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A B S T R A C T

Drought is the main constraint on wheat yield in Mediterranean conditions. The photosynthesis,
chlorophyll fluorescence and plant growth parameters of durum wheat (Triticum turgidum, L. var. durum)
were compared at three [CO2] (i.e., depleted 260 ppm, current 400 ppm and elevated 700 ppm) in plants
subjected to two water regimes (i.e., well-watered WW, and mild water stress by drought or water deficit
WS), during pre-anthesis, post-anthesis and the end of grain filling. We showed that [CO2] effects on
plants are modulated by water availability. Plants at depleted [CO2] showed photosynthetic acclimation
(i.e., up-regulation) and reduced plant biomass and Harvest Index, but depleted [CO2] combined with WS
has a more negative impact on plants with decreases in C assimilation and biomass. Plants at elevated
[CO2] had decreased plant growth and photosynthesis in response to a down-regulation mechanism
resulting from a decrease in Rubisco and N content, but plants exposed to a combination of elevated [CO2]
and WS were the most negatively affected (e.g., on plant biomass).

ã 2014 Published by Elsevier B.V.

5 1. Introduction

6 Wheat is one of the most important and extensively cultivated
7 cereal food crops in the Mediterranean region and in the world. The
8 productivity and quality of this crop is greatly affected by
9 environmental conditions, with water-deficit being the main

10 abiotic constraint on productivity (Araus et al., 2002). Wheat is
11 grown mostly in rain-fed conditions, under which it can be
12 subjected to water deficit and subsequent growth limitation
13 (Oweis et al., 2000; Lopes et al., 2004).
14 The effect of drought on yield is mediated to a considerable
15 extent by changes in photosynthetic activity and stomatal
16 conductance. Changes in precipitation associated with continued
17 emissions of CO2 will bring changes in land suitability and crop
18 yields (IPCC, 2013). These negative impacts are greater for wheat

19than for any other crop (IFPRI, 2007, 2013). Water deficit reduces
20photosynthesis by decreasing leaf area and photosynthetic rate
21(McCree, 1986). There have been many reports that water deficit
22leads to a general depletion of total soluble sugars and starch in
23leaves, for example, Hanson and Hitz (1982) and Huber et al. (1984)
24have concluded that water deficit has a larger effect on carbon
25assimilation than on translocation and use of photosynthate.
26The increases in atmospheric CO2 concentration from ca.
27260 ppm before the beginning of the industrial revolution
28(i.e., 250 years ago) to the current level ca. 398 ppm (NOAA-ESRL,
292014) have affected long-term net assimilation rates (Araus and
30Buxó, 1993; Araus et al., 2002). Future scenarios are predicting a
31further steady increase in atmospheric CO2 concentrations, due to
32the burning of fossil fuels and biomass (Pagani et al., 1999; Pearson
33and Palmer, 2000). By the end of this century, according to
34predictions using multi-model averages, atmospheric [CO2] will
35have reached 985 � 95 ppm (IPCC, 2013), with consequent
36increases in temperature (4 and 5 degrees) and drought periods.
37While photosynthesis in C3 plants is usually affected by changes in
38[CO2], there is a wide variation of responses in different species
39such as the acclimation of photosynthesis to different atmospheric
40CO2 concentrations after a long period of exposure (Aranjuelo et al.,
412009a, 2011; Pardo et al., 2009). Many studies suggest that the
42influence of low [CO2] during pre-industrial periods may have
43affected plants at many different levels, ranging from the
44physiological effects on plants to changes in ecosystem functioning

Abbreviations: Amax, light- and CO2-saturated net assimilation rate; Asat, light-
saturated net assimilation rate; Fv/Fm, maximum quantum yield of PSII; F0v/F0m,
efficiency of the capture of excitation energy by open PSII reaction centres; gs,
stomatal conductance; HI, Harvest Index; Jmax, rate of photosynthetic electron
transport;; PPFD, photosynthetic active photon flux density; PSII, Photosystem II;
FPSII, relative quantum yield of PSII; qp, photochemical quenching; Rn, dark
respiration; Vc,max, maximum carboxylation velocity of Rubisco; WS, mild water-
stress by drought or water deficit; WW, well-watered.
* Corresponding author. Tel.: +34 93 4033714; fax: +34 93 4112842.
E-mail address: sal337@hotmail.com (S. Aljazairi).
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45 (Gerhart and Ward, 2010). Some studies have even shown an
46 increase in photosynthesis in plants subjected to pre-industrial
47 [CO2] (Sage and Reid, 1992; Sage, 1994; Cowling and Sage, 1998;
48 Anderson et al., 2001). Furthermore, many other studies have
49 shown how plants respond to future CO2 in short-term experi-
50 ments (days or weeks) by increasing photosynthetic rates.
51 However, responses to long-term experiments (i.e., weeks, months
52 or years) show a process of acclimation of photosynthesis at
53 projected future CO2 levels (Long et al., 2004; Leakey et al., 2004).
54 Acclimation is a physiological adjustment carried out by plants in
55 response to a given [CO2]. Photosynthesis acclimation can undergo
56 up-regulation with depleted [CO2] or down-regulation with
57 elevated [CO2] or through adjustments to the photosynthetic
58 machinery (Sage, 1994; Anderson et al., 2001; Nogués and Azcón-
59 Bieto, 2013). Free air CO2 enrichment (FACE) experiments have
60 provided ample evidence that photosynthetic capacity acclimates
61 to elevated [CO2] in C3 plants, and the scale of down regulation
62 varies with genetic and environmental factors (Nowak et al., 2004;
63 Ainsworth and Long, 2005; Leakey et al., 2009). Photosynthetic
64 acclimation is explained by different processes. Mechanisms to
65 explain within-species variation often focus on changes in the
66 balance between carbohydrate production (source) and the
67 capacity to use and store carbohydrates (sink). For example, if
68 increased carbohydrate production associated with future [CO2]
69 exceeds the capacity to use or store it, net photosynthetic rates
70 may decline in order to balance the source activity with the sink
71 capacity (Thomas and Strain, 1991; Aranjuelo et al., 2013; Aljazairi
72 et al., 2014b). Other basic mechanism leading to photosynthesis
73 acclimation are changing the Rubisco content caused by decreases
74 in leaf N content in the case of down-regulation (Ellsworth et al.,
75 2004; Aranjuelo et al., 2005, 2007; Kant et al., 2011; Aljazairi et al.,
76 2014a), increases in Rubisco and leaf N content in the case of up-
77 regulation (Gesch et al., 2000; Anderson et al., 2001) or
78 reallocation of N within the plant (Nakano et al., 1997). Extensive
79 evidence that nitrogen limits the growth response of plants at
80 future [CO2] has been demonstrated in many experiments
81 conducted in controlled environmental chambers and under field
82 conditions in FACE experiments (Ainsworth and Long, 2005;
83 Rogers et al., 2006; Gutierrez et al., 2013; Bloom et al., 2010, 2014).
84 Results from FACE studies have provide clear evidence for the link
85 between N supply and acclimation (Ainsworth et al., 2003), and
86 have shown that PNUE is improved in C3 plants grown at future
87 [CO2] (Leakey et al., 2009).
88 As mentioned before, changes in the composition of [CO2] in the
89 atmosphere are affecting the climate and the water cycle around
90 the world. For that reason, it is essential to study how plants have
91 adapted from depleted to current [CO2] and how this has been
92 modulated by water availability. These adaptations may help to
93 understand how plants will respond to future increases in [CO2]
94 and water deficit (Sage and Coleman, 2001; Nogués and Azcón-
95 Bieto, 2013). The study of the effects of CO2 on plants is also
96 fundamental in understanding plant evolution in response to
97 changes in water availability over time. Plants control their
98 stomata to regulate the amount of water transpiration, which is
99 modulated by [CO2] in the environment. CO2 and water experi-

