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a b s t r a c t

Wheat is one of the most important cereal food crops in the world today. The productivity and quality of
this crop is greatly affected by environmental conditions during grain filling. In this study, we have ana-
lyzed two genotypes of durum wheat, Blanqueta and Sula (traditional and a modern wheat respectively)
in pre-industrial, current and future [CO2]. Plant growth and physiological parameters were analyzed
during anthesis and grain filling in order to study the capacity of these plants to create new sinks and
their role during the process of the acclimation of photosynthesis. It was observed that plants underwent
photosynthetic acclimation at pre-industrial and future [CO2] (up and down-regulation respectively).
However, the modern genotype averts the process of down-regulation by creating a new carbon sink (i.e.
the spike). Here, we have shown the essential role that the spike plays as a new sink in order to avert
the down-regulation of photosynthesis at future [CO2]. Moreover, we have demonstrated that at future
[CO2] the growth response will depend on the ability of plants to develop new sinks or expand existing
ones.

© 2014 Elsevier GmbH. All rights reserved.

23

Introduction24

Global atmospheric [CO2] and other greenhouse gases are25

increasing due to human activities. Through data gathered from26

ice core studies, it has been possible to construct climate models27

from the Paleolithic era, from which it has been possible to char-28

acterize the composition of the atmosphere over the last 250,00029

years and the changing levels of CO2. These models have shown30

that [CO2] were 30–50% lower than currently (between 180 and31

260 �mol mol−1) and that atmospheric [CO2] had remained sta-32

ble in the period from 150 to 1200 years ago standing at around33

260 �mol mol−1 (Jouzel et al., 1993; Cowling and Sage, 1998). Since

Abbreviations: Amax, light and CO2-saturated net assimilation rate; Asat, light-
saturated net assimilation rate; cm, centimeter; Fv/Fm, maximum quantum yield
of PSII; F ′

v/F ′
m, efficiency of the capture of excitation energy by open PSII reaction

centers; gs, stomatal conductance; HI, Harvest Index; ITE, instantaneous transpi-
ration of efficiency; Jmax, rate of photosynthetic electron transport; NsS, number
of spikelets per spike; PSII, Photosystem II; ˚PSII , relative quantum yield of PSII; qp,
photochemical quenching; qN, non-photochemical quenching coefficient; NPQ, non-
photoquemical quenching; L, leaf; R, root; Rn, dark respiration; S, spike; SL, spike
length; SN, spike number; St, stem; StL, stem length; StN, stem number; TFA, total
flag area; TLA, total leaf area; TSA, total spike area; TStA, total stem area; Vc, max,
maximum carboxylation velocity of Rubisco.

∗ Corresponding author. Tel.: +34 93 4033714; fax: +34 93 4112842.
E-mail address: sal337@hotmail.com (S. Aljazairi).

the Industrial Revolution, increases in atmospheric [CO2] have 34

been produced at an alarming rate and currently, [CO2] stand at 35

around 398 �mol mol−1 (NOAA-ESRL, 2014). Increases in atmo- 36

spheric [CO2] are expected to continue into the future due to the 37

burning of fossil fuels and biomass (Pagani et al., 1999; Pearson 38

and Palmer, 2000) and by the end of this century, according to pre- 39

dictions using multi-model averages, atmospheric [CO2] will have 40

reached 985 ± 95 ppm (IPCC, 2013). This change in the composition 41

of greenhouse gases is producing effects on the climate around the 42

world and for that reason, it is of the utmost importance to study 43

how plants have adapted from pre-industrial to current CO2 levels. 44

Knowledge of these adaptations may help us to better understand 45

how plants will respond to future increases in CO2 levels (Prentice 46

et al., 2001; Sage and Coleman, 2001; Nogués and Azcón-Bieto, 47

2013). 48

Specifically, photosynthesis in C3 plants is usually affected by 49

changes in [CO2]. Moreover, there is a wide variation of responses 50

to these changes in different species such as the acclimation of pho- 51

tosynthesis to different atmospheric [CO2] after a long period of 52

exposure (Aranjuelo et al., 2009a,b, 2011a,b; Pardo et al., 2009). 53

Acclimation is the physiological adjustment carried out by plants 54

in response to a given level of CO2, where photosynthesis can either 55

decrease (down-regulation) in response to high [CO2] or increase 56

(up-regulation) in response to low [CO2] through adjustments 57

made to the photosynthetic machinery (Sage, 1994; Anderson et al., 58

2001; Nogués and Azcón-Bieto, 2013). 59

http://dx.doi.org/10.1016/j.jplph.2014.07.019
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Many studies suggest that the influence of low CO2 during pre-60

