are believed to have played important roles in the evol-
ution of ecologically and economically important traits
in extant species. In addition, if plants evolve in response
to twenty-first century [CO,], changes in future ecosys-
tem structure, function and services will extend beyond
what can be predicted from knowledge of physiological
and ecological responses to elevated [CO,]. From a
practical perspective, there is the possibility that despite
major breeding successes, present elite crop varieties
may not be adapted for optimal performance under pre-
sent and future [CO,]. Accordingly, improving plant
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productivity in high [CO,] environments may be an
open opportunity for biotechnology or breeding to
improve crop performance now and in the future. This
paper builds on previous reviews [1-4] to synthesize
the present knowledge on each of these topics. It dis-
cusses how an evolutionary perspective could advance
efforts to understand and manage plant and ecosystem
responses to rising [CO,] by addressing the following
five questions:

(1) Have plants evolved in response to varying [CO,]
on a geological timescale?

(2) Have plants evolved by natural or artificial selec-
tion in response to contemporary increases in
[CO,J?

(3) Wiill rising [CO,] drive natural selection in the
future, and if so how?

(4) What traits are favoured under high [CO,]?

(5) How does evolutionary history impact and
inform efforts to engineer crops for improved
performance in present and future [CO,]?

Detailed evaluation of the approaches available for
integrating evolutionary biology with physiology and
ecology are reviewed authoritatively elsewhere [5-7].

2. QUESTION 1: HAVE PLANTS EVOLVED
IN RESPONSE TO VARYING [CO,] ON A
GEOLOGICAL TIMESCALE?
Variation in [CO,] is proposed to have played a key role
in driving the evolution of plants since they colonized
the land 400 Ma [8-12]. Estimates of the palaeo-
[CO,] record have been generated by modelling the
weathering and burial of Ca—Mg silicates and organic
carbon [13], as well as a range of proxies including
stomatal characteristics of fossil leaves [14] and the
stable isotope composition of pedogenic carbonates,
marine organic matter and fossil bryophytes [15—-18].
There is significant uncertainty associated with each
individual methodology and variation across methods
[13,16, 19,20]. Nevertheless, the following general
trend emerges. The earliest land plants became estab-
lished at high [CO,] (1500-3000 ppm) before a
period of low [CO,] (less than or equal to 1000 ppm),
which started ~350 Ma and lasted ~50-100 Myr
(figure 1a). Between ~250-100 Ma [CO,] appears to
have been maintained at approximately 1000 ppm.
With the exception of a period in the Eocene ~40-
50 Ma, all proxies and models indicate [CO,] of less
than 1000 ppm for the last 100 Myr (figure 1a).
Periods of falling or low [CO,] have been linked to
the evolution of a number of important plant traits as
well as diversification of the vascular flora (figure 156)
[8,27]. The development of megaphyll leaves in mul-
tiple independent lineages was coincident with the
transition from high to low [CO,] during the Devo-
nian and Carboniferous 400-350 Ma [25,28]. As
[CO,] dropped, rates of A would have become
increasingly limited by the resistance to diffusion of
CO, from the atmosphere to the site of fixation by
Rubisco. Changes in stomatal density and stomatal
size (a combination of pore depth and pore cross-
sectional area determined from measurements of the
entire guard cell complex, which better predicts g
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than pore cross-sectional area alone) observed in
fossil leaves have been wused to drive models
predicting increases in maximum g at this time
[14,23,29], which would have relieved resistance to
CO, diffusion through the epidermis and maintained
rates of A [30]. The rise in g is proposed to have
increased the capacity for evaporative cooling of
leaves, allowing greater leaf areas to develop for
intercepting radiation without causing overheating
[25,28]. These changes in the structure and function
of leaves coincided with the first major increase in the
number of vascular plant species [24]. Although most
data indicate that periods of low [CO,] are associated
with novel adaptations and diversification, Willis &
McElwain [12] found that over geological timescales,
periods of high [CO,] corresponded with greater orig-
ination rates of fossil species. These two observations
appear contradictory on first examination. However,
origination rates are defined as the rate at which new
species appear in the fossil record, and this could
differ from the rate of change of overall species richness.
If this is the case, a combination of decreasing rates of
species gain in low [CO,] with even greater decreases
in the rate of species loss could be the basis of the
observed patterns.

The second major period of falling and low [CO,]
(from 100 Ma until the present day) also overlapped
with increases in stomatal density and decreases in indi-
vidual stomatal size that suggest plants were developing
greater maximum g, to counteract the CO,-limitation
of photosynthesis (figure 15) [14,23,29]. This was
preceded by a rapid and significant increase of vein den-
sity in angiosperm leaves that started ~150 Ma [26].
Greater leaf hydraulic conductance resulting from
greater vein density would have allowed plants to
potentially achieve greater A by delivering more water
to the leaf in order to sustain greater stomatal con-
ductance. Therefore, increasing vein density has been
proposed to have been a major fitness advantage for
angiosperms and contributed to their subsequent radi-
ation (figure 1la,b) [26,31—-33]. The magnitude of the
benefit to A from greater hydraulic conductance sup-
porting greater g, is negatively correlated with [CO,].
Modelling these relationships suggests that increases in
hydraulic conductance on the scale observed would sup-
port several fold greater A at [CO,] of 280 ppm, but be
of more modest benefit (+13%) at [CO,] of 1000 ppm
[26]. The interdependence of the reported variations in
[CO,], vein density and stomatal characteristics is hard
to determine. The change in vein density appears to
have significantly predated the decrease in [CO,]
during the Cretaceous, as well as changes in stomatal
characteristics (figure 1a,b) [34]. Uncertainties in the
palaeo-[CO,] record and dating of samples in fossil
studies could contribute to this disparity. This leaves
open the possibility that additional data will demonstrate
that the three events were coordinated, as understanding
of physiology in extant species would lead us to expect.
On the other hand, the majority of papers in this field
openly acknowledge that other environmental factors
also varied during these key periods of plant evolution
and could have been the selective agent for adaptive
traits. A further possibility related to this scenario is
that greater hydraulic capacity was an exaptation [35]
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Figure 1. Comparative time courses over most of the Phanerozoic of: (a) estimated atmospheric [CO,] predicted from a geo-
chemical model of the carbon cycle (GEOCARBSULLF, adapted from Berner [13]) and multiple proxies of [CO,] (stomatal
indices and isotope analysis of liverworts, palacosols, marine boron, phytoplankton and B/Ca, updated from the compilation of
Royer [21]), with a dashed line at 1000 ppm indicating the atmospheric [CO,] above which photosynthesis is saturated in most
modern plants [22]; () estimated maximum stomatal conductance (adapted from Franks & Beerling [23]), estimated vascular
species richness (adapted from Knoll & Niklas [24]), stomatal density (redrawn from Royer er al. [20]), Devonian and
Carboniferous leaf size (adapted from Osborne ez al. [25]), C, grass clade richness (adapted from Edwards ez al. [9]) and
angiosperm vein density (adapted from Brodribb & Feild [26]), all of which are expressed relative to the maximum value in

the individual records of each parameter from the cited studies.

that developed under some other selective force
but then resulted in further fitness gains when [CO,]
subsequently decreased.