100 ments allows a better understanding of stomatal responses to
101 elevated and depleted [CO2], and the ability to accurately measure
102 CO2 responses of stomatal conductance, canopy evapotranspira-
103 tion, and soil moisture is an important component of climate
104 change studies (Leakey et al., 2009). The response of plants to [CO2]
105 is modulated by water deficit.
106 Atmospheric CO2 reductions can enhance stress intensity, for
107 example, in the case of drought stress, because depleted [CO2]
108 tends to open stomata and exacerbates limitations associated with
109 drought (Sage and Cowling, 1999; Sage and Coleman, 2001).
110 However, elevated [CO2] plants have lower stomatal conductance,

111which should ameliorate the water deficits and even in some cases
112increase plant growth significantly in dry conditions (Morgan et al.,
1132004, 2011; Perry et al., 2013). Also, other studies have reported
114that elevated [CO2] can compensate for water deficit-induced
115reduction in growth (Aranjuelo et al., 2009a). Elevated [CO2] also
116increases water use efficiency (WUE) in many plants under dry
117conditions, thus reducing their overall demand for water (Ains-
118worth and Long, 2005). Most studies on the impact of climate
119change on plants have been conducted with high [CO2] and water
120deficit (West et al., 2005; Erice et al., 2007; Aranjuelo et al., 2009b);
121however, the interaction between depleted, current and elevated
122CO2 and water deficit has received little attention and studies on
123photosynthesis and chlorophyll fluorescence are generally scarce
124and are lacking for cereals (Lopes et al., 2004).
125The overall aim of this study was to explore the combined
126effects of [CO2] and water availability on wheat physiology
127(i.e., growth, photosynthesis and chlorophyll fluorescence). This
128study tested the following hypotheses. Firstly, long term exposition
129of depleted and elevated [CO2] will lead to photosynthetic
130acclimation on wheat. Secondly, given that plants increase the
131biomass when [CO2] is higher and water deficit induce reduction
132on biomass, it was hypothesized that the combinatory effect of
133both lead to a large decreases on biomass in all the CO2 treatments.
134Thirdly, given the higher potential of plants to control stomatal
135closure at elevated [CO2], it was hypothesized that plants at
136depleted [CO2] would suffer more water deficit. Finally, a better
137understanding of up- and down-regulations of photosynthesis in
138these plants during grain filling was also studied.

1392. Material and methods

1402.1. Plant material

141Durum wheat (Triticum turgidum var. Sula) was used in this
142experiment. Sula (released in 1994) is a modern commercial
143genotype grown in Spain. It is characterised by its short stature,
144early heading and maturity and high yield potential. Seeds of
145wheat were germinated in petri dishes on wet Whatman paper.
146After 84 h, seedlings were transferred to 4-litre pots (one plant per
147pot) filled with quartz sand of 1 mm grain size.

1482.2. Experimental design

149Plants were grown in three fully controlled plant-growth
150chambers (Conviron E15, Controlled Environments Ltd., Winni-
151peg, Canada) at a temperature of 22/18 �C (day/night) and 60%
152relative humidity. Plants were supplied with a photosynthetic
153photon flux density (PPFD) of 400 � 30 mmol m�2 s�1 during the
15416 h light period (day) and 8 h dark period (night). Plants were
155watered with Hoagland complete nutrient solution (Arnon and
156Hoagland, 1939) alternating with distilled water in order to avoid
157salt accumulation over the whole life cycle. Humidity, tempera-
158ture and [CO2] in the air within the chambers were monitored
159continuously by a sensor (CMP3243 Controlled Environments
160Ltd., Winnipeg, Canada) over the period of the experiment at
161intervals of every 5 minutes by a sensor and compared every two
162weeks with a separate sensor (HMP75 humidity and temperature;

Table 1
Growing conditions (i.e. [CO2], relative humidity and temperature) in the three
controlled growth chambers.

