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Abstract

Critical for predicting the future of primary productivity is a better understanding of plant responses to rising atmos-
pheric carbon dioxide (CO,) concentration. This review considers recent results on the role of the inorganic nitrogen
(N) forms nitrate (NO;7) and ammonium (NH,*) in determining the responses of wheat and Arabidopsis to elevated
atmospheric CO, concentration. Here, we identify four key issues: (i) the possibility that different plant species respond
similarly to elevated CO, if one accounts for the N form that they are using; (ii) the major influence that plant-soil N
interactions have on plant responses to elevated CO,; (iii) the observation that elevated CO, may favor the uptake of
one N form over others; and (iv) the finding that plants receiving NH,* nutrition respond more positively to elevated
CO, than those receiving NO;™ nutrition because elevated CO, inhibits the assimilation of NO;™ in shoots of C; plants.
We conclude that the form and amount of N available to plants from the rhizosphere and plant preferences for the

different N forms are essential for predicting plant responses to elevated CO,,
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Introduction

The concentration of CO, in the atmosphere has risen from
322 ppm in 1969 to >400 ppm today and is likely to double
by the end of the century (IPCC, 2013). Human well-being
will depend strongly on plant responses to such CO, changes.
Unfortunately, these responses are diverse and not well
understood (Leakey er al, 2009; Bloom, 2010; Terashima
et al, 2014; Wang et al., 2013).

A key issue in plant responses to elevated CO, is the co-
ordination between carbon (C) and nitrogen (N) metabo-
lism to meet plant demands for growth (Stitt and Krapp,
1999). Indeed, accounting for internal plant nitrogen status
is central to computer models that simulate crop productivity
under elevated CO, (Yin, 2013). N is an integral constituent

of proteins, nucleic acids, chlorophyll, co-enzymes, phytohor-
mones, and secondary metabolites, and thus is the mineral
element that organisms require in greatest amounts (Epstein
and Bloom, 2005; Bloom, 20155b). Plants acquire N from their
environment in several forms such as NO; and NH," that are
highly distinct, both chemically and biologically. Plant pref-
erences for each N form, along with the availability of each
form from the soil, are now receiving more attention (Jackson
et al., 2008; Bloom et al., 2012; Boudsocq et al., 2012; Britto
and Kronzucker, 2013).

The following reviews the literature on the interactions
between N form and atmospheric CO, concentration to exam-
ine the importance of N form in plant responses to elevated
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CO,. The working hypothesis is that N form is responsible for
many of the differences in plant responses to elevated CO,
because of the variation in NO; and NH,* availability from
soils (Burger and Jackson, 2004) and the distinct effects that
NO; and NH," assimilation have on plant C metabolism
(Bloom, 1988). We focus on wheat and Arabidopsis, model
species for monocots and dicots, respectively.

Wheat and Arabidopsis as plant models in
CO, studies

Of major concern is the influence of rising atmospheric CO,
on crop yields and food quality. Wheat plays a unique role in
human affairs: it covers more of the earth’s surface than any
other food crop and has the third highest yields (FAO, 2013).
It provides ~20% of the carbohydrate as well as 20% of the
protein in the human diet, ranking first among crops in devel-
oping countries as a protein source (FAO, 2013).

Wheat, when exposed to elevated CO,, exhibited decreased
stomatal conductance and increased water-use efficiency (Del
Pozo et al., 2007; Qiao et al., 2010) (Fig. 1B, C), especially
in NH,*-fed plants during the earliest phase of vegetative
growth (Fig. 2C, D). Plants at elevated CO, senesced earlier
and experienced accelerated grain development (Sild et al.,
1999). In most cases, the biomass of both shoots and roots
increased (Rubio-Asensio et al., 2015) (Fig. 3A, C, F).

Wheat grain yield under elevated CO, varies greatly with
growth conditions (Amthor, 2001; Wang et al., 2013). Under
elevated CO, ranging from 450 pmol mol™! to 800 pmol mol™!,
grain yields increased an average of 10% in 57 experiments
(Pleijel and Uddling, 2012), 24% in 59 experiments (Wang et al.,
2013), and 31% in 156 experiments (Amthor, 2001). Grain yield
of plants receiving NH," showed a greater enhancement by
elevated CO, than those receiving NO; (Carlisle et al., 2012).
Shoot protein concentration (Wang et al., 2013), grain pro-
tein concentration (Taub et al., 2008), and grain protein yield
(Pleijel and Uddling, 2012) decreased an average of ~10%.

Wheat, when exposed to elevated CO,, exhibited enhanced
photosynthesis (Figs 1A, 2A, B). This stimulation abated,
however, after days to weeks of exposure, a phenomena
known as CO, acclimation (Sicher and Bunce, 1997). CO,
acclimation was associated with an increase in carbohydrate
concentration and a decrease in (i) total N concentration
(Weigel and Manderscheid, 2012); (ii) organic N concentra-
tion in NOj -fed plants (Bloom et al., 2010) (Fig. 3E), (iii)
proteins (Ziska et al., 2004; Wieser et al., 2008; Fernando
et al., 2012a, b; Hogy et al., 2013; Jauregui et al., 2015b); and
(iv) Rubisco activity and content (Zhang et al., 2009). Several
meta-studies (Amthor, 2001; Taub et al., 2008; Pleijel and
Uddling, 2012; Wang et al., 2013; Feng et al., 2015) confirm
that the influence of elevated CO, on wheat yield and pro-
tein varies greatly, indicating the presence of strong interac-
tions between CO, and other factors (Fernando et al., 2014).
In particular, soil N availability seems to be a major driver
of wheat responses to elevated CO, (Hocking and Meyer,
1991; Stitt and Krapp, 1999; Wieser et al., 2008; Erbs et al.,
2010), although soil N availability alone is not sufficient to
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Fig. 1. Net CO, assimilation, stomatal conductance (g, and water-use
efficiency (WUE) of wheat and Arabidopsis plants as affected by the

N form (NO5~ versus NH,*) and CO, level (390 versus 720 pmol mol™).
Measurements were assessed via a portable photosynthesis system
(Licor-6400-40 with fluorimeter). Plant age was 14 d after sowing in wheat
and 45 d after sowing in Arabidopsis. Light level during measurements was
1000 pmol photons m™ s™" in both species. Leaf temperature was maintained
at 25 °C in wheat and 22 °C in Arabidopsis, and the vapor pressure deficit
was maintained at 1.8 kPa in wheat and 1.5 kPa in Arabidopsis. Shown

are the means (+ SE) for five replicate plants per treatment. These data are
unpublished (AJB, University of California, Davis, CA, USA). Details about the
wheat growth conditions are provided in Cousins and Bloom (2004), whereas
details about the Arabidopsis growth conditions are provided in Bloom et al.
(2012). (This figure is available in colour at JXB online.)

explain these responses (Stitt and Krapp, 1999; Weigel and
Manderscheid, 2012; Feng et al., 2015).
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Fig. 2. Net CO, assimilation, stomatal conductance (gs), and water-use efficiency (WUE) of wheat plants 15 days after sowing (DAS) (left panels) and 34
DAS (right panels) as a function of internal CO, concentration (C)) and N form (NO5~ versus NH,*). Net CO, assimilation was calculated using the A/C;
curve fitting utility described in Sharkey et al. (2007). Measurements were assessed with a portable photosynthesis system (Licor-6400-40) at a light level
of 1500 pmol photons m= s™'. Each NO;~ or NH,* response curve includes measurements of plant growth at ambient and elevated CO, atmospheric
concentration. Measurement: leaves were first adapted to 400 pmol CO, mol™, and then stepwise down to 50 pmol CO, mol™, after which the CO,
concentration surrounding the leaf was increased as follows: 50, 100, 200, 400, 550, 700, and 900 pmol CO, mol~". Shown are the means +SE for
10-15 plants per treatment. Details about the plant growth conditions are provided in Bloom et al. (2012). (This figure is available in colour at JXB online.)

Arabidopsis thaliana has unique advantages as a model spe-
cies for examining both molecular mechanisms involved in
the responses to elevated CO, (Engineer ef al., 2014; Jauregui
et al., 2015a, 2016) and plant evolution to an elevated CO,
world (Ward and Kelly, 2004; Li et al., 2014). The vegetative
growth phase of Arabidopsis is short and can be accelerated
by increasing the light photoperiod and light intensity. Large
numbers of plants can be grown in a short time and in a small
space under well-controlled environmental conditions. For
this species, there are numerous genotypes and molecular
tools available that allow precise dissection of its responses to
various factors (Easlon ef al., 2015).

Elevated CO, stimulated photosynthesis in Arabidopsis
(Markelz et al., 2014; Easlon et al, 2015) (Fig. 1A). This
was associated with an increase in the total non-structural

carbohydrates and starch (Cheng et al, 1998; Teng et al.,
2006; Markelz et al., 2014). In most cases, elevated CO,
decreased the total N concentration and organic N concentra-
tion (Sun et al., 2002; Teng et al., 2006; Bloom et al., 2010;
Takatani et al., 2014) (Fig. 3M), Rubisco activity and content
(Cheng et al., 1998), and stomatal density and aperture (Teng
et al., 2006). Decreased stomatal density and aperture resulted
in decreased stomatal conductance and enhanced water-use
efficiency (Fig. 1B, C), especially under stress conditions
(Leymarie et al., 1999). At elevated CO,, Arabidopsis plants
had higher biomass (Rubio-Asensio et al., 2015) (Fig. 31, K,
N), reproductive biomass, and accelerated development (Ward
and Strain, 1997; Tocquin et al., 2006; Li et al., 2014).