industrial periods may have affected plants at many different levels61

ranging from the physiological effects on plants to changes in how62

ecosystems functioned, and may even have had an influence in the63

development of agriculture (Ward et al., 2000; Gerhart and Ward,64

2010). Some studies have even shown increases in photosynthesis65

(up-regulation) in plants subjected to pre-industrial [CO2] (Sage66

and Reid, 1992; Sage, 1994; Cowling and Sage, 1998; Anderson67

et al., 2001).68

Furthermore, it has been observed in many other studies how69

plants increase photosynthetic rates in response to future [CO2]70

in short-term experiments. However, in long-term experiments71

at future [CO2], it has been shown that plants respond through a72

process of acclimation of photosynthesis with decreases in photo-73

synthetic rates (down-regulation) (Long et al., 2004; Leakey et al.,74

2004). One of the parameters that can affect photosynthetic down-75

regulation is the modification of the source-sink ratio (Urban,76

2003). Many studies suggest that down-regulation is the conse-77

quence of insufficient plant sink capacity (Thomas and Strain, 1991;78

Aranjuelo et al., 2009a,b; Sanz-Sáez et al., 2010). When plants which79

are exposed to future [CO2] have limitations in terms of increas-80

ing the C sink strength, these plants decrease their photosynthetic81

rates to balance the C source with its sink. The ability of a plant82

to develop new sinks (e.g. new vegetative or reproductive struc-83

tures and/or enhanced respiratory rates) or to expand the storage84

capacity or growth rate of existing sinks condition photosynthesis85

and lead to down-regulation. For instance, if plants increase carbo-86

hydrate production associated with future [CO2], they exceed the87

capacity to make new sinks available and net photosynthetic rates88

may decline in order to balance the source activity with the sink89

capacity (Thomas and Strain, 1991).90

Studies at pre-industrial [CO2] allow for the characterization of91

the effects of limited CO2 on physiological growth and reproductive92

processes (Gerhart and Ward, 2010). However, to date not many93

studies have been carried out using traditional genotypes and it is94

becoming increasingly necessary to identify, understand and quan-95

tify the mechanisms associated with crop responses to future [CO2]96

(Aranjuelo et al., 2013).97

Wheat is one of the most important cereal food crops in the98

modern world. Modern wheat genotypes were improved through99

plant breeding in the last century where the greatest increases in100

capacity were seen in reproductive organs and Harvest Index (HI)101

(grain production). In contrast, traditional genotypes have more102

vegetative production and a lower HI. Also, productivity and quality103

vary considerably as a result of environmental conditions during104

grain filling. And in addition to this, climate changes associated105

with the continued emission of CO2 will bring about changes in106

land suitability and crop yields (IPCC, 2008, 2013). In particular,107

these negative impacts are predicted to be greater for wheat than108

for any other crop (IFPRI, 2008, 2013).109

As was pointed out before, improvement of the quality of the110

grain and the HI of wheat are key objectives in crop improvement111

programs. Two types of sources contribute photoassimilates to the112

process of grain filling in wheat. These are current photoassimi-113

lates which are transferred directly from green tissues to the grain114

and photoassimilates which are redistributed from reserve pools in115

vegetative tissues (i.e. leaves, stems and roots). Further, the use of116

photoassimilates depends on the different genotypes and environ-117

mental factors such as increased CO2. However, the mechanisms118

that control the partitioning of photoassimilates between the grain119

and reserve pools and the allocation to different types of reserve120

pools is not yet well understood (Schnyder, 1993).121

With regard to the role of nitrogen in plants it accounts for122

less than 1% of dry biomass in plants, it is an essential element123

for life and that which most often limits plant growth in many124

terrestrial ecosystems (Vitousek, 1994). Extensive evidence that125

nitrogen limits the growth response of plants at future [CO2] has 126

been demonstrated in many experiments conducted in controlled 127

environmental chambers and under field conditions in free air 128

CO2 enrichment (FACE) experiments (Ainsworth and Long, 2005; 129

Rogers et al., 2006; Bloom et al., 2014). 130

The primary objective of our study was to characterize 131

the behavior of two genotypes of durum wheat (traditional 132

and modern) and the variation of responses exhibited in 133

terms of assimilation, growth and reproduction at pre-industrial 134

(260 �mol mol−1), current (400 �mol mol−1) and future predicted 135

[CO2] (700 �mol mol−1). This may help us to understand how 136

plant species adapted in the past to pre-industrial [CO2] and may 137

be important in determining the potential of plants to evolve in 138

response to rising [CO2]. In addition to the primary objective, this 139

study aimed to improve our understanding of the processes of up 140

and down-regulation of photosynthesis in these plants during the 141

grain filling stage. 142

Materials and methods 143

Plant material 144

Two durum wheat genotypes (Triticum turgidum ssp. durum 145

Desf. var. Sula and var. Blanqueta) were used in this experiment, 146

both of which are cultivated in Spain. Blanqueta is a land race that 147

was widely grown in Sicily and the west of Spain in the first half 148

of the last century. Nowadays, it is grown in small areas mainly 149

to satisfy local consumers who appreciate the sensorial properties 150

of its products. It is characterized by its tall stature, high tillering 151

capacity, medium-late heading and maturity, moderate productiv- 152

ity, and good adaptability to environments characterized by scarce 153

water and nutrient resources. Sula (released in 1994) is a modern 154

and commercially grown genotype in Spain. It is characterized by its 155

short stature, early heading and maturity and high yield potential. 156

Seeds of the two wheat genotypes were germinated in Petri 157

dishes on wet Whatman paper. After 84 h, seedlings were trans- 158

ferred to 4-l pots (one plant per pot) filled with quartz sand of 1 mm 159

grain size. 160

Experimental design 161

Plants were grown in three fully controllable plant-growth 162

chambers (Conviron E15, Controlled Environments Ltd., Winnipeg, 163

Canada) at a temperature of 22/18 ◦C (day/night) and 60% rela- 164

tive humidity. Plants were supplied with a photosynthetic photon 165

flux density (PPDF) of about 400 ± 30 �mol m−2 s−1 during a 16 h 166

light period (day) and then 8 h dark period (night). Plants were 167

watered with Hoagland complete nutrient solution (Arnon and 168

Hoagland, 1939) and alternated with distillated water every other 169

time in order to avoid salt accumulation over the whole life cycle. 170

Pots were kept at 100% of water field capacity and were refilled 171

depending on the needs of the plants and the Zadock phenologi- 172

cal stage. Humidity, temperature and [CO2] in the air within the 173

chambers were monitored continuously by a sensor (CMP3243 174

Controlled Environments Ltd., Winnipeg, Canada) over the period 175

of the experiment at intervals of every 5 min and compared every 176

two weeks with separate sensors (HMP75: humidity and temper- 177

ature, and GMP222: 0–2000 �mol mol−1 carbon dioxide. Vaisala 178

MI70 Helsinki, Finland) in order to maintain a complete record of 179

environmental parameters. 180

The plants were grown in three plant-growth chambers under 181

three different [CO2] (i.e. 700, 400 and 260 �mol mol−1) for the 182

entire life cycle (from September to January) at the Experimental 183

Field Service of Barcelona University, Barcelona, Spain. Forty-eight 184

plants were placed in the first plant-growth chamber, which was 185
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maintained at future [CO2] (ca. 700 ± 18 �mol mol−1) by injecting186