Chamber CO2 ppm Relative humidity (%) Temperature (�C)

Depleted CO2 259.4 � 13.6 61.2 � 0.7 22.8 � 0.3
Current CO2 409.3 � 2.5 60.7 � 0.2 23.1 � 0.2
Elevated CO2 731.7 � 16.9 62.2 � 1.1 22.8 � 0.2
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163 and GMP222; 0–2000 mmol mol�1 carbon dioxide; Vaisala
164 MI70Helsinki, Finland) in order to capture a complete record of
165 environmental parameters (Table 1).
166 The plants were grown in three plant-growth chambers
167 under three different [CO2] (i.e., 700, 400 and 260 mmol mol�1)
168 for the entire life cycle (from September to January) at the
169 Experimental Field Service of Barcelona University, Barcelona,
170 Spain. Forty-eight plants were placed in the first plant-growth
171 chamber, which was maintained at future [CO2] (ca. 731.7 � 16.9
172 mmol mol�1) by injecting CO2 into the chamber from an
173 external bottle (Carburos Metálicos SA. Barcelona, Spain).
174 Another forty-eight plants were placed in the second plant-
175 growth chamber, which was maintained at current [CO2]
176 (ca. 409.3 � 2.5 mmol mol�1). Finally, the same number of plants
177 was located in the third plant-growth chamber, which was
178 maintained at pre-industrial [CO2] (ca. 259.4 �13.6 mmol
179 mol�1). Air in this chamber was maintained at pre-industrial
180 [CO2] by using a pump to send the air inside of the chamber
181 through a 1-litre column filled with soda lime (Soda lime with
182 indicator QP Panreac Química SA, Barcelona, Spain). The soda
183 lime was changed every two weeks. Plants were rotated inside
184 the chamber each week and between chambers every three
185 weeks in order to avoid chamber influences in the treatments.
186 Mild water deficit treatment was applied to half of the plants in
187 each plant-growing chamber. Control plants (WW) were kept with
188 100% water content of soil pot capacity. Plants with mild water
189 stress by drought or water deficit (WS) were kept at 60% water
190 content of soil pot capacity. The soil pot capacity is the amount of
191 water content held in the soil after excess water has drained away
192 from the pot. Each pot was weighed every four days and each pot
193 was refilled with water. Plant water status was evaluated by
194 measuring the leaf relative water content (RWC, Weatherley,1950).
195 In this experiment, plants were measured during three
196 measuring periods (Pre-anthesis, T0; grain filling, T1; and end of
197 grain filling, T2).

198 2.3. Gas exchange and chlorophyll fluorescence measurements

199 An infrared gas analyser (LI-6400 system, LI-COR Inc., Lincoln,
200 NB, USA) supplied with a Leaf Chamber Fluorometer (LI6400-40)
201 was used to perform simultaneous measurements of gas exchange
202 and chlorophyll fluorescence. A–Ci curves with chlorophyll
203 fluorescence determinations were conducted in fully expanded
204 flag leaves from each of the CO2 and water treatments. The A–Ci
205 curves were repeated in four different plants per treatment, and
206 were measured from 0 to 2000 mmol mol�1 of CO2. The curves
207 were made at 1200 mmol m�2 s�1 of PPFD and at a temperature of
208 25 �C. The CO2 assimilation rate (A), CO2 assimilation rate at light
209 saturation (Asat), the maximum photosynthetic rates at CO2
210 saturation (Amax), and stomatal conductance (gs) were estimated
211 using equations developed by Von Caemmerer and Farquar (1981).
212 Estimations of the maximum carboxylation velocity of Rubisco (Vc,
213

max), the rate of photosynthetic electron transport based on NADPH
214 requirements (Jmax) and the rate of day respiration (Rd) were made
215 by fitting a maximum likelihood regression below and above the
216 inflexion of the A–Ci response using the method of McMurtrie and
217 Wang (1993).
218 Modulated chlorophyll fluorescence measurements allowed for
219 the estimation of the relative quantum yield of photosystem II
220 (PSII), the efficiency of the capture of excitation energy by open PSII
221 reaction centresQ2 (F0v/F0m), the maximum quantum yield of PSII (Fv/
222 Fm), photochemical quenching (qp), the non-photochemical
223 quenching coefficient (qN) and non-photochemical quenching
224 (NPQ) determined in the flag leaf after 30 min of dark adaptation
225 (Nogués and Baker, 2000).

2263. SPAD and chlorophyll content

227Chlorophyll and carotenoid contents (mg g�1 fresh leaves) were
228determined by weighing 100 mg of fresh leaves and were
229immediately frozen in liquid nitrogen and stored at �80 �C to
230preserve pigment content until they could be analysed (Kurasová
231et al., 2003). Then pigments were extracted using the acetone
232method (Arnon, 1949). Extracts were analysed using a spectro-
233photometer and pigment estimations of total, a, and b chlorophylls
234and carotenoids were made according to the equations of
235Lichtenthaler (1987).

2364. Leaf carbon and nitrogen content, nitrogen use efficiency
237(NUE) and photosynthetic nitrogen use efficiency (PNUE)

238Leaves used for gas exchange were collected and dried at 65 �C
239until constant weight, and ground to a powder. Powder samples
240were assessed for the C and N content using an Elemental Analyzer
241Flash 112 (Carbo Erba, Milan) at the Scientific Technical Services of
242Barcelona University, Barcelona, Spain. Nitrogen use efficiency
243(NUE) was calculated for samples as NUE = Total dry weight (g)/N
244content (g). Photosynthetic nitrogen use efficiency (PNUE) was
245calculated for leaf samples as PNUE = Asat/N content.

2464.1. Rubisco and protein determination

247Total soluble protein content (TSPC) was determined using the
248Bradford method (Bradford, 1976). One hundred mg of frozen leaf
249tissue was ground with PBS solution and centrifuged at 13,000 rpm
250for 5 min. An aliquot of each extract was used to measure soluble
251protein by spectrometry, with reference to a standard line that was
252calculated with BSA (Bovine Serum Albumin). Another aliquot of
253the same extract was used for protein separation using SDS-PAGE.
254Gel images were scanned and analysed using the Motic Images Plus
2552.0 program. The concentration of Rubisco Large (L) and Small (S)
256subunits was measured against a Rubisco standard protein (Bio-
257Rad Laboratories, Inc., Berkeley, California).

2584.2. Growth parameters

259Plant production was estimated by weighing separately flag
260leaves, other leaves, spikes, stems and roots, for each of the three
261corresponding CO2 treatments, two water regimes and during the
262three measuring periods (i.e., pre-anthesis, T0; grain filling, T1; and
263end of grain filling, T2). Plant material was dried in an oven at 80 �C
264over 48 h to obtain the dry weight. The number of spikes (SN),
265spikelets per spike (NsS) and stems (StN) as well as the length of
266spikes (SL) and stems (StL) and the Zadok phenological stages were
267also measured.