The influence of elevated CO, on growth and biomass
production and partitioning in Arabidopsis varies greatly,
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Fig. 3. Total biomass production (g4,) and partitioning (shoot to root ratio) (upper panels) and biomass production and nitrogen balance of the shoot and
root (lower panels) for wheat 14 days after sowing (DAS) and Arabidopsis 35 DAS as affected by source of nitrogen (NOs™ versus NH,*) and atmospheric
CO, concentration (410 pumol mol™, light blue and light orange, or 720 umol mol™', dark blue and dark orange). Data of plant growth with 0.2 mM of NO5~
or 0.2 mM of NH,* are from (Rubio-Asensio et al., 2015). Additionally, unpublished data are presented for Arabidopsis for which the plants were grown
with 0.1 mM NO3™ plus 0.1 mM NH,* (NH;NO; or AN, left side of dotted line) or 1 mM NO;™ alone (right side of dotted line). Each bar represents the mean
+SE of 5-12 plants. The effect of CO,xN source or CO,xN dose and its interactions were tested for significance by two-way ANOVA with SPSS, and
results are presented in Table 1. Means of treatments N sourcexCO, that are significantly different are labeled with different lower case letters; means of
treatments N dosexCO, that are significantly different are labeled with different upper case letters.

depending on the N source and its availability to the plants
(Fig. 31, K, N) (Bloom et al., 2012; Niu et al., 2013; Takatani
et al.,2014), and the age of the experimental material. Young
plants showed the greatest stimulation at elevated CO,
(Takatani et al., 2014; Easlon et al., 2015) and older plants
showed less stimulation (Bloom et al., 2010, 2012). The shoot/
root ratio was sensitive to N source and availability, but not
CO, treatment (Fig. 3J).

Wheat and Arabidopsis show major differences in their
resource allocation patterns. For example, wheat had
about half the shoot:root ratio of Arabidopsis (Fig. 3B, J).
The NO; concentration in wheat roots was about double that

in shoots, whereas the NO; concentration in Arabidopsis
shoots was about double that in roots (Fig. 3D, G, L, O).
These species also show distinct responses to N source: (i)
both species grew larger under NO;™ as a sole N source than
under NH,*, but they differed in tolerance to NH,*, whereby
wheat was less sensitive than Arabidopsis in the early phase of
growth (Fig. 3A, I); (ii) both species had a higher organic N
concentration when receiving NH," rather than NO5, but the
increase in organic N concentration in NH," plants was much
less pronounced for wheat than for Arabidopsis (Fig. 3E, H,
M, P); and (iii) wheat receiving NH," had higher rates of CO,
assimilation than those receiving NO;~, whereas Arabidopsis
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Table 1. Two-way ANOVA of the data in Fig. 3 that examined the effects of N source and CO, level or N dose and CO, level

Experiment Factor Total biomass S/R Shoot Root
Biomass NO;” Org-N Biomass NO;~ Org-N
Wheat N source (S) ek ek ok - okk ns - ek
002 *kk ns *k - ns *kk - *
SxCO, ns ns ns - * ns - *
Arabidopsis N source (S) e ok ok ns ok ok ns ok
co, *xx ns — ns - - * ns
SXOOZ Fkk *%k kkk ns * *kk ns ns
Arabidopsis N dose (D) e ok ek ok ok ns ok ns
CO, ns ns ns ns Fkk ns ns *
DxCO, * ns * ns ns * ns ns

The symbols indicate statistical significance; **P<0.001; **P<0.01; *P<0.05; ns, not significant.

receiving NH," had higher CO, assimilation rates than those
receiving NO;™ only in the plants at elevated CO, (Fig. 1A).

Despite these differences, wheat and Arabidopsis generally
showed similar responses to elevated CO,. In both species,
elevated CO, accelerated net CO, assimilation (Fig. 1A) and
growth (Fig. 3A, I). Elevated CO, inhibited shoot NO; assim-
ilation in both species (Fig. 7). Overall, these results indicate
that plant responses to elevated CO, were highly influenced
by the N form used by the plants and that the responses to
elevated CO, were similar in the two species if one took into
account the N form that they were using.

Plant-soil nitrogen interactions
Nitrogen availability

In wheat, when the availability of N from the soil solu-
tion declined to levels insufficient for sustaining maximum
growth, foliar N and chlorophyll concentrations decreased,
which slowed photosynthetic electron transport (Zhang et al.,
2013). In Arabidopsis, 2 d of nitrogen deprivation repressed
the expression of most genes involved in photosynthesis, chlo-
rophyll synthesis, and plastid protein synthesis; induced many
genes for secondary metabolism; and changed expression of
many genes involved in mitochondrial electron transport
(Scheible et al., 2004). In most plants, N deficiency caused
changes in N metabolism that in turn triggered changes in
C metabolism, because photosynthesis, photorespiration,
and respiration supply the C skeletons and energy required
to assimilate NO;~ and NH," into amino acids (Huppe and
Turpin, 1994). Plants also adjusted their morphology under
N-deficient conditions via partitioning more biomass to the
root than the shoot (Poorter and Nagel, 2000; Ikram et al.,
2012) (Fig. 4A). Ultimately, if plants cannot sufficiently meet
their N requirements for growth, they sacrifice production of
total biomass (Delgado et al, 1994; Theobald et al., 1998;
Erbs et al., 2010). At the other end of the spectrum, excess N
in the rhizosphere can suppress growth (Tocquin et al., 20006),
possibly as a consequence of an osmotic effect.

In summary, N availability per se or consistency of N
availability interacts strongly with conditions that affect
C metabolism such as atmospheric CO, concentration

(Stitt and Krapp, 1999) (Fig. 5), especially during rapid
vegetative growth (Bloom, 1988). Nitrogen additions to ele-
vated CO, systems enhance plant growth responses (Reich
et al., 2006), retard CO, acclimation (Stitt and Krapp, 1999;
Ainsworth and Rogers, 2007), and increase protein concen-
tration (Taub and Wang, 2008). Hence, the importance of
accounting for the role of N availability in plant responses to
elevated CO,.

The form of N in the soil

Plants obtain N from the soil solution mainly in the forms
of NO; and NH," (Epstein and Bloom, 2005). The propor-
tion of these two forms that a plant absorbs depends on both
its preference between forms and the relative availability of
these forms in the rhizosphere (Britto and Kronzucker, 2013).
The preferences of plants between NO;~ and NH," depends
on a wide and dynamic range of environmental and physi-
ological factors (Britto and Kronzucker, 2013), but a plant
generally performs better under the N form that is dominant
in the soil of its natural habitat (Gigon and Rorison, 1972).
For instance, species native to acid and reducing soils, such
as those found in mature forests or arctic tundra, tend to
prefer NH,*, whereas those native to alkali or aerobic soils
tend to prefer NO;~ (Maathuis, 2009). The availability of
NO; and NH," depend on the soil-microbial interactions
(nitrification rates) in the vicinity of the root, as well as the
fertilization rates in agricultural soils (Britto and Kronzucker,
2002; Burger and Jackson, 2004). The distribution and con-
centration of NO;~ and NH," in soils show great spatial and
temporal heterogeneity (Jackson and Caldwell, 1993), but
in temperate agricultural soils, the predominant form of N
available to plants is NO;~ (Andrews, 1986).

Plants depend on NO;™ as an N source even in locations
where soil NO;~ concentrations tend to be relatively low.
For instance, many flood-tolerant plants such as paddy rice,
which grow in wetland soils subject to NO;™ leaching and
denitrification (microbial conversion of NO;™ to N,), develop
aerenchyma that supply the rhizosphere with oxygen, which
promotes nitrification on root surfaces. The NO;™ thus gener-
ated is immediately absorbed by the root (Koch et al., 1991;
Kronzucker et al., 2000; Rubinigg et al., 2002; Li et al., 2008).
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0.2 mM NO,

0.2 mM NH4NO;

Fig. 4. Effect of dose and form of N fertilization on growth and development of wheat and Arabidopsis (cv. Columbia). (A) Sixty-day-old wheat plants
(cv. Yecora rojo) affected by the NO5™ dose (from left to right): 2 mM NO5;™ and 0.2 mM NO;™ (Rubio-Asensio et al., 2014). Total fresh biomass at this
stage was 173 = 6 and 61.5 + 7 for plants grown in 2 mM and 0.2 mM NOs™, respectively. Shoot to root ratio on a fresh weight basis at this stage

was 1.91 £ 0.083 and 1.19 + 0.27 for plants grown in 2 mM and 0.2 mM NOj", respectively. (B) Forty-day-old wheat plants (cv. Veery 10) and its ears
after growing for 36 d in nutrient solution with 0.2 mM NO;™ or 0.2 mM NH,* as the sole N source. Total fresh biomass at this stage was 77.13 + 4.56
and 58.39 + 3.13 for plants grown in NO5;~ and NH,*, respectively. The shoot to root ratio on a fresh weight basis was 0.74 + 0.022 and 1.15 = 0.04
for plants grown in NOg~ and NH,*, respectively (unpublished data of AJB and co-workers, UC Davis, USA). (C) Thirty-five-day-old Arabidopsis plants
affected by N form (NOs~, NH,*, or a mix of NO;~ and NH,*) (see Fig. 2 for more details). Nutrient solution composition and growth conditions for wheat
and Arabidopsis are described in Bloom et al. (2010). Photos: José Salvador Rubio-Asensio. (This figure is available in colour at JXB online.)

Also, forest soils in which NH," is the major N source have
high rates of gross nitrification that indicate a small but
ecologically important NO;™ pool (Stark and Hart, 1997).
Finally, plants that can conduct symbiotic N fixation are
more prevalent in soils deficient in N, but these plants cease N
fixation whenever NO;~ becomes available in the rhizosphere
(Cabeza et al., 2014).