An important constraint on the role of varying [CO,]
in driving plant evolution that has been rarely discussed is
the nonlinearity of [CO,] effects on plant performance
and the concentration at which [CO,] is saturating.
A survey of a wide variety of modern plant species,
including angiosperms and gymnosperms, woody
and herbaceous species, indicates that A is almost
universally saturated at intercellular [CO,] of less than
700 ppm, which corresponds to atmospheric [CO,] of
1000 ppm [22]. Changes in leaf water use and energy
balance associated with altered g; are also minimal
above 1000 ppm [36]. If this saturating [CO,] was main-
tained across the course of plant evolutionary history, it
would set a threshold above which variations in [CO,]
would have no consequence for plant physiology or fit-
ness (figure 1). For example, in this scenario, the initial
decline in [CO,] during the Devonian from peak
values of 1500—3000 ppm would have no direct effect
on plants until dropping below 1000 ppm ~350 Ma
(figure la). However, the saturating [CO,] for early
plants may have been much higher than for modern
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species. This is partly because the resistance for CO, to
pass through the epidermis was much greater, owing to
their large stomatal sizes and lower stomatal densities
[23,29]. In addition, it is possible that cell wall and chlor-
oplast envelope structures of ancient species reduced
mesophyll conductance relative to modern species [37].
Both of these factors would increase the saturating atmos-
pheric [CO,] for photosynthesis [38,39] and, therefore,
the threshold for atmospheric [CO,] effects on plant fit-
ness. This alternative scenario is consistent with the fact
that stomatal conductance and leaf size both started to
increase ~390 Ma, when [CO,] estimates from a variety
of proxies ranged from 1500 to 3000 ppm. Establish-
ing that the saturating [CO,] for early plants is that
high will require further experimental and modelling
analysis. Further investigation of changes in mesophyll
conductance and saturating [CO,] in plants from the
late Mesozoic and Cenozoic might also clarify the role
that changes in [CO,] played in triggering the evolu-
tion of high water use and photosynthetic capacity
in angiosperms.

Plants with C4 photosynthesis appear to have emerged
during the most recent period of low [CO,] (less than
1000 ppm), before becoming ecologically important in
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many ecosystems 3-8 Ma [9]. Molecular clock data
calibrated using fossils suggest that the origins of all the
known C, grass clades occurred between ~3 and
32 Ma, and it has been proposed that this was driven by
a mid-Oligocene drop in [CO,] that favoured C, species
over C; species because of their greater photosynthetic
efficiency at low [CO,], particularly when combined
with high temperatures and drought stress (figure 1a,b)
[40—42]. Carbon isotope analysis of pollen grains suggests
that a significant fraction (more than 25%) of grass species
were C, ~15-33 Ma [43]. Isotopic evidence from
organic matter in abyssal sediments of the Atlantic
Ocean were initially proposed to suggest that C4 species
might have originated earlier, as much as 90 Ma, but
could alternatively be explained by expansion of marine
archaea at that time [44,45]. Crassulacean acid metab-
olism (CAM) photosynthesis is another adaptation that
involves a CO, concentrating mechanism to maximize
water-use efficiency, and it is estimated to have also
evolved in the orchids during the period of relatively low
[CO,] (~65 Ma) [46], while the cacti diverged from
their closest relatives ~35 Ma [47].

In summary, there are several lines of evidence that fall-
ing and low [CO,] creates selective pressure for two major
classes of adaptation. First, adaptations to acquire and use
water in exchange for [CO,] (smaller stomata, greater sto-
matal density, megaphyll leaves and greater vein density),
which were presumably restricted to plants existing in
mesic environments. Second, adaptations for CO, con-
centrating mechanisms that increase photosynthetic
efficiency and maximize water-use efficiency (C; and
CAM photosynthesis), which were presumably favoured
in hot and dry environments. The potential strength of
low [CO,] as an agent of selection on plant traits has
been highlighted by work on plants growing 8-55 Ka,
which included a glacial period with very low [CO,]
(~180-220 ppm). Isotopic evidence indicates that the
ratio of intercellular [CO,] to atmospheric [CO,] was
similar to that observed in modern plants, and therefore
glacial trees were operating close to the photosynthetic
CO, compensation point where carbon starvation is
experienced [48]. In contrast, periods of rising or high
[CO,] have not widely been proposed to drive major
events in plant evolution. The relative rarity of major evol-
utionary events during periods of high [CO,] is unlikely to
result from the absence of genetic variation in plant sensi-
tivity to high [CO,], or heritability of key traits controlling
plant response to [CO,] (see Question 3) [49]. Alterna-
tively, it might reflect that fitness and selection were
more strongly driven by genetic variation in plant
responses to other environmental influences when
[CO,] was high and imposing little or no limitation on
photosynthesis and productivity.

3. QUESTION 2: HAVE PLANTS EVOLVED

BY NATURAL OR ARTIFICIAL SELECTION

IN RESPONSE TO CONTEMPORARY
INCREASES IN [CO,]?

Anthropogenically driven global environmental change
since the mid-twentieth century has been detectable
against the background variability in climate and
atmospheric composition [50]. In addition, biological
responses to global environmental change are detectable
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in both natural and agricultural ecosystems [51-54].
Included in these biological responses are evolutionary
changes across a range of taxa in response to air pollu-
tants, drought and temperature [55-58]. However,
there is still no unequivocal evidence that plants have
evolved in response to contemporary increases in
[CO,]. Stomatal density and stomatal size of nine
diverse Floridian plant species have changed over the
last 150 years, causing a decrease in maximal g as
[CO,] has risen from 290 to 390 ppm [51]. However,
these changes were interpreted as being driven by an
acclimation response, not genetic changes. This is con-
sistent with numerous other studies on diverse taxa,
finding that physiological adjustments play more
significant roles than evolutionary responses to recent
environmental change [59].

Itis possible that crop breeding programmes will have
incidentally selected for genotypes with improved
responsiveness to elevated [CO,]. This possibility has
not been intensively studied, but the available evidence
suggests that it is not the case. In fact, the opposite scen-
ario where [CO,] responsiveness has been selected
against may have occurred. Two experimental compari-
sons of wheat genotypes released at different dates over
the nineteenth and twentieth centuries both showed that
stimulation of yield by elevated [CO,] predicted for
mid- to late twenty-first century compared with ambient
or pre-industrial [CO,] was greater in genotypes with
earlier release dates (figure 2) [60,61]). There is also
no evidence for a greater CO,-fertilization -effect
on yield of more recently released soybean genotypes
in the US Department of Agriculture germplasm collec-
tion (R. Nelson & E. A. Ainsworth 2011, unpublished
data). These findings have suggested that optimizing
the performance of crops under [CO,] today and in
the decades to come will not happen incidentally.
Accordingly, high yield under the elevated [CO,] pre-
dicted in the future needs to be included as a target in
crop breeding and biotechnology programmes [1,62].