2684.3. Data analysis

269The effects of [CO2] on plant development in wheat plants were
270tested by two factor (CO2 and water treatments) analyses of
271variance (ANOVA). The statistical analysis was conducted with the
272SPSS 17.0 software package (SPSS Inc., Chicago, IL, USA). The
273means � standard errors (SE) were calculated for each parameter.
274When a particular test was significant we compared the means
275using a Duncan multiple comparison test or LSD multiple
276comparison test. The results were accepted as significant at
277P < 0.05.
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278 5. Results

279 5.1. [CO2] effects on plants

280 Analyses of growth parameters showed that the CO2 treatments
281 had effects on wheat plants. We found significant differences
282 between [CO2] treatments in terms of flag, spike, leaf, stem, and
283 root biomass and flag, spike and stem areas and length but not
284 significant differences were found between [CO2] in spike number,
285 spike length, number of spikelets per spike, stem number or
286 Zadock phenological stage (Fig. 1; Table S1). Plants showed
287 increases in Harvest Index (HI) with increases in the [CO2] (i.e.,
288 0.154; 0.198; 0.25) in depleted, current and elevated [CO2]
289 respectively (data not shown), with significant differences
290 between CO2 treatments (F = 9.947; P = 0.004). However, at
291 elevated [CO2], plants showed less biomass than at current
292 [CO2] in terms of weight and areas of spikes, leaves, stems and
293 roots. A similar effect was found in plants grown at depleted [CO2].
294 Analyses of gas exchange parameters showed that the CO2
295 treatments had effects on our plants. At elevated [CO2], we
296 observed that carboxylation activity was diminished as indicated
297 by the reduction in Amax, Vc,max and Jmax (Table 2). At depleted [CO2]
298 lower values were found than current [CO2], however, some of
299 those parameters such as Vc,max or Amax during grain filling were
300 higher, showing up-regulation of photosynthesis. A decrease in the
301 respiration rate was observed when [CO2] decreased. However, we

302did not find significant differences between [CO2] in terms of gas
303exchange parameters (Asat, gs, Amax, Vc,max and Jmax; Table S2).

Fig. 1. CO2 effects (260, 400 and 700 ppm) on Biomass (flag leaves, leaves, spikes, stems and roots) and the Shoot/Root ratio under well-watered (WW, close bars) and mild
water deficit (WS, open bars) conditions. Uppercase letters are expressing differences between CO2 treatments (A, B). Lowercase indicates differences between water
treatments (a, b). Each value represents means of 4 plants. Means with identical letters are not significantly different (P > 0.05).

Table 2
CO2 effects (260, 400 and 700 ppm) on Vc,max, Jmax, stomatal limitation and Asat

under the two water treatments, well-watered (WW) and mild water deficit (WS),
before anthesis (T0), at the beginning of grain filling (T1) and the end of grain filling
(T2). Each value represents means of 4 plants. Statistical analysis is in Table S2.

CO2 Timing H2O Vc,max Jmax Stom. Lim. Asat

700 T0 WW 68.9 � 5.1 166.4 � 4.5 22.7 � 3.5 15.2 � 0.8
WS 93.0 � 5.9 197.9 � 2.9 30.5 � 4.0 16.6 � 1.9

T1 WW 152.5 � 18.5 296.1 � 56.1 15.1 � 1.3 27.3 � 2.1
WS 113.6 � 23.3 234.2 � 71.5 21.3 � 4.9 21.1 � 5.7

T2 WW 83.4 � 3.8 232.1 � 12.2 25.0 � 1.3 16.0 � 1.0
WS 98.8 � 14.0 220.1 � 29.9 17.9 � 1.3 21.2 � 3.1

400 T0 WW 104.7 � 19.0 201.9 � 27.8 20.3 � 3.3 18.0 � 1.8
WS 85.6 � 18.9 213.9 � 46.4 28.8 � 5.6 15.7 � 3.8

T1 WW 157.8 � 8.8 267.3 � 7.0 14.3 � 1.3 28.6 � 0.6
WS 137.6 � 16.1 274.7 � 32.8 14.0 � 2.2 28.4 � 2.7

T2 WW 102.1 � 4.6 225.8 � 21.0 18.6 � 1.4 22.5 � 2.7
WS 105.2 � 3.2 243.2 � 19.4 22.4 � 3.0 21.8 � 0.7

260 T0 WW 90.5 � 3.8 182.3 � 13.9 20.2 � 1.4 18.3 � 1.3
WS 19.8 � 4.8 34.8 � 6.9 15.1 � 5.0 4.7 � 1.3

T1 WW 123.4 � 8.0 277.2 � 28.1 20.2 � 0.4 26.2 � 1.9
WS 109.8 � 4.2 250.1 � 10.9 20.3 � 2.3 22.90 � 0.7

T2 WW 101.6 � 6.3 229.4 � 6.3 22.9 � 5.1 20.9 � 1.8
WS 94.5 � 12.4 208.8 � 32.7 19.6 � 2.0 20.0 � 2.1
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304 We found significant differences between [CO2] in terms of
305 chlorophyll fluorescence only in Fv/Fm, however, we observed
306 decreases in Fv/Fm and F0v/F0mwhen the [CO2] increased. We carried
307 out multiple comparison LSD post-hoc tests for parameters where
308 differences were indicated between CO2 treatments and we found
309 that the 260 ppm treatment had significant differences with
310 400 ppm and 700 ppm but no differences were found between
311 700 ppm and 400 ppm. Elevated [CO2] did not cause a large effect
312 in chlorophyll fluorescence parameters, however Fv/Fm, FPSII, F0v/
313 F0m and qP were lower than at current [CO2]. The NPQ and qN values
314 increased with increasing [CO2]. On the other hand, at depleted
315 [CO2], decreases in Fv/Fm, KPSII and qp and increases in NPQ and qN
316 were observed before anthesis (Fig. 2).
317 Chlorophyll was measured with a SPAD and the pigment
318 contents (chlorophyll a, chlorophyll b, total chlorophyll and
319 carotenoids) were measured with a spectrophotometer. With
320 the SPAD, the highest values of chlorophyll were observed at

321400 ppm and the lowest at 260 ppm (Table 3). Significant
322differences in spectrophotometer measurements of pigment
323contents were observed between all the different [CO2]. Pigment

Fig. 2. CO2 effects (260, 400 and 700 ppm) on leaf fluorescence under well-watered (WW, close bars) and mild water deficit (WS, open bars) conditions before anthesis (T0),
the beginning grain filling (T1) and the end of grain filling (T2). Each value represents means of 4 plants. Statistical analysis is in Table S2.