Plant acquisition of the two N forms, NO;” and NH,*, has
disparate effects on plant C metabolism (Haynes and Goh,
1978; Stitt et al., 2002; Patterson et al., 2010; Hachiya and
Noguchi, 2011). Assimilation of NOj; consumes several
times the energy than that of NH,* (Bloom et al., 1989, 1992):
reduction of NO;™ to NH,* consumes the equivalent of ~10
ATP, whereas the conversion of NH," to glutamate consumes
the equivalent of ~2 ATP. Specificially, photo-assimilation of
NO;™ to NH," oxidizes NADPH or NADH and six reduced
ferrodoxins, and so plants dependent on NO; as an N source
must efficiently partition reductant generated during the light
reactions of photosynthesis to cover the extra demands of

NOj; assimilation (Patterson ez al., 2010). To do this, plants
receiving NO; ™ increase their electron transport rate (ETR)
and generally have lower rates of CO, assimilation (Huppe
and Turpin, 1994). Wheat and Arabidopsis were consistent
with this trend, having lower CO, assimilation rates under
NO;™ nutrition than NH,* nutrition, especially at elevated
CO, concentration (Figs 1A, 2B). In contrast, NH," becomes
toxic to plants if it accumulates to high levels within their
cells (Li et al., 2014). Plants receiving excess NH,* address
this problem by increasing respiration to provide both energy
for NH," efflux across the plasma membrane of root cells
(Britto ef al., 2001) and C skeletons needed for NH,* assimi-
lation (Bloom ez al., 1992; Cramer and Lewis, 1993).

These differences in C metabolism when plants use NO;~
or NH,* as a sole N source often result in large differences
in plant growth and development (Fig. 4B, C). Both wheat
and Arabidopsis receiving NH," nutrition accumulated less
biomass than those receiving NO; nutrition (Fig. 3A, I).
These differences were dramatic in Arabidopsis, which could
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Fig. 5. Influence of nitrogen fertilization on plant responses to atmospheric
CO; levels. Shown are the changes in crop yield, above-ground biomass,
and grass total nitrogen concentrations from plants grown at ambient CO,
concentration (~366 ppm) compared with those grown at elevated CO,
concentration (~567 ppm). ‘High N’ (red) and ‘Low N’ (blue) designate,
respectively, plants receiving greater and lesser amounts of nitrogen
fertilizer. In parentheses are the numbers of experiments used to estimate
the response of each parameter. The response of each parameter was
based on a different meta-analysis, and so the response of tree biomass to
CO, enrichment included more and different experiments from that of plant
biomass. Circles and error bars designate means and confidence intervals,
respectively, for crops, trees, Cs grasses, and all plant species. (After
Curtis and Wang, 1998; Wand et al., 1999; Ainsworth and Long, 2005; de
Graaff et al., 2006.)

be considered an NH,"-sensitive species (Fig. 4C). The higher
shoot-to-root ratio that is observed after a long exposures to
NH," nutrition often derives from the detrimental effect of
NH," on root growth (Bauer and Berntson, 2001; Guo et al.,
2007; Carlisle et al., 2012) (Fig. 3B for 14-day-old plants ver-
sus Fig. 4B for 40-day-old plants). Plants usually grow fastest
and produce more biomass when they receive both NO; and
NH," simultaneously (Bloom et al., 1993; Gloser et al., 2002;
Boudsocq et al., 2012). In Arabidopsis (Figs 31, 4C) or in
wheat (Gentry ef al., 1989), the mix of both NO; and NH,"
in a nutrient solution produced more biomass than only one
N source in a nutrient solution. Unfortunately, the physiolog-
ical mechanisms responsible for this response to NO; and
NH," mixtures are still not well understood (Hachiya ef al.,
2012; Britto and Kronzucker, 2013).

In summary, the transport and assimilation of NO; and
NH," are processes that require precise co-ordination with C
metabolism, and the large influence of NO; and NH," on C
metabolism can obscure the effects of other factors, such as
atmospheric CO, level and N availability, when plants have
access to both forms of N.

The direct effect of atmospheric CO, and
the indirect effect of nitrogen in the soil on
plant performance

Plant performance depends on complex and balanced interac-
tions among C gain from the atmosphere, N gain from the

soil, and plant water status (Fig. 6A). The relationships among
these processes depend strongly on atmospheric CO, con-
centration, whereby CO, concentration itself alters net CO,
assimilation, stomatal density and aperture, and photorespi-
ration (Fig. 6B). (i) Carbon fixation is generally CO, limited
under current CO, atmospheres in plants conducting Cs car-
bon metabolism. Elevated CO, atmospheres increase internal
CO, concentration (C;), and so accelerate net CO, assimila-
tion, which in turn generates more carbohydrates (Geiger
et al., 1998). (ii) Lower stomatal density and aperture are com-
mon responses of plants to elevated CO, atmospheres (Zeiger,
1983; Woodward, 1987), which are responsible for decreased
leaf transpiration rates (Long et al., 2004; Leakey et al., 2009).
These decrease plant water use and thereby increase soil mois-
ture availability unless elevated CO, dramatically enhances
canopy size (Leakey et al., 2009). (iii) Rubisco catalyzes either
the carboxylation or oxygenation of the substrate RuBP, ini-
tiating respectively either the C; carbon fixation or photores-
piratory pathways. The relative rates of the carboxylation and
oxygenation reactions depend on the relative concentrations
of CO, and O, at the active site of the enzyme (Ogren, 1984).
Elevated CO, atmospheres favor C; carbon fixation, and thus
less reductant from the photosynthetic electron transport is
diverted into photorespiration for re-assimilating NH," and
re-fixing CO, (Leegood et al., 1995; Wingler et al., 2000).
Slower photorespiration, however, entails decreased export of
malate from the chloroplast to the cytosol, and therefore inter-
feres with maintaining a favorable cytosolic NADH/NAD
ratio (Backhausen et al., 1994; Igamberdiev et al., 2001) that
empowers NO;™ reduction (Bloom, 20154).

The indirect effects of the amount and form of N that plants
are absorbing from the soil could be as important to plant
performance as the direct effects of elevated CO, (Fig. 6C).
When soil N concentrations are very low or very high, plant
performance (e.g. growth rate, development, biomass pro-
duction, and partitioning) should derive, respectively, from
N deficiencies or toxicities and will be less responsive to
CO, concentrations. Indeed, studies that measured the avail-
ability of rhizosphere N found that the phenomenon of
CO, acclimation was more pronounced under N deficien-
cies, both in wheat (Brooks et al., 2000; Sinclair et al., 2000;
Wall et al., 2000; Kimball et al., 2001; Del Pozo et al., 2007,
Erbsetal.,2010) and in Arabidopsis (Sun et al., 2002; Tocquin
et al., 2006). When N availability from the rhizosphere does
not limit plant growth, N form may strongly influence plant
responses to elevated CO, (Bloom et al., 2012). Under these
conditions, the balance between NO; and NH," assimilation
and interactions with atmospheric CO, concentration should
influence plant performance.

Responses to elevated CO, depend on
nitrogen form

Acquisition of different N forms

Elevated CO, influences root absorption of soil NO; and
NH," in several ways. (i) The anion NO; does not bind
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Fig. 6. A plant’s performance at all stages of development is defined by fine-tuning the relationships among C metabolism, N metabolism, and water
status (A). Atmospheric CO, concentration (B) and nitrogen form and concentration in the soil (C) strongly influence these relationships. Understanding
plant performance as influenced by CO, level and N in soil has a further level of complexity because the plant response to elevated CO, (B) would change
the N form preferences (NO;~ versus NH,*) and also the rates of N absorption. Similarly, the N form and dose that plants take up from the soil (C) with

its different influences on plant energetics and metabolism would change the rates of CO, assimilation (B). Shown in red or green processes or products
that decrease or increase, respectively, its rate or concentration. Additional explanation of this figure appears in the text.

to the cation exchange complex of soils, whereas the cat-
ion NH,* binds strongly; therefore, NO;™ is usually more
mobile through soils than NH,". Elevated CO, decreases
leaf transpiration, mass flow of water from the soil to the
roots, and movement of NO; through the soil to root sur-
faces (McGrath and Lobell, 2013; Jauregui et al., 2015b;).
Thus elevated CO, may alter rhizosphere availability of
NO; more than that of NH,". (ii) Higher soil moisture lev-
els that may result from less transpiration at elevated CO,
may decrease soil nitrification rates because of hypoxic
conditions, and therefore may decrease the soil NO; con-
centration (Niklaus et al., 2001; Carrillo et al., 2012). In
water-limited environments, however, higher soil moisture
levels at elevated CO, may increase nitrification and thereby
increase soil NO;™ concentration (Schleppi et al., 2012). (iii)
Elevated CO, tends to impede root NO; uptake (Cheng
et al., 2012) (Fig. 7). In six annual grassland species, ele-
vated CO, did not affect NH," uptake whereas the NO;
uptake rate decreased (Jackson and Caldwell, 1996). (iv) In
soils, NH," moves ~10 times more slowly than NO;, and
depletion zones for immobile cations such as NH,* typically
form around the surface of roots (Tinker and Nye, 2000).
Elevated CO, promotes root growth (Fig. 3F, N) (Niu et al.,
2013; Arndal et al., 2014; Hachiya et al, 2014) and total
root length (Benlloch-Gonzalez et al., 2014), particularly if
N is not limiting (de Graaff et al., 2006). Enhanced root
growth and root density at elevated CO, thus is more cru-
cial for plant capture of relatively immobile cations such
as NH," than mobile anions such as NO; (Silberbush and
Barber, 1983).

These findings support that elevated CO, may differentially
influence plant NO;™ and NH," absorption.

Nitrogen assimilation

Another major factor that influences plant responses to ele-
vated CO, is the disparate energy requirements for NO;™ and
NH,* assimilation into amino acids. To examine this factor,
experiments must control atmospheric CO, concentration
and rhizosphere N concentration and form. Unfortunately,
the balance between NO; and NH," available from the rhizo-
sphere may not reflect the actual dependence of a plant on
NO; and NH," assimilation because of rapid microbial trans-
formations between NO; and NH," in most soils (Burger
and Jackson 2004) as well as because of the differences in root
absorption of the two forms. Moreover, the extent to which
NOj; assimilation is coupled to respiratory versus photosyn-
thetic electron transport is difficult to assess. Consequently,
relatively few laboratories have examined this topic.