4. QUESTION 3: WILL RISING [CO,] DRIVE
NATURAL SELECTION IN THE FUTURE,

AND IF SO HOW?

While palaeoeological studies have implied evolutionary
responses to past changes in atmospheric [CO,], recent
quantitative genetic and selection experiments have
tested whether predicted future elevated [CO,] con-
centrations will cause further evolutionary change
[63—71]. The evolutionary effects of rising atmospheric
[CO,] are likely to be fundamentally different from
evolutionary effects of other types of anthropogenic
environmental change because the rise in [CO,]
occurs almost uniformly across the globe. Whereas evol-
ution in response to other types of global change, such
as global warming, may be facilitated by spatial variation
(e.g. populations from warmer regions may possess
genes that facilitate adaptation to warming climates),
[CO,] does not vary substantially across species
ranges, and, therefore, little genetic differentiation in
[CO,] responsiveness among populations across a
species range is expected. Still, because the traits
that mediate [CO,] responsiveness are influenced by a
wide variety of abiotic environmental conditions that
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Figure 2. Seed yield as a function of growth at [CO,] ranging from subambient (293 ppm) to ambient (385 ppm) and elevated
[CO,] (715 ppm) for four different Spring wheat lines released in (@) 1903 (Marquis), (b) 1921 (Thatcher), (¢) 1965 (Chris)
and (d) 1996 (Oxen). Treatment means are adapted from Ziska ez al. [60].

vary both spatially and temporally (e.g. drought and
temperature), genetic variation for the physiologi-
cal traits underlying [CO,] response may exist in both
natural [72] and crop species [73,74]. In this section,
we review quantitative genetic studies that test how
elevated [CO,] will affect predicted future evolutio-
nary trajectories, what traits are likely to change in
response to further increases in [CO,], and constraints
on adaptation to future, elevated [CO,]. In addition,
we highlight some of the challenges to predicting
evolutionary responses to future increases in [CO,].
Evolutionary responses depend on: (i) selection, or
whether elevated [CO,] alters the relationship between
plant traits and plant fitness; and (ii) heritability and
genetic covariance, or whether trait and fitness
responses to [CO,] are passed to subsequent gener-
ations. Two approaches have been employed to
understand how varying [CO,] will influence plant evol-
ution. The first approach uses ‘selection in controlled
environments’ experiments (sensu [75] e.g. [68,71]).
Replicated plant populations are grown for multiple
generations under ambient [CO,] or elevated [CO,]
predicted for mid- to late twenty-first century. Offspring
from populations that had evolved under ambient
[CO,] conditions versus elevated [CO,] conditions are
then compared, ideally in both ambient [CO,] and elev-
ated [CO,] environments. Any divergence between
populations can be attributed to genetic changes in
plant traits in response to the [CO,] environment, pro-
vided that maternal environmental effects are controlled
for. Increased fitness of populations that had evolved
under elevated [CO,] conditions compared with popu-
lations evolved under ambient [CO,] conditions when
grown in elevated [CO,] environments is evidence
for adaptation to elevated [CO,]. The second approach
employs quantitative genetics to compare predicted
evolution in ambient [CO,] versus elevated [CO;]
environments [63—65,69]. This approach involves esti-
mating components of the evolutionary process
(selection, heritability and/or genetic covariances) on
plant populations grown in ambient [CO,] or elevated
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[CO,]. The advantage of the selection in a controlled
environment approach is that it specifically tests for
whether an evolutionary response occurs; however,
the mechanisms underlying the response cannot be
identified. The advantage of the quantitative genetic
approach is that it identifies how the mechanisms
of evolutionary change (altered patterns of natural selec-
tion, heritabilities or genetic covariances between traits)
are affected by [CO,] and also can identify specific
traits underlying adaptation to elevated [CO,] (see
Question 4). Predicting the effects of [CO,] on long-
term evolutionary change with this method, however,
is complicated by assumptions that heritabilities and
covariances remain constant over time [76].

Most studies that employ the selection in controlled
environments approach find limited evidence that
plants adapt to elevated [CO,], even though genetic
changes in plant traits are often observed. Potvin &
Tousignant [68] simultaneously manipulated [CO,]
concentration and temperature to simulate future
environmental conditions by increasing [CO,] concen-
trations from 370 to 650 ppm and temperature from
20°C to 23.6°C over seven generations. They detected
little evidence that populations of Brassica juncea
adapted to simulated future environments. Although
half of the 14 traits measured had diverged between
populations that had evolved under present versus
future environmental conditions, only one measured
trait showed an adaptive response, and no fitness
measures showed a pattern of local adaptation. Simi-
larly, Ward er al. [71] isolated the effects of [CO,] by
artificially selecting on fecundity in replicate Arabidopsis
thaliana populations grown under subambient [CO,]
(200 ppm) and elevated [CO,] (700 ppm) for five gen-
erations. They found that subambient populations had
adapted to low [CO,] and produced more seed than
lines selected under elevated [CO,] when grown at
200 ppm [CO,]; however, elevated [CO,] populations
had not adapted to elevated [CO,]—populations that
had evolved under 200 ppm and 700 ppm did not
differ significantly in seed production in elevated
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[CO,] environments. Moreover, elevated [CO,] selec-
tion lines actually increased biomass less in response
to elevated [CO,] compared with control lines that
were not artificially selected, suggesting that the biomass
increases commonly observed in response to elevated
[CO,] in single generation studies will not be increased
by evolutionary change. Finally, Collins & Bell [77]
used the model organism Chlamydomonas to investigate
evolutionary responses over 1000 generations in either
constant [CO,] environments (430 ppm) or steadily
increasing [CO,] (430—1050 ppm). As with the earlier
mentioned studies, no Chlamydomonas populations
showed evidence for adaptation to elevated [CO,]
even though changes in photosynthesis and respiration
rates occurred. These changes reduced the fitness of
populations evolved under elevated [CO,] when they
were grown in lower [CO,] environments but did not
affect fitness when they were grown in elevated [CO,].
Similar results were observed in natural Chlamydomonas
populations found in CO, springs [78]. Collins & Bell
attribute their findings to the fixation of conditio-
nally neutral mutations in the carbon concentration
mechanism—these changes had no effect when [CO,]
was saturating, but reduced growth and fitness when
[CO,] was limiting. Together, these studies suggest
that genetic changes may occur in response to eleva-
ted [CO,], but that these changes do not necessarily
result in increased fitness or productivity in elevated
[CO,] environments.