Table 3
CO2 effects (260, 400 and 700 ppm) on relative water content (%), SPAD and the
Rubisco large (Rbc L) and small (Rbc S) subunits under the well-watered (WW) and
mild water deficit (WS) conditions. Each value of RWC and SPAD represents means
of 4 plants.

Parameter Water 260 400 700

RWC (%) WW 89 � 2 92 � 1 81 � 5
WS 76 � 1 71 � 8 69 � 14

SPAD WW 46.9 � 1.6 53.7 � 0.3 48.1 � 0.8
WS 47.3 � 1.2 51.9 � 0.7 50.3 � 0.4

Rubisco large subunit WW 203.5 100 75.5
WS 108.0 100 71.9

Rubisco small subunit WW 148.2 100 61.5
WS 88.2 100 50.3
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324 contents were lower at depleted [CO2], and slightly lower at
325 elevated [CO2]. (Fig. 3; Table S2). The carotenoid content also
326 showed significant differences between different [CO2]. The
327 highest values of carotenoids were at current [CO2] (Fig. 3;
328 Table S2).
329 Large and small subunit Rubisco concentrations (Rbc_L and
330 Rbc_S, respectively) were measured during the experiment. Plants

331showed higher concentrations of Rubisco at depleted CO2 in both
332subunits. Plants under elevated [CO2] showed lower Rubisco
333content than the current [CO2] (Table 2). On the other hand, leaf
334total soluble protein content (TSPC) decreased in plants when the
335[CO2] increased, with this trend in TSPC change occurring across
336the three [CO2]. Plants at depleted [CO2] were seen to have greater
337concentrations than at current [CO2]. At elevated [CO2] WW plants

Fig. 3. CO2 effects (260, 400 and 700 ppm) on pigment contents (Total chlorophyll, chlorophyll a, chlorophyll b and carotenoids) under well-watered (WW, close bars) and
mild water deficit (WS, open bars) conditions. Each value represents means of 4 plants. Statistical analysis is in Table S2.

Fig. 4. CO2 effects (260, 400 and 700 ppm) on leaf protein content under well-watered (WW, close bars) and mild water deficit (WS, open bars) conditions. Each value
represents means of 4 plants. Statistical analysis is in Table S2.
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338 had lower leaf TSPC levels than at current [CO2] and WS plants had
339 higher leaf TSPC levels than current and lower leaf TSPC levels than
340 depleted [CO2] (Fig. 4).
341 Plants showed lower leaf C content at depleted [CO2] and higher
342 leaf C content at elevated [CO2] than the current [CO2]. However,
343 the differences between CO2 treatments were not significant. The
344 leaf N content increased in plants when the [CO2] decreased. NUE
345 also increased with the [CO2]. PNUE did not show large differences
346 between different [CO2] (Fig. 5).

347 6. Water availability effects on plants

348 Analyses of growth parameters showed that the water treat-
349 ments had effects on wheat plants. WW plants had more biomass
350 (flag leaves, spikes, leaves, stems, and roots) than mild WS plants.
351 We found significant differences between water treatments for the
352 following: flag, spike, leaf, stem, and root biomass; flag, spike and
353 stem areas; spike number, spike length, number of spikelets per
354 spike, stem number, stem length and Zadock phenological stage
355 (Fig. 1; Table S1). Mild WS plants showed a higher Harvest Index
356 (HI) (0.154; 0.198; 0.25) than WW plants (0.128; 0.18; 0.134) in
357 depleted, current and elevated [CO2], respectively (data not
358 shown), with significant differences between water treatments
359 (F = 34.7; P = 0.000). Analyses of gas exchange parameters showed
360 that the water treatments had effects on our plants. We observed
361 that carboxylation activity was diminished as indicated by the
362 reduction in Amax, in Vc,max and Jmax. The decrease in these
363 parameters (i.e., Vc,max or Asat) in WW is greater than in mild WS
364 (Table 2). However we did not find significant differences between
365 water treatments.
366 Mild WS plants showed lower values than WW plants in Fv/Fm
367 and F0v/F0m, but also in FPSII and we found significant differences
368 between water treatments in these parameters (Table S2).

369According to the SPAD measurements, there were no significant
370differences observed in chlorophyll contents between water
371treatments (Table 3). Pigment contents (chlorophyll a, chlorophyll
372b, total chlorophyll and carotenoids) were also measured by the
373spectrophotometer. Significant differences on pigment contents
374were found between water treatments. Mild WS plants showed
375less chlorophyll content than WW plants (Fig. 3; Table S2).
376Carotenoid contents were also significantly different between
377water treatments (Fig. 3; Table S2).
378In terms of Rubisco content in the water treatments we could
379see large differences between water treatments. WW plants
380showed higher increments of Rubisco content than mild WS plants.
381On the other hand, plants showed greater leaf total soluble protein
382content at mild WS than at WW in two out of three cases (Fig. 4).
383Mild WS plants showed higher leaf C content than WW plants.
384However, mild WS plants had lower leaf N content than WW
385plants. NUE increased in WW plants with respect to mild WS
386plants. In addition, PNUE increased more in the two lower [CO2]
387under mild WS than in the WW plants (Fig. 5).

3887. [CO2] effects on plants modulated by water availability

389Analyses of growth parameters showed that the [CO2] effects
390were modulated by water treatments on wheat plants. WW plants
391showed more down-regulation of growth at elevated [CO2] than
392mild WS plants, with decreases across a range of growth
393parameters (Fig. 1; Table S1).
394Analyses of gas exchange parameters showed that the [CO2]
395effects were modulated by water treatments. At current [CO2], WW
396conditions resulted in higher Vc,max, Asat, Amax and lower Jmax than
397mild WS. At depleted [CO2], lower values were found than under
398current [CO2], however, some of the parameters increased, such as
399Vc,max or Amax during grain filling, thus indicating up-regulation of