In 1998 we tested the hypothesis that elevated CO, con-
centration increases absorption and assimilation of NO; in
wheat (Smart et al., 1998). This hypothesis was based on two
ideas: (i) higher carbon gain at elevated CO, would provide
the additional energy necessary to increase NOj absorp-
tion and assimilation; and (ii) higher concentrations of non-
structural carbon metabolites (glucose and sucrose) would
increase the activity of NO; assimilation enzymes (Kaiser
and Brendle-Behnisch, 1991) and therefore would increase
NOj;™ assimilation. We found, however, that wheat at elevated
CO, failed to increase biomass production, NO; ™ absorption,
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Fig. 7. Three methods for assessing nitrate absorption (Absorb) and
assimilation (Assim.) in wheat and Arabidopsis plants where the shoots
were exposed to atmospheres containing 380 pmol mol™ CO, and 21%
0,, 720 pmol mol™ CO, and 21% O,, or 380 umol mol™' CO, and 2% O,.
Shown are means and SEs in pmol NO5~ g™ plant min™". Within a species
and for absorption separately from assimilation, bars labeled with different
letters differ significantly (P<0.05, n=6-18). (Data from Bloom et al., 2010.)
(This figure is available in colour at JXB online.)

and NO; assimilation. Instead, organic N concentration
declined, and NO; accumulated in shoots at elevated CO,.

In a similar experiment on tobacco, relative growth rate
increased with elevated CO, only at the seedling stage, and
decreased afterwards (Geiger et al, 1998). Elevated CO,
increased nitrate reductase activity, but the levels of unassim-
ilated NO; in plant tissues were also higher under elevated
CO,. These results suggested that elevated CO, impairs plant
performance through a direct effect on NO;  metabolism.
This finding has profound implications for plant responses
to elevated CO, because most plants rely strongly on NO;™ as
N source.

In shoots, NO;™ assimilation can be coupled to photosyn-
thetic electron transport either directly (Bloom et al, 1989)
or indirectly via shuttling malate between the chloroplast
and cytosol (Scheibe et al., 2005). Therefore, competition for
photogenerated reductant (NADPH or reduced ferrodoxin)
between NO; photo-assimilation and CO, assimilation
from the light reactions of photosynthesis might decrease

NOj;™ photo-assimilation at elevated CO, (Bloom et al., 2002,
2010). Measurements of net CO, and net O, fluxes from
wheat and Arabidopsis canopies showed that net CO, fluxes
were relatively insensitive to N form while net O, fluxes were
not (Bloom et al., 2002; Rachmilevitch et al., 2004). These
studies showed that at light levels ([photosynthetic flux den-
sities (PFDs)] near full sunlight, net O, evolution increased
with rising internal CO, concentration (C;) in plants receiv-
ing NH,* but not NO;". Thus, conditions that limited reduct-
ant production such as low light intensity or conditions that
increased the competition for reductant such as elevated
internal CO, decreased NO; photo-assimilation. Presumably
NO, reduction proceeds only when the availability of
reduced ferrodoxin exceeds that needed for the reduction of
NADP to NADPH for C; carbon fixation. Giving priority to
carbon fixation seems an appropriate strategy in that plants
can store moderate levels of NO;~ with little difficulty until
reductant becomes available, but cannot directly store signifi-
cant amounts of CO,.

Another important finding was that conditions that
decrease photorespiration in C; plants, namely elevated
CO, or low O,, also decrease NO;™ assimilation (Searles and
Bloom, 2003; Rachmilevitch et al., 2004; Bloom et al., 2010)
(Fig. 7). In wheat, Arabidopsis, and seven other C; species,
photorespiration played a crucial role in NO;™ assimilation
when assessed via methods such as gas exchange, nitrate
depletion, and labeling with "N or '“N. Photorespiration
stimulates the export of malate from chloroplasts (Scheibe,
2004) and increases the availability of the reduced form of
NADH in the cytoplasm that powers NO; reduction to NO,~
(Quesada et al., 2000). In contrast, maize conducts C, car-
bon fixation that generates ample amounts of malic acid and
NADH in the cytoplasm of mesophyll cells, and elevated CO,
has little effect on NO;™ assimilation in maize (Cousins and
Bloom, 2003).

Shoot versus root NO5~ assimilation

The balance between shoot and root NO;™ assimilation var-
ies within and among species (Andrews, 1986; Epstein and
Bloom, 2005; Nunes-Nesi et al., 2010; Andrews et al., 2013).
When plants are exposed to ambient CO, and receive suffi-
cient rhizosphere NO; to support full growth, shoots usu-
ally account for the majority of plant NO; assimilation
(Bloom et al., 1992; Cen and Layzell, 2003). Under such con-
ditions, the energy costs of NO; assimilation are borne by
photorespiration rather than by mitochondrial respiration,
and thereby do not divert energy from other plant activities
such as growth (Cousins and Bloom, 2004). CO, inhibition
of both photorespiration and growth under NO; nutrition
in a wide variety of C; plants indicates that photorespiratory
NOj; assimilation is a major contributor to the performance
of a whole plant (Bloom et al., 2012).

Mechanisms other than photorespiration power NO;
assimilation because mature C; plants under NO; nutrition
continue to grow at elevated CO,. One such mechanism is
the coupling of shoot NO; assimilation to mitochondrial
respiration (Cousins and Bloom, 2004). Another is root
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NOj; assimilation. Root NOj;™ assimilation is entirely depend-
ent on mitochondrial respiration and may even accelerate at
elevated CO, because carbohydrate translocation to roots
increases (Kruse et al., 2002, 2003; Jauregui et al., 2016).

Growth

Because elevated CO, inhibits NO; assimilation in the
shoots of C; plants, elevated CO, should stunt the growth
of plants that rely on NO; as the sole N source. The first
evidence of such a growth response came from a study on
wheat, in which after several weeks of growth under NO;™ or
NH," as the sole N source and at ambient or elevated CO,,
seedlings that received NH," accumulated more biomass
in response to elevated CO, than those that received NO;~
(Bloom et al., 2002). Similar results were obtained for wheat
(Carlisle et al., 2012) and Arabidopsis grown to maturity at
subambient, ambient, and elevated atmospheric CO, con-
centrations (310, 410, and 720 pmol mol ™!, respectively) (Fig.
8). In a separate study, several species conducting C; carbon
fixation were more responsive to CO, enrichment when they
received NH," as a sole N source than when they received
NO;™ (Bloom et al., 2012) (Fig. 9).

Only a few other studies have examined the interaction
between CO, level and N form in terms of whole plant growth
or biomass production. A doubling of CO, level increased the
biomass of Betula alleghaniensis by 79% under NH,* nutri-
tion and 61% under NO; (Bauer and Berntson, 2001) and
the biomass of Nicotiana tabacum by 280% under NH,NO;
and 240% under NO;  (Matt et al., 2001). Neither CO, nor
(CO,XN form) influenced biomass accumulation in Pinus
strobes (Bauer and Berntson, 2001) or Lolium perenne (Gloser
et al, 2002). Growth of poplar (Populus tremulaXP. alba)
did not respond to CO, when supplied with relatively large
amounts of NO; (Kruse et al., 2003). During 5 months, the
shoot growth of young coffee trees was consistently higher
under CO, enrichment, with plants receiving NH," showing
greater leaf area and total above-ground biomass than those

A
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receiving NO;™ (Silva et al., 2015). Indeed, only a few other
studies on plant responses to elevated CO, even discuss N
form. In a freshwater marsh, an NH,"-dominated ecosystem,
plants showed little CO, acclimation even after a decade of
CO, enrichment (Rasse et al., 2005), and increased produc-
tivity at elevated CO, was associated with increased plant
N uptake rather than with increased N-use efficiency (Finzi
et al., 2007). This field experiment supports that stimulation
of photosynthesis under elevated CO, in an NH,"-dominated
ecosystem is not a transient phenomenon (Ellsworth ez al.,
2004, 2012).

Paddy rice and temperate forest trees, as mentioned in
the section ‘The form of N in the soil’, also grow in NH,*-
dominated soils, but may depend on NO; for a significant
portion of their N. Similarly, legumes may at times depend
on NO; as an N source. Elevated CO, may inhibit assimi-
lation of this NO; ™. Accordingly, under CO, enrichment, (i)
rice yield increases by <12% while rice grain protein concen-
tration decreases by >7% (Long, 2012; Myers et al., 2014);
(i1) tree leaf biomass does not change while tree leaf protein
concentrations decrease by 14% (Feng et al., 2015); and (iii)
legume net annual primary productivity does not change,
while legume protein concentration decreases slightly (Myers
et al., 2014; Feng et al., 2015).

Nitrogen remobilization

Nitrogen remobilization within plants is a key factor for
their N-use efficiency (Masclaux-Daubresse et al., 2010). As
much as 95% of wheat grain N comes from remobilization
of N stored in roots and shoots acquired before anthesis
(Sheibani and Ghadiri, 2012). The most common response
to elevated CO, is a decrease in grain protein concentration
(Taub and Wang, 2008). This decrease has been associated
with increased yield (Fernando et al, 2014; Hawkesford,
2014), suggesting involvement of biomass dilution whereby
a certain amount of grain protein is diluted by the addi-
tional grain biomass accumulation under elevated CO,

310 410 720 310 410 720
NO,- NH,’

Fig. 8. (A) Growth of 32-day-old Arabidopsis plants at subambient CO, (310 pmol mol™), ambient CO, (410 pmol mol™), or elevated CO, (720 pmol
mol™) and supplied with 0.2 mM NO5~ or 0.2 mM of NH,* as sole N source. (B) Means and SE of the total biomass of the Arabidopsis plants shown in
(A). Results of ANOVA for the factors N, CO,, and the interaction NxCO, are also shown. Unpublished data from AJB, University of California, Davis. (This

figure is available in colour at JXB online.)
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Fig. 9. Relative growth rate (on a FW basis) of wheat and Arabidopsis as affected by the form of nitrogen (NO5~ versus NH,*) and atmospheric CO, level
(390 versus 720 pmol mol™). Small error bars are incorporated into the symbols. (Data are from Bloom et al., 2012, but include two additional time points

for each species.) (This figure is available in colour at JXB online.)