CO2 into the chamber from an external bottle (Carburos Metáli-187

cos SA, Barcelona, Spain). Another forty-eight plants were placed188

in the second plant-growth chamber, which was maintained at cur-189

rent [CO2] (ca. 400 ± 20 �mol mol−1). Finally, the same number of190

plants was located in the third plant-growth chamber, which was191

maintained at pre-industrial [CO2] (ca. 260 ± 28 �mol mol−1). Air192

in this chamber was maintained at pre-industrial [CO2] by using a193

pump to send the air inside the chamber through a 1-l column filled194

with soda lime (Soda lime with indicator QP Panreac Quimica SA,195

Barcelona, Spain). The soda lime was changed every two weeks.196

Plants were rotated inside the chamber each week and between197

chambers every three weeks in order to avoid chamber influences198

in the treatments.199

In this experiment, plants were measured during three measur-200

ing periods (Pre-anthesis, T0; grain filling, T1; and the end of grain201

filling, T2).202

Gas exchange and chlorophyll fluorescence measurements203

An infrared gas analyzer (LI-6400 system, LI-COR Inc., Lincoln,204

NB, USA) supplied with a Leaf Chamber Fluorometer (LI-6400-40)205

was used to perform simultaneous measurements of gas exchange206

and chlorophyll fluorescence. A–Ci curves with chlorophyll fluo-207

rescence determinations were conducted in fully expanded flag208

leaves from each treatment of CO2 and for each genotype, Sula209

and Blanqueta. The A–Ci curves were repeated in four differ-210

ent plants per treatment and genotype, and were measured211

from 0 to 2000 �mol mol−1 of CO2. The curves were made at212

1200 �mol m−2 s−1 of photosynthetic active photon flux density213

and at a temperature of 25 ◦C. CO2 assimilation rate (A), CO2 assim-214

ilation at light saturated net (Asat), the maximum photosynthetic215

rates at CO2 saturated net (Amax) and stomatal conductance (gs)216

were estimated using equations developed by Von Caemmerer and217

Farquar (1981). Estimations of the maximum carboxylation veloc-218

ity of Rubisco (Vc,max), the rate of photosynthetic electron transport219

based on NADPH requirement (Jmax) and the rate of day respiration220

(Rd) were made by fitting a maximum likelihood regression below221

and above the inflexion of the A–Ci response using the method by222

McMurtrie and Wang (1993).223

Modulated chlorophyll fluorescence measurements were deter-224

mined in the flag leaf after 30 min of dark adaptation. These allowed225

for the estimation of the relative quantum yield of Photosystem II226

(PSII), the efficiency of the capture of excitation energy by open227

PSII reaction centers (F ′
v/F ′

m), the maximum quantum yield of228

PSII (Fv/Fm), photochemical quenching (qp), non-photoquemical229

quenching coefficient (qN) and non-photoquemical quenching230

(NPQ) (Nogués and Baker, 2000).231

Instantaneous transpiration of efficiency (ITE) was calculated for232

samples as Assimilation/stomatal conductance (ITE = A/gs).233

Leaf nitrogen content and nitrogen use efficiency234

Leaves used for gas exchange were collected and dried at 65 ◦C235

until constant weight and ground to a powder. Powder samples236

were assessed for the percentage of C and N contents using an237

Elemental Analyzer Flash 112 (Carbo Erba, Milan) at the Scientific238

Technical Services of Barcelona University, Barcelona, Spain. Nitro-239

gen use efficiency (NUE) was calculated for samples as N content240

(g)/dry weight (g).241

Rubisco and protein determination242

Total soluble protein content (TSPC) was determined using243

the Bradford method (Bradford, 1976). 100 mg of frozen leaf was244

ground with PBS solution and was centrifuged at 13,000 × g- 245

number for 5 min. An aliquot of each extract was used to measure 246

soluble protein by spectrometry, with reference to a standard line 247

which was calculated with BSA (Bobine Serum Albumine). Another 248

aliquot of the same extract was used for protein separation using 249

an acrylamide gel SDS-PAGE. Gel images were scanned and ana- 250

lyzed using the Motic Images Plus 2.0 program. The concentration 251

of Rubisco Large (L) and Small (S) subunit was measured against a 252

Rubisco standard protein (Bio-Rad). 253

Growth parameters 254

Plant production was estimated by weighing separately flag 255

leaves, other leaves, spikes, stems and roots for each of the three 256

corresponding CO2 treatments and during the three measuring 257

periods (i.e. pre-anthesis, T0; grain filling, T1; and the end of grain 258

filling, T2). Plant material was dried in an oven at 80 ◦C for over 259

48 h to obtain the dry weight. The areas of flag leaves (TFA), other 260

leaves (TLA), spikes (TSA) and stems (TStA) were determined using 261

a scanner (Hewlett-Packard scanJet model IIcx, San Diego, USA) 262

and images were measured with the software, Image (University Q3263

of Sheffield, 2003). The number of spikes (SN), spikelets per spike 264

(NsS) and stems (StN), length of spike and stem (StL), and Zadok 265

phenological stage were also measured. 266

Data analysis 267

The effects of CO2 on plant development in both species were 268