Fig. 5. CO2 effects (260, 400 and 700 ppm) on leaf carbon and nitrogen content (mg mg�1), NUE (g mg�1) and PNUE (mmol mol�1 s�1) under well-watered (WW, close bars)
and mild water deficit (WS, open bars) conditions.
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400 photosynthesis. However, we did not find any significant differ-
401 ences between CO2� water treatments.
402 Regarding CO2� water, we found significant differences in the
403 interaction between in terms of chlorophyll fluorescence param-
404 eters (Fv/Fm, F0v/F0m, FPSII and qp). Besides, significant differences in
405 pigment contents (chlorophyll a, chlorophyll b, total chlorophyll
406 and carotenoids) were found between CO2� water treatments. The
407 pigment contents showed effects of [CO2] modulated by water
408 availability, being higher in WW plants at elevated [CO2] than at
409 depleted [CO2]. While the quantity of pigments was lower under
410 the future [CO2] than under depleted [CO2] when combined with
411 mild WS, the differences were not large (Fig. 3; Table S2).
412 Large and small subunit Rubisco concentrations (Rbc_L and
413 Rbc_S, respectively) were measured during the experiment. Both
414 water treatments showed higher concentrations of Rubisco at
415 depleted CO2 for both subunits (Rbc_L, 103% and 7% for WW and
416 WS, respectively; Rbc_S, 48% for WW). However, WS plants
417 showed a 12% reduction in Rbc_S concentrations under depleted
418 [CO2]. Plants under elevated [CO2] showed lower Rubisco content
419 than current [CO2] (i.e., 25% and 28% lower for Rbc_L, and 39% and
420 50% lower for Rbc_S for WW and WS respectively). The biggest
421 differences were for the Rbc_S at elevated [CO2] and WS, and the
422 Rbc_L at depleted [CO2] and WW (Table 3).
423 Leaf TSPC decreased when the [CO2] increased, but it was
424 modulated by water availability. Plants at depleted [CO2] had
425 greater concentrations of leaf TSPC than at current [CO2] (8.3% for
426 WW and 55% for WS) and at elevated [CO2] they had lower protein
427 concentration levels than at current [CO2] (35% for WW). However,
428 under WS conditions the leaf protein content increased by 23%
429 (Fig. 4).
430 Leaf carbon and nitrogen content, and NUE and PNUE were
431 affected by the [CO2] and those effects were modulated by water
432 availability. Plants showed higher leaf C content at elevated [CO2]
433 (i.e., 5% and 3% under WW and WS, respectively) and lower leaf C
434 content at depleted [CO2] (i.e., 3% and 5% under WW and WS,
435 respectively) than current [CO2], but the differences were not
436 significant. At depleted and elevated [CO2], plants had a lower leaf
437 N content, with the larger difference at elevated [CO2] (48% and 6%
438 less N for WW and WS, respectively) than at current [CO2], whereas
439 at depleted [CO2], plants were seen to have also a higher N content
440 (16% and 4% for WW and WS, respectively). NUE increased with the
441 [CO2] in WW plants (155%, 323% and 451% for 260, 400 and
442 700 ppm, respectively). In addition, WS plants had lower NUE than
443 WW plants, and these differences were much greater at elevated
444 [CO2] than at depleted [CO2]. PNUE also increase significantly at
445 elevated [CO2] in WW plants. However, no differences were
446 observed in WS plants between [CO2] (Fig. 5).

447 8. Discussion

448 The agronomic and physiological parameters of durum wheat
449 plants (Triticum turgidum) were characterised in order to study the
450 response of wheat under three CO2 environments (i.e. depleted,
451 current and elevated) under two water regimens (well-watered,
452 WW, and mild water-stress by drought or water deficit, WS).

453 9. [CO2] effects on plants

454 Plants showed photosynthetic acclimation at depleted (i.e., up-
455 regulation) and elevated [CO2] (i.e., down-regulation). However,
456 neither of these acclimatory responses resulted in increases in
457 biomass.
458 At depleted [CO2], wheat showed carbon source limitations
459 from the atmosphere (as we can see in less % C) than other CO2
460 treatments, with higher allocation of biomass to green areas than
461 roots, so plants had a higher shoot/root ratio than plants at current