(Taub and Wang, 2008). Several recent studies concluded,
however, that growth dilution cannot fully explain the
decline in grain protein concentration at elevated CO, (Taub
et al., 2008; Pleijel and Uddling, 2012; Feng et al., 2015;
Pleijel and Hogy, 2015).

Slower NO;™ assimilation per unit of plant biomass at
elevated CO, would contribute to the decline in crop pro-
tein concentration (Bloom et al, 2010; Myers et al., 2014;
Feng et al., 2015; Jauregui et al., 2015b). Rubisco is a major
source of N for remobilization, accounting for ~50% of the
total soluble protein content in the leaves of C; plants (Sage
et al., 1987). Slower NO;™ assimilation directly decreases the
amount of Rubisco in source organs; therefore, the availabil-
ity of Rubisco in the source organs would limit N transloca-
tion for grain filling (Mathieu et al., 2015).

Role of nitrogen form in the CO,
acclimatation and rates of nitrogen
fertilization

Most studies, as introduced above, have found that CO,
acclimation is more pronounced in plants supplied with low
amount of N fertilizer. CO, acclimation, however, is not a
universal response even in wheat (Wall e al., 2000; Weigel
and Manderscheid, 2012). In fact, the interactions among
atmospheric CO, concentrations, wheat grain yield, and
grain protein are highly variable (Amthor, 2001; Wang et al.,
2013; Fernando et al., 2014). We contend that the disparate
amounts and forms of N that roots encounter in the soil solu-
tion explain a large portion of this variability. The majority
of studies on plant responses to elevated CO, have been con-
ducted in soils where microbial N transformations produce
rapid changes in soil N pools and forms (Jackson et al., 2008).
Soil N pools and forms, in turn, influence both development
of root systems (biomass, length, branching, and area) (Bloom
et al., 1993) and N uptake capabilities (Houlton et al., 2007).
Experiments in solution culture (hydroponics), which provide
better control of the amounts and N forms to plants, suggest
that plants dependent on NO; —either because it is the only
N form available or because a particular species preferentially

uses NO; rather than NH,*—will exhibit greater CO, accli-
mation and greater protein concentration decline.

Plants using NH,* as their N source are more responsive
to CO, in terms of growth, yield, and grain protein. Wheat
grain yield increased by 11.4% while N accumulated across
the 3 years at elevated CO, in plants fertilized with ammo-
nium and urea (Han et al, 2015). Thus, most agricultural
systems will benefit from greater reliance on NH,* as atmos-
pheric CO, rises. Application of NH," fertilizers plus inhibi-
tors of soil nitrification (microbial conversion of NH," to
NOj;") might avoid the bottleneck of NO;™ assimilation, but
would require sophisticated fertilizer management to prevent
NH," toxicity. To address these issues, a better understanding
of plant NH,* and NO;™ assimilation is critical.

Concluding remarks

This article examines plant adaptations to the elevated
atmospheric CO, concentrations that are anticipated during
the next few decades. In particular, extensive evidence is now
available that N form, NO;™ versus NH,", is a key factor in
plant responses to elevated CO,. Recent results support that:
(1) responses to elevated CO, in different plant species can be
better understood if one accounts for N form; (ii) plant-soil
interactions have a major influence on plant responses to ele-
vated COy; (iii) the influence of N form on plant performance
may exceed that of elevated CO,, and thus may confound
interpretation of studies where plants have access to both
N forms; (iv) elevated CO, may favor the absorption of one
form of N over others; and (v) elevated CO, inhibits shoot
NO;™ assimilation in C; plants, and so plants receiving NH,"
nutrition exhibit greater stimulation from CO, enrichment.
The role of NO; and NH," in plant growth and develop-
ment under elevated CO, will become increasingly important
at several levels: (i) food quality will suffer, because NO;™ is
the dominant N form in most agricultural systems, and ele-
vated CO, inhibits conversion of NO;™ into protein; (ii) spe-
cies distributions will change, because C; species that prefer
NOj;™ as an N source will be at a competitive disadvantage;
and (iii) the capacity to sequester CO, in organic compounds
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will be compromised in plants reliant on NO;™ as an N source.
Normally, both NO;~ and NH,* are available from the rhizo-
sphere, but data are sparse on the extent to which plants
absorb and assimilate each N form and how this affects their
responses to elevated CO, atmospheres. Such information
will be critical for human well-being.

Acknowledgements

The data presented in this paper are available upon request from AJB,
Department of Plant Sciences, University of California at Davis. This
research was supported by NSF 10S-13-58675 and USDA NRI-2017-67007-
25930. JSR-A received a fellowship from the Agencia Regional de Ciencia y
Tecnologia de la Region de Murcia, Spain.

References

Ainsworth EA, Long SP. 2005. What have we learned from 15 years of
free-air CO2 enrichment (FACE)? A meta-analytic review of the responses
of photosynthesis, canopy properties and plant production to rising CO2.
New Phytologist 165, 351-371.

Ainsworth EA, Rogers A. 2007. The response of photosynthesis and
stomatal conductance to rising [COZ2]: mechanisms and environmental
interactions. Plant, Cell and Environment 30, 258-270.

Amthor JS. 2001. Effects of atmospheric CO, concentration on wheat
yield: review of results from experiments using various approaches to
control CO, concentration. Field Crops Research 73, 1-34.

Andrews M. 1986. The partitioning of nitrate assimilation between root
and shoot of higher plants. Plant, Cell and Environment 9, 511-519.

Andrews M, Raven JA, Lea PJ. 2013. Do plants need nitrate? The
mechanisms by which nitrogen form affects plants. Annals of Applied
Biology 163, 174-199.

Arndal MF, Schmidt IK, Kongstad J, Beier C, Michelsen A. 2014.
Root growth and N dynamics in response to multi-year experimental
warming, summer drought and elevated CO, in a mixed heathland-grass
ecosystem. Functional Plant Biology 41, 1-10.

Backhausen JE, Kitzmann C, Scheibe R. 1994. Competition between
electron acceptors in photosynthesis: regulation of the malate valve
during CO2 fixation and nitrite reduction. Photosynthesis Research 42,
75-86.

Bauer GA, Berntson GM. 2001. Ammonium and nitrate acquisition
by plants in response to elevated CO2 concentration: the roles of root
physiology and architecture. Tree Physiology 21, 137-144.

Benlloch-Gonzalez M, Berger J, Bramley H, Rebetzke G, Palta JA.
2014. The plasticity of the growth and proliferation of wheat root system
under elevated CO,. Plant and Soil 374, 963-976.

Bloom AJ. 1988. Ammonium and nitrate as nitrogen sources for plant
growth. ISI Atlas of Science: Animal and Plant Sciences 1, 55-59.

Bloom AJ. 2010. Global climate change: convergence of disciplines.
Sunderland, MA: Sinauer Associates.

Bloom AJ. 2015a. Photorespiration and nitrate assimilation: a major
intersection between plant carbon and nitrogen. Photosynthesis Research
123, 117-128.

Bloom AJ. 2015b. The increasing importance of distinguishing among
plant nitrogen sources. Current Opinion in Plant Biology 25, 10-16.
Bloom AJ, Burger M, Asensio JSR, Cousins AB. 2010. Carbon dioxide
enrichment inhibits nitrate assimilation in wheat and Arabidopsis. Science
328, 899-903.

Bloom AJ, Caldwell RM, Finazzo J, Warner RL, Weissbart J. 1989.
Oxygen and carbon dioxide fluxes from barley shoots depend on nitrate
assimilation. Plant Physiology 91, 352-356.

Bloom AJ, Jackson LE, Smart DR. 1993. Root growth as a function of
ammonium and nitrate in the root zone. Plant, Cell and Environment 16,
199-206.

Bloom AJ, Rubio-Asensio JS, Randall L, Rachmilevitch S, Cousins
AB, Carlisle EA. 2012. CO, enrichment inhibits shoot nitrate assimilation

in Cg but not C,4 plants and slows growth under nitrate in C; plants.
Ecology 93, 355-367.

Bloom AJ, Smart DR, Nguyen DT, Searles PS. 2002. Nitrogen
assimilation and growth of wheat under elevated carbon dioxide.
Proceedings of the National Academy of Sciences, USA 99, 1730-1735.

Bloom AJ, Sukrapanna SS, Warner RL. 1992. Root respiration
associated with ammonium and nitrate absorption and assimilation by
barley. Plant Physiology 99, 1294-1301.

Boudsocq S, Niboyet A, Lata JC, Raynaud X, Loeuille N, Mathieu
J, Blouin M, Abbadie L, Barot S. 2012. Plant preference for ammonium
versus nitrate: a neglected determinant of ecosystem functioning?
American Naturalist 180, 60-69.

Britto DT, Kronzucker HJ. 2002. NH," toxicity in higher plants: a critical
review. Journal of Plant Physiology 159, 567-584.

Britto DT, Kronzucker HJ. 2013. Ecological significance and complexity
of N-source preference in plants. Annals of Botany 112, 957-963.

Britto DT, Siddiqi MY, Glass ADM, Kronzucker HJ. 2001. Futile
transmembrane NH4+ cycling: a cellular hypothesis to explain ammonium
toxicity in plants. Proceedings of the National Academy of Sciences, USA
98, 4255-4258.

Brooks TJ, Wall GW, Pinter PJ, et al. 2000. Acclimation response

of spring wheat in a free-air CO, enrichment (FACE) atmosphere with
variable soil nitrogen regimes. 3. Canopy architecture and gas exchange.
Photosynthesis Research 66, 97-108.

Burger M, Jackson LE. 2004. Plant and microbial nitrogen use and
turnover: rapid conversion of nitrate to ammonium in soil with roots. Plant
and Soil 266, 289-301.