Similar to the results observed from selection in
controlled environment studies, quantitative genetic
experiments also find little evidence that elevated
[CO,] has large effects on predicted evolutionary tra-
jectories. For example, Lau ez al. [64] failed to detect
evidence that elevated [CO,] alters patterns of natu-
ral selection on plant traits, heritabilities or genetic
covariances, despite employing a statistically powerful,
well-replicated experiment on a highly variable popu-
lation. Both Steinger ez al. [69] and Bazzaz et al. [63]
found evidence that elevated [CO,] alters patterns of
natural selection and/or heritabilities; however, effects
of [CO,] on evolutionary processes typically were
small in magnitude. All of these studies focus pri-
marily on down-stream traits, such as phenology
and growth. Selection acting on physiological traits is
rarely measured, in part because of the difficulty of
measuring physiological traits on the hundreds or
thousands of individuals necessary for rigorous quanti-
tative genetics analyses. This is unfortunate given that:
(1) physiological traits might be expected to respond
most strongly to elevated [CO,]; (ii) several studies
have shown that [CO,] alters phenotypic integration
and the trade-offs between plant traits [70,79]; and
(ii1) results from selection in controlled environment
studies suggest genetic changes in physiological traits
in response to variation in [CO,] [77,80,81].

Together, the selection in controlled environment
studies and quantitative genetic studies conducted to
date indicate that adaptive evolutionary responses
to elevated [CO,] will be weak relative to ecological
and physiological responses. The lack of evidence for
strong evolutionary responses is surprising, given the
large effects of elevated [CO,] on plant phenotypes.
However, it is consistent with mixed results from
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studies of populations growing along gradients of
[CO,] at natural CO, springs. Many studies fail to
find evidence for adaptation to elevated [CO,] or evi-
dence for genetic changes towards increased
productivity, even though reduced allocation to photo-
synthetic apparatus is sometimes observed in
populations with an evolutionary history of high
[CO,] [78,82,83] (but see [84]). One recent example
in which adaptation to elevated [CO,] was observed
documented genetic divergence between Plantago
asiatica populations growing near or far from natural
CO, springs [83]. When reared in common environ-
ments, genotypes collected from locations near the
springs (greater [CO,]) had lower photosynthetic
capacity and g, compared with genotypes far away
from the springs (lesser [CO,]), but also had greater
shoot-to-root ratios and achieved greater productivity.
Interestingly, the study populations included in these
experiments had experienced [CO,] concentrations
ranging from 380 to 5338 wmol mol !. Genetic differ-
ences in phenotypic traits were observed between
populations that experienced [CO,] between 380
and 1044 ppm. In contrast, there was no additional
differentiation between the populations experiencing
[CO,] of 1044 and 5338 ppm. This is consistent
with the idea presented in Question 1 that [CO,] will
cease to be an agent of selection above the [CO,]
(approx. 1000 ppm) at which physiological responses
are saturated. Moreover, the physiological and growth
stimulation effects of elevated [CO,] begin to attenuate
at [CO,] even lower than 1000 ppm, potentially
explaining the minimal evolutionary effects of elevated
[CO,] but larger evolutionary responses to subambient
[CO,] [3,83].

Although most quantitative genetic studies have been
conducted in relatively simplistic growth chamber and
greenhouse environments where both abiotic and
biotic stressors are absent, some studies suggest that
the evolutionary effects of [CO,] may be heightened in
the presence of competitors or herbivores [63,65].
The effects of [CO,] in more complex communities
may result through two processes. First, if elevated
[CO,] alters the intensity or likelihood of biotic inter-
actions and biotic interactions are strong agents of
natural selection, then elevated [CO,] may alter evol-
ution when those interactors are present, even if
elevated [CO,] has minimal direct effects on evolution-
ary processes. For example, if a plant is grown in the
presence of competitors and elevated [CO,] alters
the outcome of competition because species vary
in the magnitude of their growth response to [CO,],
then the strength of competition as a selective agent
may be altered. Lau ez al. [65] provide empirical evi-
dence in support of this mechanism; elevated [CO,]
reduces the fitness effects of competition on A. thaliana.
Because competition is a strong agent of selection on
A. thaliana size traits, elevated [CO,] minimizes the
selective effects of competition, and differences in pat-
terns of natural selection are observed between
populations grown in ambient [CO,] versus elevated
[CO,] environments when competitors are present,
even though [CO,] has no direct effects on predicted
evolutionary trajectories in the absence of competitors.
Second, elevated [CO,] may alter evolutionary process
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if elevated [CO,] affects the expression of traits that
mediate interactions with other species. For example,
Vannette & Hunter [85] find that five genotypes of
Asclepias syrica respond differently to elevated [CO,]
in terms of the expression of defensive chemicals
but not growth or reproductive traits. If herbivores
negatively impact plant fitness, then the effects of
elevated [CO,] on defence trait expression could trans-
late into differential effects on plant fitness when
herbivores are abundant, even though elevated [CO,]
is unlikely to affect evolutionary processes when
herbivores are absent.

In sum, the available evidence to date suggests that
evolutionary responses to elevated [CO,] will not be
consistently observed or large in magnitude relative
to ecological and physiological responses. This is
despite substantial evidence indicating that subambi-
ent [CO,] concentrations are an important selective
agent [11,71], potentially responsible for large evol-
utionary changes in a wide variety of plant traits
and even the diversification of vascular plants (see
Question 1). Most studies to date, however, have
been conducted in relatively simplistic environmental
conditions, where biotic and abiotic stress is minimal.
Given that some evolutionary effects have been
observed or are predicted when plants experience
competition [63,65,69] or herbivory [85,86], evol-
utionary effects may be more likely in more stressful
biotic environments. Similarly, evolutionary effects of
elevated [CO,] also may be more likely when plants
experience abiotic stress, such as drought or nutrient
limitation. Under stressful environments, it is possible
that the genetic changes in physiological traits
observed in numerous studies may change from
being conditionally neutral to beneficial, thereby
resulting in differential effects on growth and fitness.
Few studies, however, have investigated evolutionary
consequences of rising atmospheric [CO,] in subopti-
mal environmental conditions. Given that temperature
and potentially drought stress will increase simul-
taneously with [CO,], such studies are needed to
identify evolutionary effects and traits under selection
in future environments.

5. QUESTION 4: WHAT TRAITS ARE FAVOURED
UNDER HIGH [CO,]?

Physiological, palaeoecological and quantitative gen-
etics experiments suggest that leaf and photosynthetic
traits are responsive to [CO,] and, therefore, may play
a key role in mediating adaptive evolutionary responses
to elevated [CO,]. Moreover, both inter- and intraspeci-
fic comparisons reveal variations in [CO,] response
(reviewed by Poorter & Navas [87], see table 1 in Lau
et al. [64]). Still, we have a rather limited understanding
of which plant traits are most likely to produce higher
yields or increased fitness in the elevated [CO,] environ-
ments predicted for the future, as well as which specific
combinations of traits are necessary for strong growth
enhancement responses to elevated [CO,] [88]. The
recent advent of trait-based approaches and associated
multi-species trait datasets, combined with intraspecific
comparisons and genetic or phenotypic manipulations
of traits, may provide improved methods to more
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thoroughly understand the traits underlying [CO,]
responsiveness and to predict which genotypes and
species will be favoured in an elevated [CO,] world.