462and elevated [CO2], resulting in lower rates of carboxylation at
463depleted [CO2] (Gerhart and Ward, 2010). Other studies have
464demonstrated that C3 species have reduced biomass when grown
465at depleted [CO2] (Allen et al., 1991; Dippery et al., 1995; Aranjuelo
466et al., 2011). This evidence suggests that, in the past, depleted
467atmospheric [CO2] reduced the potential productivity of C3 species
468(Gerhart and Ward, 2010). Some authors have shown that biomass
469of C3 species increases when [CO2] increases from preindustrial
470levels (260 ppm) to current levels (400 ppm) (e.g., 35% increases in
471cotton (Thomas and Strain, 1991); 24% increases in Arabidopsis,
472(Dippery et al., 1995)). Therefore, the productivity of C3 plants in
473general and wheat in particular has most likely increased during
474the last two centuries of industrialisation due to anthropogenic
475CO2 emissions. This is seen in our study where the green areas and
476root biomass increased 22% and 8%, respectively, from the depleted
477to current [CO2].
478Amthor (2001), summarising 156 experiments (in FACE,
479greenhouses and growth chamber studies) that analysed effects
480on wheat yield under elevated [CO2], showed that the CO2 response
481ranged from no effect or even negative effects in some studies to
482several-fold increases in others. Exposure at 700 ppm in the
483current study slightly decreased biomass production of the spike,
484stem, flag leaf and other leaves (although differences were not
485significant); however, there were increases in root biomass (Fig. 1
486and Table S1). Aranjuelo et al. (2011) in their FACE study with
487durum wheat contrasting [CO2] conditions (700 versus 370 mmol
488mol�1), showed that elevated [CO2] did not contribute to increased
489grain filling in wheat plants, and with other previous reports
490(Amthor, 2001; Högy et al., 2009; Uddling et al., 2008). Further,
491many studies indicated the variability of the responses to increased
492biomass at elevated [CO2] in FACE and growth chambers. These
493increases are doubt to different variables as for example the crop
494species and environmental conditions (Nowak et al., 2004;
495Ainsworth and Long, 2005; Aranjuelo et al., 2009b; Leakey et al.,
4962009). An absence of effects on plant biomass, together with the
497lower spike biomass suggests that under elevated [CO2], plants
498were acclimated in terms of photosynthesis and growth param-
499eters. Grain filling may be limited by (i) translocation of photo-
500assimilates from source to sink, ii) photosynthetic activity (iii)
501spike sink capacity and Q3(iv) nitrogen source (Uddling et al., 2008;
502Bloom et al., 2010; Gutierrez et al., 2013). At elevated [CO2], plants
503had lower shoot/root ratios than plants grown at current [CO2].
504This data suggest that plants at elevated [CO2] invest more
505photoassimilates in roots than at current or depleted [CO2]. At
506elevated [CO2] plants have a greater source of C and they invest this
507C into increased root biomass, which gives them greater potential
508for exploring more soil and thereby increases their uptake of soil
509moisture and nutrients Q4(Reich et al., 2006; Ghashghaie and Badeck,
5102013).
511An important focus of our work was to compare plant
512physiological responses to increases over depleted and elevated
513[CO2]. Photosynthetic acclimation to CO2 is one of the most
514important issues in CO2 studies and this photosynthetic acclima-
515tion at depleted and elevated [CO2] during long-term exposure
516(in our case the whole wheat lifecycle) can be compensated by the
517effects of CO2 variation in plant processes (Sage and Coleman,
5182001; Aljazairi et al., 2014a,b).
519Many studies have shown that atmospheric CO2 has a direct
520effect on photosynthesis and also on the reduction of assimilation
521at depleted [CO2], at optimal temperatures and nutritional
522conditions C is more limiting as a substrate for the carboxylation
523reaction in Rubisco in C3 plants than at current or elevated [CO2]
524(Long and Drake, 1992). So, depleted [CO2] can lead to a reduction
525in photosynthetic capacity (Sage, 1995). This study of short-term
526exposure to depleted [CO2] showed significant decreases in
527assimilation and Vc,max. However, the effect of depleted [CO2]
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528 can be compensated by the acclimation processes of photosyn-
529 thesis. Similar to our data (Fig. 2, Table S2), increases in the
530 maximum rate of carboxylation Vc,max, Jmax, assimilation and also
531 in the concentration of Rubisco in C3 plants under long-term
532 exposure to depleted [CO2] have been described by other authors (
533 Anderson et al., 2001), and this is known as photosynthetic
534 acclimation (up-regulation). Other studies have found evidence of
535 photosynthetic acclimation at depleted [CO2]. Sage and Reid (1992)
536 and Cowling and Sage (1998) found that A is limited by Pi
537 regeneration in Phaseolous vulgaris plants grown at depleted [CO2].
538 Allen et al. (1991) and Dippery et al.(1995) suggested that
539 photosynthesis is also enhanced (up-regulation) by increases in
540 partitioning of C to leaves at depleted [CO2].
541 On the other hand, when photosynthetic activity was deter-
542 mined in plants at 400 and 700 ppm (Fig. 2, Table S2) it was found
543 that plants grown at elevated [CO2] had lower photosynthetic
544 capacity than plants grown at current [CO2] (Zhang et al., 2009;
545 Aranjuelo et al., 2011), suggesting a photosynthetic acclimation at
546 elevated [CO2] caused by down-regulation. Photosynthetic accli-
547 mation has been previously described in wheat plants exposed to
548 elevated [CO2] (Martínez-Carrasco et al., 2005; Alonso et al., 2009;
549 Gutierrez et al., 2009; Aranjuelo et al., 2011). The decrease in
550 photosynthetic capacity under elevated [CO2] has been attributed
551 to end product inhibition, in which the demand for carbohydrates
552 is insufficient to cope with the enhanced carbohydrate supply
553 (Rogers and Ellsworth, 2002; Ainsworth and Long, 2005; Aranjuelo
554 et al., 2008). Carbohydrate accumulation in leaves, grown at
555 elevated [CO2], has been shown to stimulate organic acid synthesis
556 (Morcuende et al., 1998; Stitt and Krapp, 1999) and respiratory
557 pathways, irrespective of whether it is a result of sugar-feeding or
558 an inhibition of phloem transport.
559 Chlorophyll fluorescence measurements allowed for the study
560 of acclimatory effects induced in PSII at depleted and elevated
561 [CO2]. At depleted [CO2], before anthesis (T0), there was a decrease
562 in Fv/Fm or F0v/F0m, however, the other two phenological periods did
563 not show differences from current [CO2]. At elevated [CO2] no
564 effects were observed in Fv/Fm and qp, and decreases were observed
565 in F0v/F0m and FPSII, but in WW plants values were recorded that
566 were 10% lower than under current [CO2]. This lack of an effect on
567 photochemical efficiency in plants has been described by other
568 authors. For example, Hymus et al. (1999), observed a decrease,
569 increase or no effect on the use of energy absorbed during
570 photochemistry in trees, and Gutierrez et al. (2009) observed little
571 effect on qp and F0v/F0m as in the present study. Thus, the shift from
572 higher to lower values at elevated versus current [CO2] implies that
573 restrictions in the carbon assimilation capacity under elevated
574 [CO2] decrease the photochemistry of the light absorbed by the PSII
575 antenna. While qp decreased, NPQ increased in elevated [CO2]
576 suggesting that on one hand plants are acclimated to elevated
577 [CO2] via a decrease in carbon assimilation and on the other hand,
578 that the energy is dissipated non-photochemically thus protecting
579 the PSII from damage (as also reported Taub et al., 2000).
580 As in our case, reduced values for pigment contents have been
581 reported for many plant species growing in elevated [CO2] (Surano
582 et al., 1986; Polley et al., 1993; Pritchard et al., 2000). Such
583 decreases in carotenoids contents have been linked to photo-
584 damage of the photosynthetic apparatus, with carotenoids
585 preventing destruction of chlorophyll in high light by dissipating
586 excess excitation energy and also potentially stabilising and photo-
587 protecting the lipid phase of the thylakoid membranes (Havaux,
588 1988).
589 In our study we found evidence that plants showed photosyn-
590 thetic up-regulation under the depleted [CO2], because plants
591 modulated the Rubisco content (Table 3). Rubisco content seems to
592 be higher in plants that undergo prolonged exposure to pre-
593 industrial levels of [CO2] than those grown at current [CO2] levels