Cabeza R, Koester B, Liese R, et al. 2014. An RNA sequencing
transcriptome analysis reveals novel insights into molecular aspects of
the nitrate impact on the nodule activity of Medicago truncatula. Plant
Physiology 164, 400-411.

Carlisle E, Myers SS, Raboy V, Bloom AJ. 2012. The effects of
inorganic nitrogen form and CO, concentration on wheat yield and nutrient
accumulation and distribution. Frontiers in Plant Science 3, 195.

Carrillo Y, Dijkstra F, Pendall E, Morgan J, Blumenthal D. 2012.
Controls over soil nitrogen pools in a semiarid grassland under elevated
CO, and warming. Ecosystems 15, 761-774.

Cen YP, Layzell DB. 2003. In vivo gas exchange measurement of the
site and dynamics of nitrate reduction in soybean. Plant Physiology 131,
1147-1156.

Cheng L, Booker FL, Tu C, Burkey KO, Zhou L, Shew HD, Rufty
TW, Hu S. 2012. Arbuscular mycorrhizal fungi increase organic carbon
decomposition under elevated CO,. Science 337, 1084-1087.

Cheng SH, Moore BD, Seemann JR. 1998. Effects of short- and
long-term elevated CO, on the expression of ribulose-1,5-bisphosphate
carboxylase/oxygenase genes and carbohydrate accumulation in leaves of
Arabidopsis thaliana (L) Heynh. Plant Physiology 116, 715-723.

Cousins AB, Bloom AJ. 2003. Influence of elevated CO2 and nitrogen
nutrition on photosynthesis and nitrate photoassimilation in maize (Zea
mays L.). Plant, Cell and Environment 26, 1525-1530.

Cousins AB, Bloom AJ. 2004. Oxygen consumption during leaf nitrate
assimilation in a C3 and C, plant: the role of mitochondrial respiration.
Plant, Cell and Environment 27, 1537-1545.

Cramer MD, Lewis OAM. 1993. The influence of nitrate and ammonium
nutrition on the growth of wheat (Triticum aestivum) and maize (Zea mays)
plants. Annals of Botany 72, 359-365.

Curtis PS, Wang X. 1998. A meta-analysis of elevated CO2 effects on
woody plant mass, form, and physiology. Oecologia 113, 299-313.

de Graaff MA, van Groenigen KJ, Six J, Hungate B, van Kessel C.
2006. Interactions between plant growth and soil nutrient cycling under
elevated CO2: a meta-analysis. Global Change Biology 12, 2077-2091.

Delgado E, Mitchell RAC, Parry MAJ, Driscoll SP, Mitchell VJ,
Lawlor DW. 1994. Interacting effects of CO, concentration, temperature
and nitrogen supply on the photosynthesis and composition of winter-
wheat leaves. Plant, Cell and Environment 17, 1205-1213.

Del Pozo A, Perez P, Gutierrez D, Alonso A, Morcuende R, Martinez-
Carrasco R. 2007. Gas exchange acclimation to elevated CO, in upper-
sunlit and lower-shaded canopy leaves in relation to nitrogen acquisition
and partitioning in wheat grown in field chambers. Environmental and
Experimental Botany 59, 371-380.

9107 ‘€7 Joquiaoa( uo jsong £q /310 speumnolproyxo-qx(y:dyy woiy papeojumo(


http://jxb.oxfordjournals.org/

N form in wheat and Arabidopsis responses to elevated CO, | Page 13 of 15

Easlon HM, Carlisle E, McKay JK, Bloom AJ. 2015. Does low stomatal
conductance or photosynthetic capacity enhance growth at elevated CO,
in Arabidopsis? Plant Physiology 167, 793-799.

Ellsworth DS, Reich PB, Naumburg ES, Koch GW, Kubiske ME,
Smith SD. 2004. Photosynthesis, carboxylation and leaf nitrogen
responses of 16 species to elevated pCO, across four free-air CO,
enrichment experiments in forest, grassland and desert. Global Change
Biology 10, 2121-2138.

Ellsworth DS, Thomas R, Crous KY, Palmroth S, Ward E, Maier C,
Delucia E, Oren R. 2012. Elevated CO, affects photosynthetic responses
in canopy pine and subcanopy deciduous trees over 10 years: a synthesis
from Duke FACE. Global Change Biology 18, 223-242.

Engineer CB, Ghassemian M, Anderson JC, Peck SC, Hu H,
Schroeder JI. 2014. Carbonic anhydrases, EPF2 and a novel protease
mediate CO, control of stomatal development. Nature 513, 246-250.

Epstein E, Bloom AJ. 2005. Mineral nutrition of plants: principles and
perspectives. Sunderland, MA: Sinauer Associates.

Erbs M, Manderscheid R, Jansen G, Seddig S, Pacholski A, Weigel
HJ. 2010. Effects of free-air CO, enrichment and nitrogen supply on grain
quality parameters and elemental composition of wheat and barley grown
in a crop rotation. Agriculture Ecosystems and Environment 136, 59-68.

FAO. 2013. FAO statistical yearbook. World food and agriculture. Rome:
Food and Agriculture Organization of the United Nations.

Feng Z, Riitting T, Pleijel H, et al. 2015. Constraints to nitrogen
acquisition of terrestrial plants under elevated CO,. Global Change Biology
21, 3152-3168.

Fernando N, Panozzo J, Tausz M, Norton RM, Fitzgerald GJ, Myers
S, Walker C, Stangoulis J, Seneweera S. 2012a. Wheat grain quality
under increasing atmospheric CO, concentrations in a semi-arid cropping
system. Journal of Cereal Science 56, 684-690.

Fernando N, Panozzo J, Tausz M, Norton R, Fitzgerald G,
Seneweera S. 2012b. Rising atmospheric CO, concentration affects
mineral nutrient and protein concentration of wheat grain. Food Chemistry
133, 1307-1311.

Fernando N, Panozzo J, Tausz M, Norton RM, Neumann N,
Fitzgerald GJ, Seneweera S. 2014. Elevated CO, alters grain quality of
two bread wheat cultivars grown under different environmental conditions.
Agriculture, Ecosystems and Environment 185, 24-33.

Finzi AC, Norby RJ, Calfapietra C, et al. 2007. Increases in nitrogen
uptake rather than nitrogen-use efficiency support higher rates of
temperate forest productivity under elevated CO2. Proceedings of the
National Academy of Sciences, USA 104, 14014-14019.

Geiger M, Walch-Liu P, Engels C, Harnecker J, Schulze ED,
Ludewig F, Sonnewald U, Scheible WR, Stitt M. 1998. Enhanced
carbon dioxide leads to a modified diurnal rhythm of nitrate reductase
activity in older plants, and a large stimulation of nitrate reductase activity
and higher levels of amino acids in young tobacco plants. Plant, Cell and
Environment 21, 253-268.

Gentry LE, Wang XT, Below FE. 1989. Nutrient uptake by wheat
seedlings that differ in response to mixed nitrogen nutrition. Journal of
Plant Nutrition 12, 363-373.

Gigon A, Rorison IH. 1972. The response of some ecologically distinct
plant species to nitrate- and to ammonium-nitrogen. Journal of Ecology
60, 93-102.

Gloser V, Frehner M, Luscher A, Nosberger J, Hartwig UA. 2002.
Does the response of perennial ryegrass to elevated CO, concentration
depend on the form of the supplied nitrogen? Biologia Plantarum 45,
51-58.

Guo S, Zhou Y, Shen Q, Zhang F. 2007. Effect of ammonium and nitrate
nutrition on some physiological processes in higher plants—growth,
photosynthesis, photorespiration, and water relations. Plant Biology 9,
21-29.

Hachiya T, Noguchi K. 2011. Integrative response of plant mitochondrial
electron transport chain to nitrogen source. Plant Cell Reports 30,
195-204.

Hachiya T, Sugiura D, Kojima M, Sato S, Yanagisawa S, Sakakibara
H, Terashima |, Noguchi K. 2014. High CO, triggers preferential root
growth of Arabidopsis thaliana via two distinct systems under low pH and
low N stresses. Plant and Cell Physiology 55, 269-280.

Hachiya T, Watanabe CK, Fujimoto M, et al. 2012. Nitrate addition
alleviates ammonium toxicity without lessening ammonium accumulation,

organic acid depletion and inorganic cation depletion in Arabidopsis
thaliana shoots. Plant and Cell Physiology 53, 577-591.

Han X, Hao X, Lam SK, Wang H, Li Y, Wheeler T, Ju H, Lin E. 2015.
Yield and nitrogen accumulation and partitioning in winter wheat under
elevated CO,: a 3-year free-air CO, enrichment experiment. Agriculture,
Ecosystems and Environment 209, 132-137.

Haynes RJ, Goh KM. 1978. Ammonium and nitrate nutrition of plants.
Biological Reviews 563, 465-510.

Hawkesford MJ. 2014. Reducing the reliance on nitrogen fertilizer for
wheat production. Journal of Cereal Science 59, 276-283.

Hocking PJ, Meyer CP. 1991. Carbon dioxide enrichment decreases
critical nitrate and nitrogen concentrations in wheat. Journal of Plant
Nutrition 14, 571-584.

Hogy P, Brunnbauer M, Koehler P, Schwadorf K, Breuer J,
Franzaring J, Zhunusbayeva D, Fangmeier A. 2013. Grain quality
characteristics of spring wheat (Triticum aestivum) as affected by free-air
CO, enrichment. Environmental and Experimental Botany 88, 11-18.

Houlton BZ, Sigman DM, Schuur EAG, Hedin LO. 2007. A
climate-driven switch in plant nitrogen acquisition within tropical forest
communities. Proceedings of the National Academy of Sciences, USA
104, 8902-8906.