To date, most studies attempting to identify traits
underlying variation in [CO,] response have used
interspecific comparisons and have focused on differ-
ences among broad functional groups (e.g. Cs forbs,
C; grasses, C, grasses and legumes). Such studies
typically find that C5 species have greater responses
to elevated [CO,] than C, species and that legumes
have relatively higher CO, responses than non-
legumes, provided that other nutrients are not limiting
[89,90]. Fewer studies have focused on more specific
growth, phenological or physiological traits. Traits
underlying adaptation to elevated [CO,] may be ident-
ified by growing species under ambient or elevated
[CO,] conditions and correlating phenotypic traits
with the growth stimulation effects of elevated [CO,]
or fitness/yield in elevated [CO,] environments.
In one such study, Atkin et al. [91] compared the
growth stimulation effects of elevated [CO,] on ten
Acacia species that varied in relative growth rate
(RGR), and found that fast-growing species (greater
RGR) responded more to elevated [CO,] than slow-
growing species. However, later studies on the same
set of Acacia species found no relationship between
RGR or leaf traits (specific foliage area) and CO,
response [92]. Furthermore, studies on other systems
have found the opposite pattern [93]. Such empirical
studies have the advantage of manipulating [CO,] on
multiple species grown in common environmental
conditions, but are limited by the small number of
taxa that can be considered in any one experiment.
In addition, manipulating [CO,] in a single environ-
ment may be problematic given that environmental
conditions affect [CO,] responses and these environ-
mental effects may vary across genotypes. In the
study by Atkin et al., for example, the [CO,] manipu-
lation took place under optimal nutrient and water
conditions, an environment that favours the fast-
growing species. Slow-growing species typically inhabit
more stressful environments, and a very different
finding may have resulted if the experimental environ-
ment more closely matched environments to which
slow-growing species were adapted.

More recently, meta-analyses have been conducted
on data from hundreds of existing empirical studies
to look for broad patterns in [CO,] response across
taxonomic scales. Poorter & Navas [87] conducted a
meta-analysis on 350 different experiments that exam-
ined the growth stimulation effects of elevated [CO,]
on 350 different plant species. Surprisingly, only
18 per cent of the variation in growth response was
explained by species, possibly because CO, stimulation
effects also depend on ontogeny, environment and
intraspecific variation. Still, the meta-analysis confirmed
expectations: Cs plants exhibited the strongest growth
response to elevated [CO,]; Cy4 plants showed the smal-
lest growth response; and CAM plants demonstrated
intermediate responses. These functional group classifi-
cations based on photosynthetic mechanisms explained
only 10 per cent of the variation among species in CO,
response. This may reflect the importance of ontogeny,
environment and genotypes as mentioned earlier, but
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could also indicate that other traits play strong roles
in mediating productivity responses to [CO,]. For
example, among C; forbs, fast growers responded
more strongly to elevated [CO,] than slow growers and
differences were also observed between dicots and
monocots as well as legumes versus non-legumes [87].
Other meta-analyses and reviews have focused on
other traits. Kerstiens [94] found that biomass responses
to elevated [CO,] were greater for shade-tolerant species
than shade-intolerant species. Similarly, Niinements
[39] observed that plants with more robust leaves (i.e.
evergreen schlerophylls) responded more positively to
elevated [CO,] than species with less robust leaves,
emphasizing the importance of mesophyll conductance
and its role in influencing [CO,] supply to chloroplasts.
Similar to the interspecific comparisons described
earlier, intraspecific variation in plant traits also can
be correlated with growth responses to elevated
[CO,] or high fitness/yield in elevated [CO,] environ-
ments. A study measuring RGR on 29 Picea glauca
genotypes found no association between RGR and
stimulation of productivity at elevated [CO,] [95].
Moreover, P glauca growth at elevated [CO,] was
tightly correlated with growth at ambient [CO,]. In
other words, the most productive genotypes in ambi-
ent [CO,] were also the most productive genotypes/
highest yielders in elevated [CO,]. This result was
used to argue that the association between RGR and
stimulation of productivity by elevated [CO,] observed
in prior interspecific comparisons was due to traits
correlated with both RGR and enhancement of pro-
ductivity by elevated [CO,], rather than a direct
relationship between RGR and enhancement of pro-
ductivity by elevated [CO,]. Similarly, Liu er al. [96]
observed that four provenances of Populus tremuloides
exhibited different responses to elevated [CO,] in
terms of g, and transpiration rate, but these dif-
ferences did not translate into differences among the
provenances in biomass response to elevated [CO,].
Conclusions reached from both intra- and inter-
specific approaches illustrate an important challenge
to identifying traits associated with adaptation to elev-
ated [CO,] environments. To pinpoint exactly what
traits are responsible for high growth responses to elev-
ated [CO,] or high fitness/yield in elevated [CO,]
environments, all relevant traits must be measured. If
all relevant traits are included in the regression
model, then the particular traits responsible for adap-
tation to elevated [CO,] can be identified. In an
intraspecific context, this is essentially what is done
in the phenotypic selection analysis approach devel-
oped by Lande & Arnold [97]. This approach uses
multiple regression to account for correlations among
traits. As a result, it can differentiate between traits
that are directly associated with fitness versus
traits that are indirectly associated with fitness due to
correlations with other phenotypic traits. It should be
noted, however, that there are several statistical and
biological challenges to be dealt with when applying
this approach (summarized by Mitchell-Olds & Shaw
[98]), including issues with identifying traits directly
under selection due to correlations between measured
traits and unmeasured traits that are under selection.
In the selection analyses in ambient [CO,] versus
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elevated [CO,] environments conducted to date, how-
ever, there is little evidence suggesting that different
traits are associated with high fitness in ambient
[CO,] versus elevated [CO,] [64]. It is important to
note, however, that most such studies focus on
growth or phenological traits rather than on physio-
logical traits. Similarly, comparisons among
recombinant inbred lines (as suggested by Zhang
et al. [95]), mutant-wild-type comparisons [99] and
experimental manipulations of phenotypic traits
[100] also may effectively identify traits involved in
CO, response because focal traits segregate indepen-
dently of genetic background. Alternatively,
modelling approaches [101] can be used to predict
which traits are important to fitness/yields in future
environments, identifying focal traits for further inves-
tigation in empirical studies.

Similar approaches can be applied to interspeci-
fic comparisons [102]. While previous interspecific
comparisons were largely limited to coarse-scale com-
parisons among functional groups or to studies on
few species in a single clade, the advent of new trait
databases, which include physiological, as well as mor-
phological and phenological traits, such as TRY [103],
may allow for robust multi-trait analyses on the hun-
dreds of species for which [CO,] responses have been
measured. Although such trait-based approaches have
not yet been used to investigate traits underlying
[CO,] response, they have been employed to predict
changes in community composition in response
to other anthropogenic environmental changes (e.g.
habitat fragmentation [104]).