tested by two-factor (CO2 treatment and durum wheat genotype) 269

analyses of variance (ANOVA). The statistical analysis was con- 270

ducted with the SPSS 17.0 software package (SPSS Inc., Chicago, 271

IL, USA). The means ± standard errors (SE) were calculated for each 272

parameter. When a particular test was significant we compared the 273

means using a Duncan multiple comparison test. The results were 274

accepted as significant at P < 0.05. 275

Results 276

Growth parameters 277

Analyses of growth parameters showed that Blanqueta had 278

more vegetative biomass (i.e. flag, stems, roots, leaves) but less 279

reproductive biomass (spikes) than Sula. We found significant dif- 280

ferences between the two genotypes in terms of the number of 281

spikelets per spike (NsS) and spike biomass (SN), stem number 282

(StN), stem length (StL), biomass (St) and total stem area (TStA), leaf 283

biomass (L) and total leaf area (TLA) and root biomass (R) (Fig. 1; 284

Table S1). No large differences were observed in other biomass 285

parameters between genotypes, i.e. spike length (SL) or flag weight 286

(F) (Table S1). Blanqueta showed a lower HI (0.26; 0.24; 0.31) 287

than Sula (0.56; 0.54; 0.55) in future, current and pre-industrial 288

[CO2] conditions respectively (data not shown) with significant 289

differences between genotypes (P = 0.001) but not between CO2 290

treatments (P = 0.191). 291

The CO2 treatments also had an effect on plants and significant 292

differences were found in StL, S, L and R biomass, TSA, TLA and 293

TStA (Table S1). However, at future [CO2] those differences were 294

clearer in Sula after the grain filling period in terms of SN, SL, S 295

and R weight. In Blanqueta, the effects of [CO2] were not as great 296

as those observed in Sula in terms of S, L, St and R weight, TSA, 297

TLA and TStA. On the other hand, Blanqueta showed more down- 298

regulation of photosynthesis at future [CO2] than did Sula and at 299

current [CO2], the effects on biomass were not significant. A similar 300

effect was found in Sula plants grown at pre-industrial [CO2] (Fig. 1; 301

Table S1). 302
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Fig. 1. Total spike biomass per plant (g), total leaf biomass per plant (g), total stem biomass per plant (g), total root biomass per plant (g), total leaf area per plant TLA (cm2)
and total stem area per plant TStA (cm2) in durum wheat genotypes Sula (gray bars) and Blanqueta (white bars) under three CO2 growth conditions (future 700 �mol mol−1,
current 400 �mol mol−1 and pre-industrial 260 �mol mol−1) during the end of grain filling, T2. Statistical analyses are presented in Table S1. Data are means ± SE, n = 4.

Gas exchange and chlorophyll fluorescence analysis303

Non-significant differences were found in Vc,max, Jmax, Amax and304

Asat. However, at future [CO2], we observed that before anthe-305

sis and after the grain filling (T0 and T2), carboxylation activity306

was diminished as indicated by the reduction in Amax and Asat in307

both genotypes (Table 1). Furthermore, reductions in Vc,max and 308

Jmax were also found. However, during T1, all of these parameters 309

showed a large increase and values were higher at future [CO2] 310

than at current [CO2]. This increase was more elevated in mod- 311

ern plants as the spike weight is much greater than in traditional 312

plants. During T2, the decrease in Vc,max and Asat in Sula is greater 313
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Table 1
Physiological parameters in durum wheat genotypes (Sula and Blanqueta) at three CO2 growth conditions (700, 400 and 260 �mol mol−1) and three measuring periodsQ8
(pre-anthesis, T0; grain filling, T1; and end of grain filling, T2).

CO2 Genotype Period Vc,max Jmax Asat A360 Amax Ci/Ca Rd

700 �mol mol−1 Blanqueta T0 77.0 ± 12.2 126.1 ± 9.1 14.4 ± 1.5 16.7 ± 1.5 23.0 ± 1.3 0.592 ± 0.026 −2.0 ± 0.24
T1 96.6 ± 3.2 220.2 ± 6.3 18.1 ± 1.6 24.2 ± 2.7 32.3 ± 1.2 0.684 ± 0.036 −2.0 ± 0.14
T2 104 ± 9.2 215.8 ± 20.2 20.7 ± 2.0 25 ± 2.1 33.5 ± 2.9 0.674 ± 0.021 −2.2 ± 0.69

Sula T0 68.9 ± 5.1 166.4 ± 4.5 15.2 ± 0.8 19.6 ± 0.2 28.4 ± 0.8 0.66 ± 0.016 −3.4 ± 0.28
T1 132.2 ± 14.6 296.1 ± 56.1 27.3 ± 2.1 32.2 ± 2.8 41.8 ± 4.0 0.731 ± 0.006 −3.2 ± 0.42
T2 83.4 ± 3.8 232.1 ± 12.2 16.0 ± 1.0 21.4 ± 1.5 39.1 ± 1.9 0.726 ± 0.017 −2.2 ± 0.29

400 �mol mol−1 Blanqueta T0 80.6 ± 14.2 171.9 ± 36.6 17.4 ± 3.0 21.4 ± 3.3 28.9 ± 5.2 0.485 ± 0.009 −4.7 ± 0.87
T1 90.9 ± 4.7 223.4 ± 5.3 17.9 ± 4.1 24.8 ± 2.3 36.4 ± 2.0 0.515 ± 0.006 −3.7 ± 0.13
T2 109.9 ± 5.7 235.7 ± 9.6 22.0 ± 0.0 28.9 ± 0.8 35.6 ± 2.4 0.62 ± 0.009 −1.8 ± 0.27

Sula T0 84.2 ± 15.4 144.3 ± 30.9 18.8 ± 2.4 22.5 ± 3.1 26.5 ± 3.7 0.743 ± 0.007 −3.4 ± 0.61
T1 92.4 ± 3.3 204.1 ± 24.6 20.6 ± 1.4 25.4 ± 1.6 34.4 ± 4.0 0.56 ± 0.007 −2.0 ± 0.04
T2 50.9 ± 14.3 107.3 ± 15.5 10.5 ± 3.7 13.2 ± 2.3 21.8 ± 4.3 0.735 ± 0.008 −0.9 ± 0.19

260 �mol mol−1 Blanqueta T0 88.5 ± 17.9 181.5 ± 41.8 18.4 ± 4.9 22.7 ± 5.9 28.7 ± 4.3 0.623 ± 0.006 −2.8 ± 0.16
T1 118.7 ± 2.3 235.5 ± 1.2 22.9 ± 2.6 27.3 ± 1.8 37.1 ± 1.7 0.55 ± 0.002 −1.9 ± 0.01
T2 103.5 ± 8.0 196.8 ± 34.1 24.1 ± 1.4 27.6 ± 2.6 31.8 ± 2.6 0.557 ± 0.007 −1.3 ± 0.18