Huppe HC, Turpin DH. 1994. Integration of carbon and nitrogen
metabolism in plant and algal cells. Annual Review of Plant Physiology 45,
577-607.

lgamberdiev AU, Bykova NV, Lea PJ, Gardestrom P. 2001. The role of
photorespiration in redox and energy balance of photosynthetic plant cells:
a study with a barley mutant deficient in glycine decarboxylase. Physiologia
Plantarum 111, 427-438.

Ikram S, Bedu M, Daniel-Vedele F, Chaillou S, Chardon F. 2012.
Natural variation of Arabidopsis response to nitrogen availability. Journal of
Experimental Botany 63, 91-105.

IPCC. 2013. Summary for policymakers. In: Stocker TF, Qin D,
Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V,
Midgley PM, eds. Climate change 2013: the physical science basis.
Contribution of Working Group | to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge: Cambridge
University Press.

Jackson LE, Burger M, Cavagnaro TR. 2008. Roots, nitrogen
transformations, and ecosystem services. Annual Review of Plant Biology
59, 341-363.

Jackson RB, Caldwell MM. 1993. The scale of nutrient heterogeneity
around individual plants and its quantification with geostatistics. Ecology
74, 612-614.

Jackson RB, Caldwell MM. 1996. Integrating resource heterogeneity
and plant plasticity: modelling nitrate and phosphate uptake in a patchy
soil environment. Journal of Ecology 84, 891-903.

Jauregui |, Aparicio-Tejo PM, Avila C, Cafhas R, Sakalauskiene
S, Aranjuelo I. 2016. Root—shoot interactions explain the reduction of
leaf mineral content in Arabidopsis plants grown under elevated [CO,)
conditions. Physiologia Plantarum 1568, 65-79.

Jauregui |, Aparicio-Tejo PM, Avila C, Rueda-Lopez M, Aranjuelo
I. 2015a. Root and shoot performance of Arabidopsis thaliana exposed
to elevated CO,: a physiologic, metabolic and transcriptomic response.
Journal of Plant Physiology 189, 65-76.

Jauregui I, Aroca R, Garnica M, Zamarreiio AM, Garcia-Mina

JM, Serret MD, Parry M, Irigoyen JJ, Aranjuelo I. 2015b. Nitrogen
assimilation and transpiration: key processes conditioning responsiveness
of wheat to elevated [CO,] and temperature. Physiologia Plantarum 155,
338-354.

Kaiser WM, Brendle-Behnisch E. 1991. Rapid modulation of spinach
leaf nitrate reductase activity by photosynthesis. I. Modulation in vivo by
CO2 availability. Plant Physiology 96, 363-367.

Kimball BA, Morris CF, Pinter PJ, et al. 2001. Elevated CO,, drought
and soil nitrogen effects on wheat grain quality. New Phytologist 150,
295-303.

Koch GW, Bloom AJ, Chapin FS Ill. 1991. Ammonium and nitrate as
nitrogen sources in two Eriophorum species. Oecologia 88, 570-573.
Kronzucker HJ, Glass ADM, Siddigi MY, Kirk GJD. 2000. Comparative
kinetic analysis of ammonium and nitrate acquisition by tropical lowland
rice: implications for rice cultivation and yield potential. New Phytologist
145, 471-476.

9107 ‘€7 Joquiaoa( uo jsong £q /310 speumnolproyxo-qx(y:dyy woiy papeojumo(


http://jxb.oxfordjournals.org/

Page 14 of 15 | Rubio-Asensio and Bloom

Kruse J, Hetzger |, Hansch R, Mendel RR, Walch-Liu P, Engels C,
Rennenberg H. 2002. Elevated pCO2 favours nitrate reduction in the
roots of wild-type tobacco (Nicotiana tabacum cv. Gat.) and significantly
alters N-metabolism in transformants lacking functional nitrate reductase in
the roots. Journal of Experimental Botany 53, 2351-2367.

Kruse J, Hetzger |, Mai C, Polle A, Rennenberg H. 2003.
Elevated pCO2 affects N-metabolism of young poplar plants (Populus
tremulaxP. alba) differently at deficient and sufficient N-supply. New
Phytologist 1567, 65-81.

Leakey ADB, Ainsworth EA, Bernacchi CJ, Rogers A, Long SP, Ort
DR. 2009. Elevated CO, effects on plant carbon, nitrogen, and water
relations: six important lessons from FACE. Journal of Experimental Botany
60, 2859-2876.

Leegood RC, Lea PJ, Adcock MD, Hausler RE. 1995. The regulation
and control of photorespiration. Journal of Experimental Botany 46,
1367-1414.

Leymarie J, Lasceve G, Vavasseur A. 1999. Elevated CO, enhances
stomatal responses to osmotic stress and abscisic acid in Arabidopsis
thaliana. Plant, Cell and Environment 22, 301-308.

Li Y, Xu J, Ul Hag N, Zhang H, Zhu X-G. 2014. Was low CO, a driving
force of C-4 evolution: Arabidopsis responses to long-term low CO, stress.
Journal of Experimental Botany 65, 3657-3667.

Li YL, Fan XR, Shen QR. 2008. The relationship between rhizosphere
nitrification and nitrogen-use efficiency in rice plants. Plant, Cell and
Environment 31, 73-85.

Long SP. 2012. Virtual Special Issue on food security —greater than
anticipated impacts of near-term global atmospheric change on rice and
wheat. Global Change Biology 18, 1489-1490.

Long SP, Ainsworth EA, Rogers A, Ort DR. 2004. Rising atmospheric
carbon dioxide: plants face the future. Annual Review of Plant Biology 55,
591-628.

Maathuis FJM. 2009. Physiological functions of mineral macronutrients.
Current Opinion in Plant Biology 12, 250-258.

Markelz RJC, Vosseller LN, Leakey ADB. 2014. Developmental stage
specificity of transcriptional, biochemical and CO, efflux responses of leaf
dark respiration to growth of Arabidopsis thaliana at elevated [CO,]. Plant,
Cell and Environment 37, 2542-2552.

Masclaux-Daubresse C, Daniel-Vedele F, Dechorgnat J, Chardon
F, Gaufichon L, Suzuki A. 2010. Nitrogen uptake, assimilation and
remobilization in plants: challenges for sustainable and productive
agriculture. Annals of Botany 105, 1141-1157.

Mathieu L, Lobet G, Tocquin P, Perilleux C. 2015. Rhizoponics: a novel
hydroponic rhizotron for root system analyses on mature Arabidopsis
thaliana plants. Plant Methods 11, 3.

Matt P, Geiger M, Walch-Liu P, Engels C, Krapp A, Stitt M. 2001.
Elevated carbon dioxide increases nitrate uptake and nitrate reductase
activity when tobacco is growing on nitrate, but increases ammonium
uptake and inhibits nitrate reductase activity when tobacco is growing on
ammonium nitrate. Plant, Cell and Environment 24, 1119-1137.

McGrath JM, Lobell DB. 2013. Reduction of transpiration and altered
nutrient allocation contribute to nutrient decline of crops grown in elevated
CO, concentrations. Plant, Cell and Environment 36, 697-705.

Myers SS, Zanobetti A, Kloog I, et al. 2014. Increasing CO, threatens
human nutrition. Nature 510, 139-142.

Niklaus PA, Kandeler E, Leadley PW, Schmid B, Tscherko D, Korner
C. 2001. A link between plant diversity, elevated CO, and sail nitrate.
Oecologia 127, 540-548.

Niu Y, Chai R, Dong H, Wang H, Tang C, Zhang Y. 2013. Effect of
elevated CO, on phosphorus nutrition of phosphate-deficient Arabidopsis
thaliana (L.) Heynh under different nitrogen forms. Journal of Experimental
Botany 64, 355-367.

Nunes-Nesi A, Fernie AR, Stitt M. 2010. Metabolic and signaling
aspects underpinning the regulation of plant carbon nitrogen interactions.
Molecular Plant 3, 973-996.

Ogren WL. 1984. Photorespiration: pathways, regulation, and
modification. Annual Review of Plant Physiology 35, 415-442.

Patterson K, Cakmak T, Cooper A, Lager I, Rasmusson AG,
Escobar MA. 2010. Distinct signalling pathways and transcriptome
response signatures differentiate ammonium- and nitrate-supplied plants.
Plant, Cell and Environment 33, 1486-1501.

Pleijel H, Hogy P. 2015. CO, dose-response functions for wheat
grain, protein and mineral yield based on FACE and open-top chamber
experiments. Environmental Pollution 198, 70-77.

Pleijel H, Uddling J. 2012. Yield vs. quality trade-offs for wheat in
response to carbon dioxide and ozone. Global Change Biology 18,
596-605.

Poorter H, Nagel O. 2000. The role of biomass allocation in the
growth response of plants to different levels of light, CO,, nutrients and
water: a quantitative review. Australian Journal of Plant Physiology 27,
595-607.

Qiao Y, Zhang H, Dong B, Shi C, Li Y, Zhai H, Liu M. 2010. Effects of
elevated CO, concentration on growth and water use efficiency of winter
wheat under two soil water regimes. Agricultural Water Management 97,
1742-1748.

Quesada A, Gomez-Garcia |, Fernandez E. 2000. Involvement of
chloroplast and mitochondria redox valves in nitrate assimilation. Trends in
Plant Science 5, 463-464.

Rachmilevitch S, Cousins AB, Bloom AJ. 2004. Nitrate assimilation in
plant shoots depends on photorespiration. Proceedings of the National
Academy of Sciences, USA 101, 11506-11510.

Rasse DP, Peresta G, Drake BG. 2005. Seventeen years of elevated
CO, exposure in a Chesapeake Bay Wetland: sustained but contrasting
responses of plant growth and CO, uptake. Global Change Biology 11,
369-377.

Reich PB, Hobbie SE, Lee T, Ellsworth DS, West JB, Tilman D,
Knops JMH, Naeem S, Trost J. 2006. Nitrogen limitation constrains
sustainability of ecosystem response to CO,. Nature 440, 922-925.