A challenge to all studies focused on finding traits or
genes underlying adaptation to elevated [CO,] is that
multiple traits are probably involved. For example,
interspecific variation in photosynthetic efficiency is
not due to one trait, but is instead a result of several
physiological traits each with relatively small effects
[105]. Moreover, these traits are often correlated and
may have synergistic effects [72]. For example, hypothe-
tically, having low A, and high N, is expected to
yield very unfit genotypes because the high cost of main-
taining Rubisco would exceed carbon gains [72]. Many
such correlations are probably maintained by selection,
suggesting that the correlations may change in response
to novel environmental conditions. Although it would
require large sample sizes and many trait measurements,
in the quantitative genetics framework, correlatio-
nal selection studies could be used to identify how the
adaptive value of one trait depends on other trait
values. Similar approaches could be applied to inter-
specific trait datasets. Alternatively, cluster analyses of
morpho-physiological diversity may be used to identify
suites of correlated traits underlying adaptation [102].
Cluster analyses have been used to identify traits and
potential diversity for improved agronomic breeding to
novel stressors, such as drought tolerance [106].

The trait-based approaches described earlier may be
powerful tools for identifying individual traits and suites
of correlated traits underlying high fitness in future
[CO,]. Ultimately, suites of traits with synergistic
interactions are likely to contribute to high fitness in
novel environments. As a result, large datasets consist-
ing of many traits for each of many genotypes or
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species are necessary. Prior palacoecological studies
on evolutionary responses to variation in [CO,] con-
centration have identified several potential traits that
may be involved in [CO,] responses, and modelling
approaches may identify many more. Improvements in
both the number of traits and number of taxa included
in existing trait datasets, as well as identification of
likely adaptive traits through modelling or knowledge
of physiological responses, may allow for rapid advances
in identifying the physiological, phenological and mor-
phological traits that may lead to increased growth
and fitness in future, elevated [CO,] environments.
Moreover, crosses between distinct genotypes that
differ in entire suites of traits may yield novel genotypes
and trait combinations that could contribute to fitness
and yield improvement in ambient [CO,] versus
elevated [CO,].

6. QUESTION 5: HOW DOES EVOLUTIONARY
HISTORY IMPACT AND INFORM EFFORTS

TO ENGINEER CROPS FOR IMPROVED
PERFORMANCE IN PRESENT AND

FUTURE [CO,]?

Circumventing the limitations of current low [CO,] to
photosynthesis in many of our main crop plants is a
key target for biotechnological efforts to improve
crop productivity [107—110]. In addition, there is
emerging recognition that intervention to adapt crops
by breeding or biotechnology for optimal performance
in elevated [CO,] is needed [111]. In response, targets
for selection are beginning to be identified [1], and
approaches that account for the challenges of genetic
and trait-based approaches described earlier (Ques-
tions 3 and 4) have been proposed [62]. Here, we
review present targets for crop improvement related
to present and future [CO,].

The enzyme responsible for photosynthetic fixation
of CO, in all plants, Rubisco (RibUlose-1,5-BISpho-
sphate Carboxylase Oxygenase), is fundamentally
inefficient. This stems from a relatively low CO, affi-
nity and low carboxylation reaction catalytic rate,
which plants compensate for by synthesizing very
large quantities of the enzyme, at the expense of a
very large fraction of their leaf nitrogen. In addition,
a significant fraction of reactions catalysed by Rubisco
result in oxygenation rather than carboxylation of
RuBP (RibUlose-1,5-BisPhosphate). Recycling of the
toxic 2PG (2-PhosphoGlycolate) that is one of the
products of the oxygenation reaction is achieved by
the photorespiratory pathway, but at the expense of
energy, carbon and nitrogen [109]. Efforts to circum-
vent these inefficiencies fall into three categories. First,
engineering of the Rubisco to improve its enzymatic
performance. Second, engineering of CO, concentrat-
ing mechanisms to saturate the carboxylation reaction
and suppress the oxygenation reaction. Third, modifi-
cations to the photorespiratory pathway that reduce
losses of carbon, nitrogen and energy.

There has been considerable selective pressure for
the evolution of more efficient Rubisco throughout the
history of land plants. During the periods of sub-
saturating [CO,], which—at a minimum—include
50 Myr in the Carboniferous/Permian and the last
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30 Myr (figure la), modifications leading to greater
[CO,] specificity, greater catalytic rate or impaired
oxygenation without deleterious side-effects could
have increased photosynthetic efficiency [110]. During
periods of saturating [CO,], modifications leading to
greater catalytic rate without deleterious side-effects
could have increased photosynthetic efficiency. In each
case, greater photosynthetic efficiency would result
in greater carbon gain for the same investment in
resources, or equivalent carbon gain but with greater
water-use efficiency and nitrogen-use efficiency. Never-
theless, it appears that evolution of Rubisco has been
constrained in a fundamental manner as it remains the
limiting step in metabolism for most modern C;
plants in many growing conditions.

The factors that have constrained the evolution and
engineering of ‘improved’ Rubisco up until now are
becoming better understood [110]. There are three
different clades of Rubisco [112]. Clade 1 includes
all vascular plants along with cyanobacteria and
some algae and proteobacteria. Clade 2 is found in
chemoautotrophs, dinoflagellate algae and some pro-
teobacteria. Clade 3 is exclusive to the archaea. They
all probably share a common ancestor, which was a
methanogenic archaea [112]. Even with considerable
variation in amino acid sequence and biological func-
tion, key active site residues are conserved across the
three clades [113]. This has resulted in a shared acti-
vation process and catalytic chemistry that suggests
that there are considerable constraints upon modifi-
cation of enzyme function [114]. One fundamental
issue may be that CO, directly binds to the RuBP
enediol, rather than forming a Michaelis complex
with Rubisco, which reduces the capacity for discri-
mination against O, binding [115]. An important
trade-off exists in which Rubiscos with greater speci-
ficity for CO, relative to O, have lower catalytic rates
(figure 3) [116,117]. Modelling the effects of variation
in Rubisco specificity on canopy photosynthesis while
accounting for the constraints of this relationship indi-
cated that the Rubisco specificity and catalytic rate of
modern Cs; plants is optimal for [CO,] of approxi-
mately 200 ppm [116]. This may reflect adaptation
of Rubisco for optimal carbon gain at the average
[CO,] of the last 400 000 years. If so, Rubisco evol-
ution has not kept pace with anthropogenic [CO;]
rise, and will become increasingly maladapted over
the course of this century. In addition, the evolution-
ary changes that have occurred could be considered
fine-scale tuning of Rubisco without solving its more
fundamental inefficiencies. Transgenic Rubiscos have
been produced that break the trade-off between speci-
ficity and catalytic rate, but typically the results have
been reduced rather than improved enzyme perform-
ance [116]. However, the modelling analysis does
emphasize that among the natural diversity of Rubisco,
there are enzymes with more favourable characteristics
than currently found in Cj plants. Improved under-
standing of the expression and assembly of Rubisco
is necessary to allow the expression of non-native
Rubisco in higher plants. The process is complicated
because Rubisco in higher plants is a complex of
four dimers of a large subunit encoded in the plastid
genome plus eight small subunits encoded in the nuclear
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Figure 3. Assuming a fixed number of Rubisco active sites
per unit leaf area and the dependence of catalytic rate per
active site (k{) on specificity described for different photo-
synthetic organisms by Zhu ez al. [116], the line shows, for
any given atmospheric [CO,], the specificity (7) that will
give the highest light-saturated rate of leaf photosynthetic
CO, uptake (Ag). The average 7 for terrestrial C; crop
plants (92.5) is indicated (7;) together with the interpolated
atmospheric [CO,] at which it would yield the maximum
Ag.: (Cy). Point 7, is the specificity that would yield the high-
est Ag,, at the current [CO,) of the atmosphere (C,). At C,,
decrease in 7 from present average (7;) to the optimum for
current [CO,] (72) can increase light-saturated leaf photo-
synthetic carbon uptake by 12%. Reproduced with
permission from Zhu ez al. [116].