Sula T0 74.3 ± 3.6 148.2 ± 20.3 18.5 ± 0.0 22.0 ± 0.5 26.8 ± 0.7 0.742 ± 0.006 −1.3 ± 0.06
T1 104.0 ± 3.7 197.3 ± 13.6 22.9 ± 0.5 26.6 ± 1.2 33.8 ± 2.0 0.723 ± 0.005 −1.3 ± 0.25
T2 80.8 ± 20.4 157.2 ± 34.8 23.0 ± 4.7 26.8 ± 6.0 32.7 ± 6.7 0.742 ± 0.004 −1.4 ± 0.18

CO2 treatment 0.452 0.472 0.074 0.365 0.680 0.435 0.061
Genotype 0.690 0.783 0.263 0.421 0.138 0.216 0.153
CO2 treatment × genotype 0.378 0.092 0.666 0.523 0.123 0.118 0.094

ANOVA Duncan (ns, non-significant; *<0.05; **<0.01; ***<0.001).
Vc,max, maximum carboxylation velocity of Rubisco; Jmax, the rate of photosynthetic electron transport; Asat, assimilation rate at light saturation; A360, assimilation rate at Ci

of 360; Amax, maximum assimilation rate at light and CO2 saturation; Ci/Ca, internal CO2/ambient CO2 ratio; Rd, dark respiration.

than in Blanqueta (Table 1). At current [CO2], Sula showed higher314

Vc,max, Asat, Amax and lower Jmax than Blanqueta. Nevertheless, dur-315

ing grain filling some of those parameters such as Vc,max, Asat, Amax316

were higher at pre-industrial than current [CO2], thereby show-317

ing up-regulation of photosynthesis. A decrease in the respiration318

rate was also observed when [CO2] decreased and during grain fill-319

ing, however, differences were not significant (P = 0.061). Also, no320

differences were found between genotypes.321

In relation to the acclimatory effects induced in PSII at future322

and pre-industrial [CO2], these were studied by means of chloro-323

phyll fluorescence measurements. Future [CO2] caused the increase324

in the Fv/Fm, NPQ and qN and the decrease in the ˚PSII, the F ′
v/F ′

m325

and the qP at current [CO2]. On the other hand, at pre-industrial326

[CO2], with respect to current [CO2] decreases in Fv/Fm, ˚PSII and327

qp, and increases in NPQ and qN were observed (Fig. 2). There were328

no significant differences between modern and traditional geno-329

types in terms of chlorophyll fluorescence parameters at different330

CO2 treatments. Only in the case of pre-industrial [CO2] did the331

modern genotype have lower photochemical efficiency and higher332

NPQ than the traditional genotype (Fig. 2).333

Instantaneous transpiration of efficiency (ITE)334

Although no significant differences in ITE between CO2 treat-335

ments were observed, there were significant differences between336

genotypes (P < 0.05). Lower ITE in Sula was directly proportional to337

lower levels of CO2 suggesting that the ability to scale this response338

may be relatively straightforward. On the other hand, stomatal con-339

ductance (gs) decreased when [CO2] increased in the environment.340

Differences in ITE in Sula were 44, 18 and 22% less than in Blanqueta341

in 260, 400 and 700 �mol mol−1 respectively. The ITE of Blanqueta342

was greater at pre-industrial than at current [CO2] (Fig. 3).343

Leaf nitrogen content and nitrogen-use efficiency344

At future [CO2], plants have less N concentration in leaves345

(32 and 37% for Blanqueta and Sula respectively) than at current346

[CO2], whereas at pre-industrial [CO2] plants were seen to have a347

higher N concentration (40 and 50% for Blanqueta and Sula respec- 348

tively). NUE was lower in plants maintained at 400 �mol mol−1
349

than in plants at 700 �mol mol−1 but was greater in plants at 350

260 �mol mol−1. In addition, Sula had lower levels of NUE than 351

Blanqueta at all [CO2]. Furthermore, these differences were much 352

greater at pre-industrial and current [CO2] than at future [CO2]. 353

Specifically, NUE in Sula at 260 and 400 �mol mol−1 was 76% lower 354

than Blanqueta whereas at future [CO2] it was only 7% lower (Fig. 4). 355

Rubisco and protein determinations 356

Two patterns of leaf protein changes were observed in this study. 357

On the one hand, protein concentration levels were lower in plants 358

at future [CO2] than at current [CO2] (22% for Sula and 31% for Blan- 359

queta) whereas levels were greater at pre-industrial [CO2] than at 360

current [CO2] (20% for Sula and 29% for Blanqueta). On the other 361

hand, levels of protein concentrations were lower in Sula than Blan- 362

queta across all CO2 treatments (Table S2A). 363

Both genotypes showed greater concentrations of Rubisco at 364

pre-industrial [CO2], however, only in the case of Sula were con- 365

centrations of Rubisco lower at future [CO2]. The biggest differences 366

between CO2 treatments were observed in the small subunit of the 367

protein (Table S2B). 368

Discussion 369

The agronomic and physiologic parameters of two genotypes 370

of durum wheat, Sula (modern) and Blanqueta (traditional) were 371

characterized in order to study the response of wheat in pre- 372

industrial, current and future [CO2]. 373

At the beginning of the experiment, it was seen that at future 374

[CO2] there was an increase in C assimilation and growth param- 375

eters of plants, however, at pre-industrial [CO2] a decrease in all 376

these parameters was observed. Nevertheless, after a few weeks, 377

we found that plants underwent an acclimation process at dif- 378

ferent [CO2]. Acclimation is the physiological adjustment carried 379

out by plants where photosynthesis can decrease with elevated 380

dx.doi.org/10.1016/j.jplph.2014.07.019
Original text:
Inserted Text
(Pre

Original text:
Inserted Text
Ci/Ca: internalCO2/ambientCO2 ratio, Rd: dark respiration.