Rubinigg M, Stulen |, Elzenga JTM, Colmer TD. 2002. Spatial patterns
of radial oxygen loss and nitrate net flux along adventitious roots of

rice raised in aerated or stagnant solution. Functional Plant Biology 29,
1475-1481.

Rubio-Asensio JS, Lopez-Berenguer C, Garcia-de la Garma J,
Burger M, Bloom AJ. 2014. Root strategies for nitrate assimilation. In:
Morte A, Varma A, eds. Root engineering. Berlin: Springer-Verlag

Rubio-Asensio JS, Rachmilevitch S, Bloom AJ. 2015. Responses
of Arabidopsis and wheat to rising CO, depend on nitrogen source and
nighttime CO, levels. Plant Physiology 168, 156-163.

Sage RF, Pearcy RW, Seemann JR. 1987. The nitrogen use efficiency of
C-3 and C-4 plants. 3. Leaf nitrogen effects on the activity of carboxylating
enzymes in Chenopodium album (L) and Amaranthus retroflexus (L). Plant
Physiology 85, 355-359.

Scheibe R. 2004. Malate valves to balance cellular energy supply.
Physiologia Plantarum 120, 21-26.

Scheibe R, Backhausen JE, Emmerlich V, Holtgrefe S. 2005.
Strategies to maintain redox homeostasis during photosynthesis under
changing conditions. Journal of Experimental Botany 56, 1481-1489.

Scheible WR, Morcuende R, Czechowski T, et al. 2004. Genome-
wide reprogramming of primary and secondary metabolism, protein
synthesis, cellular growth processes, and the regulatory infrastructure
of Arabidopsis in response to nitrogen. Plant Physiology 136,
2483-2499.

Schleppi P, Bucher-Wallin I, Hagedorn F, Kérner C. 2012. Increased
nitrate availability in the soil of a mixed mature temperate forest subjected
to elevated CO2 concentration (canopy FACE). Global Change Biology 18,
757-768.

Searles PS, Bloom AJ. 2003. Nitrate photoassimilation in tomato leaves
under short-term exposure to elevated carbon dioxide and low oxygen.
Plant, Cell and Environment 26, 1247-1255.

Sharkey TD, Bernacchi CJ, Farquhar GD, Singsaas EL. 2007. Fitting
photosynthetic carbon dioxide response curves for C; leaves. Plant, Cell
and Environment 30, 1035-1040.

Sheibani S, Ghadiri H. 2012. Integration effects of split nitrogen
fertilization and herbicide application on weed management and
wheat yield. Journal of Agricultural Science and Technology 14,
77-86.

Sicher RC, Bunce JA. 1997. Relationship of photosynthetic acclimation
to changes of Rubisco activity in field-grown winter wheat and barley
during growth in elevated carbon dioxide. Photosynthesis Research 52,
27-38.

9107 ‘€7 Joquiaoa( uo jsong £q /310 speumnolproyxo-qx(y:dyy woiy papeojumo(


http://jxb.oxfordjournals.org/

N form in wheat and Arabidopsis responses to elevated CO, | Page 15 of 15

Silberbush M, Barber SA. 1983. Sensitivity analysis of parameters used
in simulating K-uptake with a mechanistic mathematical-model. Agronomy
Journal 75, 851-854.

Sild E, Younis S, Pleijel H, Sellden G. 1999. Effect of CO, enrichment
on non-structural carbohydrates in leaves, stems and ears of spring
wheat. Physiologia Plantarum 107, 60-67.

Silva LC, Salamanca-Jimenez A, Doane TA, Horwath WR. 2015.
Carbon dioxide level and form of soil nitrogen regulate assimilation of
atmospheric ammonia in young trees. Scientific Reports 5, 13141.
Sinclair TR, Pinter PJ, Kimball BA, et al. 2000. Leaf nitrogen
concentration of wheat subjected to elevated (CO2) and either water or N
deficits. Agriculture, Ecosystems and Environment 79, 53-60.

Smart DR, Ritchie K, Bloom AJ, Bugbee BB. 1998. Nitrogen balances
for wheat canopies (Triticum aestivum cv. Veery 10) grown under elevated
and ambient CO, concentrations. Plant, Cell and Environment 21,
753-764.

Stark JM, Hart SC. 1997. High rates of nitrification and nitrate turnover in
undisturbed coniferous forests. Nature 385, 61-64.

Stitt M, Krapp A. 1999. The interaction between elevated carbon dioxide
and nitrogen nutrition: the physiological and molecular background. Plant,
Cell and Environment 22, 583-621.

Stitt M, Muller C, Matt P, Gibon Y, Carillo P, Morcuende R, Scheible
WR, Krapp A. 2002. Steps towards an integrated view of nitrogen
metabolism. Journal of Experimental Botany 53, 959-970.

Sun JD, Gibson KM, Kiirats O, Okita TW, Edwards GE. 2002.
Interactions of nitrate and CO, enrichment on growth, carbohydrates, and
rubisco in Arabidopsis starch mutants. Significance of starch and hexose.
Plant Physiology 130, 1573-1583.

Takatani N, Ito T, Kiba T, Mori M, Miyamoto T, Maeda S-i, Omata

T. 2014. Effects of high CO2 on growth and metabolism of Arabidopsis
seedlings during growth with a constantly limited supply of nitrogen. Plant
and Cell Physiology 55, 281-292.

Taub DR, Miller B, Allen H. 2008. Effects of elevated CO, on the protein
concentration of food crops: a meta-analysis. Global Change Biology 14,
565-575.

Taub DR, Wang XZ. 2008. Why are nitrogen concentrations in
plant tissues lower under elevated CO2? A critical examination of the
hypotheses. Journal of Integrative Plant Biology. 50, 1365-1374.

Teng N, Wang J, Chen T, Wu X, Wang Y, Lin J. 2006. Elevated CO,
induces physiological, biochemical and structural changes in leaves of
Arabidopsis thaliana. New Phytologist 172, 92-103.

Terashima |, Yanagisawa S, Sakakibara H. 2014. Plant responses

to CO,: background and perspectives. Plant and Cell Physiology 55,
237-240.

Theobald JC, Mitchell RAC, Parry MAJ, Lawlor DW. 1998. Estimating
the excess investment in ribulose-1,5-bisphosphate carboxylase/
oxygenase in leaves of spring wheat crown under elevated CO2. Plant
Physiology 118, 945-955.

Tinker PB, Nye PH. 2000. Solute movement in the rhizosphere. New
York: Oxford University Press.

Tocquin P, Ormenese S, Pieltain A, Detry N, Bernier G, Perilleux C.
2006. Acclimation of Arabidopsis thaliana to long-term CO2 enrichment
and nitrogen supply is basically a matter of growth rate adjustment.
Physiologia Plantarum 128, 677-688.

Wall GW, Adam NR, Brooks TJ, et al. 2000. Acclimation response of
spring wheat in a free-air CO2 enrichment (FACE) atmosphere with variable
soil nitrogen regimes. 2. Net assimilation and stomatal conductance of
leaves. Photosynthesis Research 66, 79-95.

Wand SJE, Midgley GF, Jones MH, Curtis PS. 1999. Responses of
wild C4 and C3 grass (Poaceae) species to elevated atmospheric CO2
concentration: a test of current theories and perceptions. Global Change
Biology 5, 723-741.

Wang L, Feng Z, Schjoerring JK. 2013. Effects of elevated atmospheric
CO2 on physiology and yield of wheat (Triticum aestivum L.): a meta-
analytic test of current hypotheses. Agriculture, Ecosystems and
Environment 178, 57-63.

Ward JK, Kelly JK. 2004. Scaling up evolutionary responses to elevated
CO,: lessons from Arabidopsis. Ecology Letters 7, 427-440.

Ward JK, Strain BR. 1997. Effects of low and elevated CO, partial
pressure on growth and reproduction of Arabidopsis thaliana from different
elevations. Plant, Cell and Environment 20, 254-260.

Weigel H-J, Manderscheid R. 2012. Crop growth responses to free air
CO2 enrichment and nitrogen fertilization: rotating barley, ryegrass, sugar
beet and wheat. European Journal of Agronomy 43, 97-107.

Wieser H, Manderscheid R, Erbs M, Weigel H-J. 2008. Effects of
elevated atmospheric CO, concentrations on the quantitative protein
composition of wheat grain. Journal of Agricultural and Food Chemistry
56, 6531-6535.

Wingler A, Lea PJ, Quick WP, Leegood RC. 2000. Photorespiration:
metabolic pathways and their role in stress protection. Philosophical
Transactions of the Royal Society B: Biological Sciences 355, 1517-1529.

Woodward FI. 1987. Stomatal numbers are sensitive to increases in CO,
from preindustrial levels. Nature 327, 617-618.

Yin X. 2013. Improving ecophysiological simulation models to predict the
impact of elevated atmospheric CO, concentration on crop productivity.
Annals of Botany 112, 465-475.

Zeiger E. 1983. The biology of stomatal guard cells. Annual Review of
Plant Physiology 34, 441-475.

Zhang DY, Chen GY, Chen J, Yong ZH, Zhu JG, Xu DQ. 2009.
Photosynthetic acclimation to CO, enrichment related to ribulose-1,5-
bisphosphate carboxylation limitation in wheat. Photosynthetica 47,
1562-154.

Zhang XC, Yu XF, Ma YF. 2013. Effect of nitrogen application and
elevated CO, on photosynthetic gas exchange and electron transport in
wheat leaves. Photosynthetica 51, 593-602.

Ziska L, Morris C, Goins E. 2004. Quantitative and qualitative evaluation
of selected wheat varieties released since 1903 to increasing atmospheric
carbon dioxide: can yield sensitivity to carbon dioxide be a factor in wheat
performance? Global Change Biology 10, 1810-1819.

9107 ‘€7 Joquiaoa( uo jsong £q /310 speumnolproyxo-qx(y:dyy woiy papeojumo(


http://jxb.oxfordjournals.org/