genome [110]. Progress has been made in using plas-
tome transformation to replace tobacco Rubisco with
bacterial and archaeal Rubiscos [118,119]. However,
attempts to express more efficient red algal and
sunflower Rubiscos in tobacco have failed owing to
differences in their requirements for protein folding
and assembly [110]. An additional molecular constraint
to the modification of Rubisco is the need for sugar-
phosphate inhibitors bound to its active site to be
removed during an interaction with Rubisco activase.
The identity of residues required for successful inter-
action with Rubisco activase has been proposed [120],
but awaits experimental confirmation [110]. The
absence of regulation by Rubisco activase and colocaliza-
tion of genes for both Rubisco subunits and chaperone
proteins on the plastome may explain why evolution of
Rubisco appears to have progressed further in red
algae than in higher plants [121].

While Rubisco engineering attempts to overcome
the limitations of natural evolution, an alternative strat-
egy is derived from knowledge of successful natural
evolutionary responses in which a CO, concentrating
mechanism overcomes the CO,-limitation of photosyn-
thesis. Higher plants with C4, and CAM photosynthesis,
as well as cyanobacteria with carboxysomes and algae
with pyrenoids, all achieve efficient photosynthesis by
concentrating CO, around Rubisco in order to stimu-
late carboxylation and inhibit oxygenation. Efforts
have begun to engineer these traits in Cs plants as a
means to increase productivity and yield.

C, photosynthesis is thought to have evolved as
an adaptation to limit photorespiration at times of
sub-saturating [CO,] [42]. Successful conversion of
rice from a C3 plant to a C4 plant would likely increase
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A, water-use efficiency and nitrogen-use efficiency,
especially in hotter and drier environments [107].
Achieving this goal will be challenging because C,
photosynthesis is a highly polygenic trait. Accordingly,
it will require not just the expression of genes encoding
the enzymes of the CO, concentrating mechanism, but
also engineering Kranz anatomy and transporters sup-
porting flux between mesophyll and bundle sheath
compartments [122]. This is reflected in a proposed
evolutionary scheme involving a series of steps in the
evolution from C; to C, photosynthesis: (i) general
preconditioning, i.e. gene duplication; (ii) anatomical
preconditioning, i.e. close veins; (iii) enhancement of
bundle sheath organelles; (iv) addition of photore-
spiratory pump, including localization of glycine
decarboxylase to the bundle sheath; (v) enhancement
of Phosphoenol pyruvate carboxylase activity;
(vi) integration of components; and (vii) optimization
of components [42]. Linked to this knowledge, signi-
ficant effort has recently focused on determining
the transcriptional control of C, leaf structural and
metabolic development [123]. The fact that C,4 photo-
synthesis has independently evolved in many genetic
backgrounds on different occasions increases the like-
lihood that successful engineering can be achieved
[107]. Specific evidence for this assertion includes
that: (i) independent lineages of C, species share
common mechanisms controlling the localization of
key enzymes for C, photosynthesis in bundle sheath
cells; and (i1) specific localization of enzymes in Cy
leaves to bundle sheath versus mesophyll cells can be
achieved by modification of zrans-factors without a
change in existing cis-regulation of C5 species [124].

An effort is also beginning to engineer tobacco
plants with carboxysomes from cyanobacteria (http:/
www.nsf.gov/news/news_summ.jsp?cntn_id=119017).
This could also enhance carbon gain, water-use effi-
ciency and nitrogen-use efficiency. Carboxysomes are
structures where photosynthetic enzymes are localized,
creating high [CO,]. Engineering carboxysomes into
chloroplasts of crop plants would effectively create an
evolutionary flashback to when cyanobacteria were
symbiotically recruited into host cells as the precursors
of chloroplasts. While the strategy requires conglom-
eration of traits from now distantly related species,
it benefits from being limited to manipulation of
metabolism within individual cells.

An alternative in preventing photorespiratory losses
by the development of CO, concentrating mecha-
nisms is direct manipulation of the photorespiratory
pathway in order to prevent or reduce the typical
losses of carbon, nitrogen and energy once the oxygen-
tion reaction has produced 2PG [109]. Two
independent approaches in achieving this goal have
inserted multi-enzyme pathways into plant chloro-
lasts. The first fully oxidizes glycolate in the
chloroplast into CO, [125]. The second inserts a bac-
terial pathway into the chloroplast that converts
glycolate into glycerate (producing some CO, as a
by-product), which can then be phosphorylated and
re-incorporated into the Calvin cycle [126]. Both
modifications are beneficial because they: (i) release
CO,, in the chloroplast that can be refixed by Rubisco,
potentially at higher concentrations; (ii) avoid release
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of ammonia and the energetic cost usually associated
with its reassimilation; and (iii) produce additional
reducing equivalents in the chloroplast [109].
Expression of the bacterial pathway in Arabidopsis led
to a 30 per cent stimulation of biomass production
[127]. One potential problem that remains to be
tested is whether excess reducing equivalents will be
produced under high light conditions, as photorespira-
tion can play an important role as an alternative
electron sink during periods of stress that impair
photosynthetic quenching [109,128].

All of the approaches to enhancing photosynthesis
described above tackle the limitation to photosynthe-
sis by current [CO,]. They address the urgent need
to boost crop production in the face of growing food
insecurity. However, looking further into the future,
the continuing rise of [CO,] will gradually diminish
this limitation to photosynthesis and optimization of
crop productivity will present a modified set of chal-
lenges. The speed of anthropogenically driven [CO,]
rise means forward thinking is particularly necessary
to optimize crops to their growth [CO,]. Based on
the evidence reviewed earlier, natural selection for
improved performance in elevated [CO,] is weak and
there is unlikely to have been incidental breeding
for improved performance at elevated [CO,] to date
(Questions 2 and 3). However, understanding of
plant cellular, physiological and agronomic responses
to elevated [CO,] has allowed preliminary identifi-
cation of targets for biotechnological improvement [1].