Original text:
Inserted Text
c.max

Original text:
Inserted Text
360AmaxCi/CaRd

Original text:
Inserted Text
-2.0 ± 0.24

Original text:
Inserted Text
-2.0 ± 0.14

Original text:
Inserted Text
-2.2 ± 0.69

Original text:
Inserted Text
-3.4 ± 0.28

Original text:
Inserted Text
-3.2 ± 0.42

Original text:
Inserted Text
-2.2 ± 0.29

Original text:
Inserted Text
-4.7 ± 0.87

Original text:
Inserted Text
-3.7 ± 0.13

Original text:
Inserted Text
-1.8 ± 0.27

Original text:
Inserted Text
-3.4 ± 0.61

Original text:
Inserted Text
-2.0 ± 0.04

Original text:
Inserted Text
-0.9 ± 0.19

Original text:
Inserted Text
-2.8 ± 0.16

Original text:
Inserted Text
-1.9 ± 0.01

Original text:
Inserted Text
-1.3 ± 0.18

Original text:
Inserted Text
-1.3 ± 0.06

Original text:
Inserted Text
-1.3 ± 0.25

Original text:
Inserted Text
-1.4 ± 0.18CO2 Treatment

Original text:
Inserted Text
Treatment * Genotype

Original text:
Inserted Text
2). Anova Duncan (ns non-significant, * < 0.05; ** < 0.01; *** < 0.001); Vc,max: 

Original text:
Inserted Text
Rubisco, Jmax: the

Original text:
Inserted Text
transport, Asat: Assimilation

Original text:
Inserted Text
saturation, A360: Assimilation rate at Ci of 360, Amax: maximum Assimilation

Original text:
Inserted Text
acclimationpre

Original text:
Inserted Text
max and lower Jmax

Original text:
Inserted Text
v/Fm, NPQ and qN

Original text:
Inserted Text
PSII, the F’v/F’m and the qP

Original text:
Inserted Text
v/Fm, ФPSII and qp

Original text:
Inserted Text
N

Original text:
Inserted Text
transpiration efficiency

Original text:
Inserted Text
s



Please cite this article in press as: Aljazairi S, et al. Effects of pre-industrial, current and future [CO2] in traditional and modern wheat
genotypes. J Plant Physiol (2014), http://dx.doi.org/10.1016/j.jplph.2014.07.019

ARTICLE IN PRESSG Model
JPLPH 51992 1–10

6 S. Aljazairi et al. / Journal of Plant Physiology xxx (2014) xxx–xxx

Fig. 2. Fluorescence parameters (Fv/Fm: maximal photochemical efficiency in the dark-adapted stage; ˚PSII: quantum yield of Photosystem II electron transport; F ′
v/F ′

m:
maximal photochemical efficiency in light; qP: photochemical quenching; NPQ: non-photochemical quenching, and qN: non-photochemical quenching coefficient) in durum
wheat genotypes Sula (gray bars) and Blanqueta (white bars) under three CO2 growth conditions (future 700 �mol mol−1, current 400 �mol mol−1 and pre-industrial
260 �mol mol−1) during the end of grain filling, T2. Statistical analyses are presented in Table S4. Data are means ± SE, n = 4.Q7

[CO2] (down-regulation) or increase with low [CO2] (up-regulation)381

(Lehmeier et al., 2005).382

The two genotypes showed significant changes in the response383

of vegetative and reproductive biomass from pre-industrial to384

future atmospheric [CO2] (Fig. 1). Traditional genotypes have more385

vegetative biomass, but in contrast the reproductive capacity is386

lower than in modern genotypes (i.e. low HI; Aranjuelo et al., 2013).387

Data suggest that the Sula genotype has a large capacity to create 388

new sinks during grain filling and can accumulate a large quantity 389

of reserves mainly in spikes, but also in stems and/or roots during 390

this period (Ward and Strain, 1997). Grain filling is mainly condi- 391

tioned by two factors: (i) the genetic makeup of the plant (modern 392

genotypes have been enhanced genetically so that they can invest 393

more in reproductive parts and less in vegetative parts, Reynolds 394
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Fig. 3. CO2 effects (700, 400 and 260 �mol mol−1) on stomatal conductance (gs) and Instantaneous transpiration of efficiency (ITE) in durum wheat genotypes Sula (gray
bars) and Blanqueta (white bars). Statistical analyses are presented in Table S4. Data are means ± SE, n = 4.

et al., 1999) and (ii) the availability of C and N to plants (Fuertes-395

Mendizabal et al., 2012). A priority of wheat breeding programs (e.g.396

in Spain since the 1940s) has been to increase yields and drought397

resistance. Therefore, modern crops in Mediterranean areas have398

been selected (i) to strengthen the reproductive organs and (ii) to399

avert the dry period at the end of the crop life (Royo and Briceño-400

Félix, 2011) i.e. to shorten the life cycle of the crop as is the case for401

the modern Sula genotype. In our experiment, Sula plants showed402

higher production of seeds and a shorter life cycle. During the end of403

grain filling (T2), Sula decreased photosynthetic parameters faster404

than Blanqueta (the traditional genotype). This is explained by the405

fact that Sula has a shorter life cycle and faster grain filling capacity406

than Blanqueta.407

Currently, photosynthetic acclimation to CO2 is one of the most408

important issues in CO2 studies (Sage and Coleman, 2001) and this409

acclimation at pre-industrial [CO2] (increases in photosynthesis,410

i.e. up-regulation) and future [CO2] (decreases in photosynthesis,411

i.e. down-regulation) during long-term exposure can compensate412

for the effects of CO2 variation on plant processes. Many stud-413

ies have shown that photosynthesis decreases at future [CO2]414

over long-term experiments through a down-regulation process415

(Ainsworth et al., 2003; Ainsworth and Rogers, 2007; Pardo et al.,416

2009; Sanz-Sáez et al., 2010) as was observed here (Table 1). At417

future [CO2], Blanqueta showed a greater degree of photosynthetic418

down-regulation and a lower capacity to create new sinks dur- 419

ing grain filling. However, in the modern genotype at future [CO2] 420

and during grain filling there was both, an elevated source of C 421

and a newly developed and substantial C sink in terms of the 422

spike. Thus, Sula averted photosynthetic acclimation and increased 423

assimilation by sending more carbohydrates to the spike (Aranjuelo 424

et al., 2009a,b). After grain filling, assimilation decreased again 425

by means of photosynthetic down-regulation, firstly, as a result 426

of the plant not having the carbon sink to store its assimilation 427

products and, secondly, because it had reached the end of its life 428

cycle. On the other hand, at current or pre-industrial [CO2], Sula 429

demonstrated a lower capacity to increase the biomass of spikes 430

and roots. Clearly, the data suggests that growth responses and 431

photosynthetic rates at future [CO2] will depend on the ability of 432

plants to develop new sinks (e.g. new vegetative or reproductive 433

structures, and/or enhanced respiratory rates) and/or expand the 434

storage capacity or growth rate of existing sinks. Moreover, the 435

expansion of new sinks such as spikes also depends on C availability 436

and the genetic makeup of the plant (as previously mentioned). For 437

that reason, during grain filling the photosynthetic rate increased 438

much more in Sula than in Blanqueta at future [CO2] since Sula 439

has been shown to have the capacity to expand its sinks as previ- 440

ously mentioned (Table 1; Aranjuelo et al., 2009a,b; Sanz-Sáez et al., 441

2010). This is because, firstly, there were no effects on biomass and 442

Fig. 4. CO2 effects (700, 400 and 260 �mol mol−1) on N content (g) and nitrogen use efficiency (NUE) in durum wheat plants genotypes Sula (gray bars) and Blanqueta (open
bars) during grain filling. Statistical analyses are presented in Table S4. Data are means ± SE, n = 4.
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assimilation in traditional plants and, secondly, the aversion of the443