Future, elevated [CO,] will favour replacement of
Rubisco in Cj3 crops with Rubisco that has lower
specificity and greater catalytic rate (derived from C4
species or algae) even more so than under present
conditions [116]. Some organisms are capable of
expressing different Rubiscos whose characteristics
are tailored to variation in growth conditions [127].
Engineering such a regulatory system into crops
could provide additional benefits, such as expressing
different Rubiscos in sun and shade leaves [116].

At elevated [CO,], 4 becomes limited by the capacity
for regeneration of RuBp [129]. Modelling suggests
that allocation of greater nitrogen resources to enzy-
mes involved in RuBp regeneration in the Calvin
cycle will stimulate photosynthesis at elevated [CO,]
[130]. Transgenic tobacco overexpressing one of these
enzymes, sedoheptulose-1,7-bisphosphatase, achieves
enhanced photosynthesis and productivity [131].

C; plants grown at elevated [CO,] consistently
accumulate substantially larger pools of carbohydrates
in leaves and other tissues, even when grown with
unlimited rooting volume in the field [132]. The pri-
mary molecular response of soybean to growth at
elevated [CO,] is transcriptional reprogramming of the
respiratory pathway, allowing greater use of the
additional available assimilate [133]. Even though soy-
bean undergoes this metabolic rewiring and is able to
match greater C fixation with enhanced N assimilation
[134], there is still significant accumulation of leaf
starch for much of the growing season [133,135]. This
implies that greater enhancement of productivity at elev-
ated [CO,] might be achieved by increasing utilization
of photoassimilate. Despite improved understanding of
how carbohydrate status drives productivity [136,137],
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further work is needed to determine how C utilization
is controlled by interactions among sink metabolism,
photoassimilate transport capacity and energy demand
for photoassimilate export from source leaves [133,
138—141]. Given the projected increases in tempera-
ture, drought and disease stress that crops will
experience due to global environmental change, greater
allocation of carbon resources to metabolites associated
with stress tolerance could have multiple advantages [1].
For example, greater production of osmolytes, such as
pinotol, mannitol and raffinose, can provide protection
from dehydration under high temperature and drought
stress, while antioxidant metabolites, such as ascorbate,
reduce oxidative damage from elevated ozone and
drought stress [142—144]. Greater carbon resources
are typically assumed to allow plants to invest great
resources in defence [145]. However, the changes in
hormone signalling and secondary metabolism of
soybean grown under elevated [CO,] provide an inter-
esting exception to this rule. When grown at elevated
[CO,] in the field, the inducible defence response of
soybean to damage by Japanese beetle, induction of a
protease inhibitor that hinders the beetles’ digestive pro-
cess, is impaired [146]. Changes in sugar—hormone
interactions are thought to underpin the response
and may provide another target for enhancing crop
production in elevated [CO,].

Growth at elevated [CO,] increases nitrogen-use
efficiency by stimulating 4 per unit leaf N and by
allowing photosynthetic acclimation in which less N
is allocated to Rubisco, leaving greater N resources
available for other processes including growth
[129,147]. Despite these physiological changes, N
availability strongly limits the response of productivity
to elevated [CO,] [132]. Legumes are able to achieve
large increases in yield and maintain tissue C : N ratios
under elevated [CO,] because they can allocate
additional carbon to N-fixing nodules, provided
other nutrients are not limiting [148—-150]. Engineer-
ing other Cs crops with the capacity to fix N through
symbiotic relationships with nodule-forming or endo-
phytic microbes would allow them to benefit more
from rising [CO,] and would be favoured by con-
ditions of greater C availability. The biofuel crop,
Miscanthus giganteus, shows the potential of such
an approach, as it was recently shown to achieve its
extremely high productivity by combining C, photo-
synthesis with N fixation by endophytic microbes
[151]. A potentially deleterious coupling between inhi-
bition of photorespiration at elevated [CO,] and
impairment of leaf N assimilation in Arabidopsis has
also recently been proposed [152]. If this is the case
in crop species under field conditions, and the
response is not counteracted by greater root N assim-
ilation, elucidation of the mechanism of response
could yield a further target for biotechnological
improvement to optimize the coupling of carbon and
nitrogen metabolism and maximize productivity.

7. CONCLUSION

There are several lines of evidence that periods of falling
and low [CO,] in the palaeo-record created selective
pressure for two major classes of adaptation: (i)
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adaptations to acquire and use water in exchange for
[CO,], which were presumably restricted to plants exist-
ing in mesic environments and (ii) adaptations for CO,
concentrating mechanisms that increase photosynthetic
efficiency and maximize water-use efficiency, which
were presumably favoured in hot and dry environments.
Nevertheless, while contemporary global environmental
change is impacting many elements of plant biology,
there is still no unequivocal evidence for plant adaptation
to contemporary increases in [CO,]. This includes no
evidence for incidental breeding of crop varieties to
achieve greater yield enhancement from future [CO,].
The studies of evolution in response to elevated [CO,]
conducted to date applying selection in controlled
environments, quantitative genetics and trait-based
approaches suggest that the evolutionary responses of
natural plant populations to future [CO,] will not be
consistent or strong relative to ecological and physio-
logical responses. This lack of evidence for strong
evolutionary effects is surprising given the large effects
of elevated [CO,] on plant phenotypes. Most selection
and quantitative genetics studies to date, however, have
been conducted in relatively simplistic environmental
conditions, where biotic and abiotic stresses were
avoided. Under more stressful and complex field
environments, it is possible that the genetic changes in
physiological traits observed in numerous studies may
change from conditionally neutral to beneficial, thereby
resulting in differential effects on growth and fitness.
Given that temperature and potentially drought stress
will increase simultaneously with [CO,], such studies
are needed to identify evolutionary effects and traits
under selection in future environments. Improvements
in both the number of traits and number of taxa included
in existing trait datasets, as well as identification of likely
adaptive traits through modelling or knowledge of phys-
iological responses, may allow for rapid advances in
identifying the physiological, phenological and morpho-
logical traits that may lead to increased growth and
fitness in future, elevated [CO,] environments. Already,
efforts are underway to engineer plants to overcome pre-
sent day [CO,] limitations to photosynthesis and carbon
gain. These include efforts to tackle those inefficiencies
of Rubisco that natural selection has failed to overcome,
as well as attempts to mimic the evolutionary successes
of CO, concentrating mechanisms and photorespiratory
shunts that allow enhanced carbon gain and greater
resource-use efficiency in some higher plants, algae and
bacteria. Looking further into the future, the continuing
rise of [CO,] will gradually diminish this limitation to
photosynthesis and optimization of crop productivity
will present a modified set of challenges. Methods to
tackle this challenge are available and fundamental
understanding of plant cellular and physiological
responses is improving such that targets for biotechnolo-
gical optimization of crop performance under future
[CO,] are being proposed and should be tested.
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