down-regulation of photosynthesis in modern genotypes during444

grain filling at future [CO2] suggests that the spike (as a new C sink)445

has an important role to play in this process.446

As stated previously, our data suggested that photosynthetic447

down-regulation is the consequence of insufficient plant sink448

capacity, but is also due to a decrease in Rubisco concentration (i.e.449

the consequence of the decrease in C assimilation). Other authors450

have shown that at elevated [CO2] plants had less Rubisco and pho-451

tosynthesis was down-regulated (Sicher and Bunce, 1997; Moore452

et al., 1998, 1999; Urban, 2003; Pandurangam et al., 2006; Aranjuelo453

et al., 2011a,b; Aranjuelo et al., 2013). In our case, at future [CO2]454

Sula plants had lower levels of Rubisco than at current [CO2], but455

the opposite was true for Blanqueta. The traditional genotype had456

a large vegetative biomass, however, the spike is not a large sink,457

thus at future [CO2] Blanqueta showed no decrease in Rubisco and458

maintained low assimilation rates during grain filling. Many stud-459

ies have shown that the pre-industrial CO2 has a direct effect on460

photosynthesis and also on the reduction of assimilation since C461

is more limiting as a substrate for the carboxylation reaction in462

Rubisco (Long and Drake, 1992). In C3 plants, at optimal temper-463

atures and nutritional conditions, pre-industrial [CO2] can lead464

to a reduction in photosynthetic capacity (Sage, 1995). However,465

the effect of pre-industrial [CO2] can compensate for the accli-466

mation processes of photosynthesis. Similar to our data, Anderson467

et al. (2001) reported an increase in Vc,max at pre-industrial [CO2]468

for C3 plants and observed an up-regulation of photosynthesis in469

response to pre-industrial [CO2] with an increase in assimilation470

and also in concentration of Rubisco (Table 1). We found evidence471

in our study which showed that plants were up-regulated at pre-472

industrial [CO2] and that both genotypes contained large Rubisco473

concentrations in both subunits (small and large) as mentioned474

above. Specifically, Sula had lower levels of Rubisco than Blan-475

queta. Rubisco levels can increase more in plants that undergo476

prolonged exposure to pre-industrial [CO2] than those grown at477

current [CO2] (Maherali et al., 2002). Gesch et al. (2000) observed478

increased Rubisco small subunit gene expression in Oryza sativa L.479

exposed to pre-industrial [CO2]. Other studies have also found evi-480

dence for photosynthetic acclimation at pre-industrial [CO2] (Sage481

and Reid, 1992; Cowling and Sage, 1998). In Sula at future [CO2],482

leaf respiration acted as an important C sink. However, leaf respira-483

tion rates did not demonstrate down-regulation of respiration (as484

previously mentioned) during grain filling. In Blanqueta at future485

[CO2], acclimation responses with lower rates of leaf respiration486

were observed, however, it was also possible to observe that respi-487

ration acts as a large C sink at both 260 and 400 �mol mol−1 with488

higher rates of leaf respiration than at future [CO2] (Table 1).489

We could also observe the effect of [CO2] treatments in chloro-490

phyll fluorescence measurements, where it was shown that PSII491

activity is less affected at future than at pre-industrial [CO2].492

Our data showed that plants decreased photosynthetic carbon493

metabolism through down-regulation, thus decreasing demand494

for electron transport to PSII and increasing non-photochemical495

quenching (Fig. 2). Damage to PSII did not occur at future [CO2]496

(Fv/Fm is higher), therefore, at future [CO2] decreases due to accli-497

mation in carbon assimilation and Rubisco content (as mentioned498

above) may prevent increases in electron transport to the pho-499

torespiratory carbon oxidase cycle (Taub et al., 2000). However,500

at pre-industrial [CO2], decreases in Fv/Fm can indicate greater501

damage in PSII since there is an increase in electron transport to502

photorespiratory processes which may result in ROS formation.503

However, the diminishment in ˚PSII and qP at future and pre-504

industrial [CO2] suggests that the reduction of electron transport to505

PSII could have contributed to photosynthetic acclimation. Higher506

dissipation by non-photochemical quenching and qN was observed507

at future and pre-industrial [CO2] indicating that limitations in508

carbon assimilation caused a decrease photochemical quenching. 509

The highest rates of NPQ and qN were observed at future [CO2] 510

suggesting that the energy which reaches the leaf was more non- 511

photochemically dissipated and would serve to protect the reaction 512

centers from photo-inactivation and damage when the rate of exci- 513

tation of PSII is in excess of the rate of photochemistry. This in turn 514

would also help protect PSII (Hymus et al., 2001). Also, qN indicates 515

that photoprotective energy dissipation in the xanthophyll cycle 516

occurs as heat emission. Plants at future [CO2] had higher qN than 517

plants at pre-industrial [CO2]. Thus, there was greater protection of 518

PSII at future [CO2]. At pre-industrial [CO2], the values of qN (and 519

also NPQ) decreased because the energy dissipated as heat in the 520

xanthophyll cycle was lower and there was a greater production of 521

ROS (Maxwell and Johnson, 2000; Muller et al., 2001; Demming- 522

Adams, 2003). At pre-industrial CO2, the dissipation of energy as 523

heat was not very efficient (with lower values of NPQ and qN than 524

at future [CO2]) and furthermore, Fv/Fm and ˚PSII decreased which 525

suggested that plants suffered more damage in reaction centers at 526

pre-industrial than at future [CO2]. 527

In terms of the potential of plants and leaves to avoid stress, this 528

can be indicated by ITE (Farquhar and Sharkey, 1982). The exchange 529

of water vapor and CO2 is controlled mainly by the stomatal aper- 530

ture. This, as well as conductance of the leaf depend on irradiance, 531

temperature, air humidity and internal [CO2] (Kutsch et al., 2001). 532

Plant ITE and stomatal aperture is strongly dependent on atmo- 533

spheric CO2, this being lower at pre-industrial [CO2] (Cowling and 534

Sykes, 1999). Furthermore, Polley et al. (1993, 1995) observed that 535

at pre-industrial [CO2] Triticum aestivum had reduced ITE values. 536

In contrast however, for the same plant species ITE was higher 537

at future [CO2] (Aranjuelo et al., 2011a,b). Experimental data indi- 538

cate that ITE increases from pre-industrial to future [CO2] (Polley 539

et al., 1995; Gerhart and Ward, 2010). Moreover, plants can reg- 540

ulate stomatal conductance (gs) in accordance with the [CO2] in 541

the environment. Plants subjected to pre-industrial [CO2] tended to 542

open more stomata than plants at future [CO2] (increased stomatal 543

closure and so conductance was lower) (Fig. 3). These results indi- 544

cate that plants growing at pre-industrial [CO2] need to keep the 545

stomata open in order to assimilate more [CO2]. Thus, plants have a 546

lower ITE at pre-industrial than at future [CO2]. On the other hand, 547

Blanqueta increased its ITE at pre-industrial [CO2] since plants were 548

able to increase their assimilation rates. 549

The leaf is a major storage organ for nitrogen. At future [CO2] 550

nitrogen leaf content declined (32 and 17% for Blanqueta and Sula 551

respectively) such that NUE increased (Fig. 4). Rubisco accounts 552

for more than 50% of total soluble protein and over 25% of the 553

total nitrogen of leaves (Makino et al., 1984; Hawkesford and 554

Barraclough, 2011). Therefore, plants at future [CO2] had less con- 555

tent in terms of Rubisco and proteins, and for the same reason, 556

plants had less N content in leaves (Gutierrez et al., 2013). At pre- 557

industrial [CO2], plants were seen to have more N concentration 558

(40 and 50% for Blanqueta and Sula, respectively) and lower NUE 559

(Polley et al., 1995; Fig. 4). These data suggest that traditional plants 560

have a higher NUE than modern genotypes since the vegetative part 561

of the plant is a large N sink. However, in future conditions, modern 562

genotypes have a higher NUE since the spike acts as a large sink, 563

thereby averting the acclimation of photosynthesis and increasing 564

assimilation, biomass and NUE. 565

Conclusions 566

In this paper, we have shown the effects of pre-industrial 567

and future [CO2] after long-term exposure on two durum wheat 568

genotypes (traditional and modern). Plants underwent acclimation 569

processes under long-term exposure at future [CO2] resulting in a 570

reduction in photosynthesis (down-regulation). The lower capacity 571
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of the traditional genotype to increase the size of new sinks during572

grain filling resulted in a lower photosynthetic rate than that of the573

modern genotype. Sula plants during grain filling did not show pho-574

tosynthetic down-regulation because they developed a new sink575

(i.e. spikes), and could therefore increase the assimilation rate. Our576

modern genotype showed that photosynthesis had a higher capac-577

ity to adapt at future [CO2]. This could be explained by the fact that578

it has been bred to increase the spike capacity and HI, whereas the579

traditional genotype has not selected for this. The pre-industrial580

[CO2] treatment decreased growth and biomass production and/or581

leaf area, however these effects decreased with time, showing an582

eventual and clear up-regulation of photosynthesis. As such, accli-583

mation processes have been shown to induce the adaptation of584

the regulation of Rubisco content (increasing at 260 �mol mol−1
585

and decreasing at 700 �mol mol−1) and leaf N content (higher at586

pre-industrial [CO2] and lower at future [CO2]).587

Future increases in atmospheric [CO2] may have positive effects588

on plants since they may increase growth and assimilation rates.589

However, these increases are greater in modern genotypes which590

have more carbon sinks. Furthermore, plants at future [CO2] have591

shown an increase in ITE, NUE and the protection of PSII as a result592

of increases in NPQ and qN.593

Therefore, in this study we have clearly shown that, while on594

the one hand there was photosynthetic acclimation of plants at595

pre-industrial and future [CO2], on the other hand, there was also596

variation between genotypes in terms of the response. This was597

demonstrated where modern plants acclimated more to future598

[CO2] (although acclimation was averted during grain filling) and599

Blanqueta acclimated more to pre-industrial [CO2]. This implies600

that significant photosynthetic adjustments might have taken place601

in the past and will certainly take place in the future.602
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