594(Maherali et al., 2002). Gesch et al. (2000) observed increased
595Rubisco small subunit gene expression in Oryza sativa L. exposed to
596pre-industrial [CO2]. Other studies have also found evidence for
597increases in Rubisco and photosynthetic acclimation at depleted
598[CO2] (Sage and Reid, 1992; Cowling and Sage, 1998; Gerhart and
599Ward, 2010; Ripley et al., 2013; Pinto et al., 2014). Accordingly, our
600wheat plants exhibited increased TSPC, including Rubisco under
601depleted [CO2]. As mentioned before, wheat growth under
602depleted [CO2] leads to increased photosynthetic capacity, gs,
603Rubisco content or TSPC, and also leaf N content in C3 plants
604(Dippery et al., 1995; Ward et al., 1999; Anderson et al., 2001;
605Cunniff et al., 2010). Up-regulation of A may be related to increases
606in leaf N content, as well as to re-allocation of N within leaves. As
607Rubisco is a significant N sink, Sage and Reid (1992) predicted that
608large increases in leaf N would be needed for plants grown at
609260 ppm to achieve assimilation equal to plants grown at 400 ppm.
610Similar to Anderson et al. (2001), we found significantly higher leaf
611N (g m�2) in wheat under depleted [CO2], which could be
612additional evidence for up-regulation in wheat.
613The analysis of Rubisco content at elevated [CO2] revealed that
614the photosynthetic down regulation was caused by a lower Rubisco
615content (Theobald et al., 1998; Aranjuelo et al., 2005; Gutierrez
616et al., 2009). In our study we observed decreases in Rbc L (between
61725 and 30%) and Rbc S (between 40 and 50%; Table 4). These data
618corroborate that plants suffered down-regulation to elevated
619[CO2]. Jifon and Wolfe (2002) suggested that enhancement of
620photoassimilate contents in plants exposed to elevate [CO2]
621induces repression of genes coding for photosynthetic proteins,
622leading to a down-regulation of photosynthetic capacity. At the
623whole plant level this occurs when photosynthesis exceeds the
624capacity of sink organs to assimilate the photosynthate (Aranjuelo
625et al., 2009a). This might explain why the wheat plants showed
626lower Rubisco and TSPC contents (Table 3 and Fig. 4) at elevated
627[CO2]. However, significant differences in Rubisco and TSPC were
628found, but the decrease in Rubisco as a fraction of TSPC was greater
629than other proteins suggesting that the diminished Rubisco
630concentration was caused by a more specific inhibition of Rubisco
631than other proteins in leaves exposed to elevated [CO2] (Pérez et al.,
6322007; Aranjuelo et al., 2011).

63310. Water availability effects on plants

634Similar to other studies, mild-WS reduced and limited plant
635growth (i.e., mild-WS decreased shoot and root biomass between
63650 and 70% compared to WW plants; Fig. 1, Table S1; Aranjuelo
637et al., 2007). RWC measurements revealed that differences
638observed in plant growth were due to water status (Table 3).
639Mild water deficit might reduce the water status and, consequent-
640ly, affect other growth or physiological parameters.
641Photosynthesis of durum wheat is affected by water availability
642(Tambussi et al., 2005; Terzi and Kadioglu, 2006). The photosyn-
643thetic acclimation effect is low under drought, suggesting that
644acclimation is modulated by water deficit. Other studies have
645shown the effect of drought in several C3 plants and indicated that
646drought induces decreases in photosynthetic capacity of the leaves,
647which are accompanied by reductions in Vc,max and Jmax, suggesting
648that drought inactives or decreases Rubisco and other key Calvin
649cycle enzymes (Nogués and Baker, 2000).
650Besides this, significant differences in pigment contents were
651also found between water treatments. WS plants showed lower
652pigment contents than WW plants at depleted and elevated [CO2],
653with an overall reduction in chlorophyll content. Similar results
654have also been reported by other authors (Dalal and Tripathy,
6552012), suggesting that chlorophyll biosynthesis is substantially
656down-regulated under water deficit. Down-regulation of chloro-
657phyll content could act as a regulatory mechanism in plants to
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658 resist drought. Minimisation of light absorption by reduced
659 amounts of chlorophyll would down-regulate the electron
660 transport so as to reduce the ROS production. Decreases in the
661 carotenoid content suggested that the photosynthetic apparatus
662 may be predisposed to photodamage; however, carotenoid
663 increases were observed in mild water deficit under current
664 [CO2]. Carotenoids prevent destruction of chlorophyll in high light
665 by dissipating excess excitation energy and may also stabilise and
666 photo-protect the lipid phase of the thylakoid membranes
667 (Havaux, 1988). On the other hand, the analysis of Rubisco
668 revealed that in our study mild water deficit treatment affected the
669 expression of Rubisco and we observed decreases from 40 to 60% of
670 Rbc L and Rbc S. These data corroborate that the plants suffered
671 down expression of Rubisco content with WS stress. Drought and
672 low water availability inhibited N fixation through their effect on
673 biomass production (Aranjuelo et al., 2007). As in our case, the leaf
674 N content decreased in plants kept under mild water deficit and
675 this is related to the Rubisco content, assimilation and also the
676 production of biomass.

677 11. [CO2] effects on plants modulated by water availability

678 Depleted and elevated [CO2] under drought may limit plant
679 growth. Our study demonstrated that elevated [CO2] and drought
680 had a significant negative impact on biomass production.
681 At elevated [CO2] the autotrophic biomass in WW and mild WS
682 was decreased by 36% and 19%, respectively, with leaves being the
683 most affected organs. However, the root biomass increased 10%
684 and 5% for WW and mild WS plants, respectively, and this is in
685 agreement with previous reports (Amthor, 2001; Uddling et al.,
686 2008; Högy et al., 2009; Aranjuelo et al., 2011). These data suggest
687 that plants invest more C in roots than shoots at elevated [CO2] and
688 this effect is modulated by water availability, with a greater effect
689 in WW plants. An explanation for this is that plants under elevated
690 [CO2] do not need large autotrophic areas to obtain the C and they
691 invest the assimilated C in roots in order to find other nutrients
692 required under the elevated [CO2] conditions. Further, against to
693 our second initial hypotheses, this effect is increased with higher
694 water availability and plant at elevated [CO2] and WW showed
695 lower shoot biomass than WS by acclimation processes. However,
696 under depleted [CO2] the plants kept or even increased their
697 autotrophic organs and decreased roots, suggesting that plants
698 under depleted C invest more in developing the organs that
699 capture more C from the atmosphere. However, mild- WS limits
700 this development. Other authors have also found that plants
701 modify the number of stomata, leaf area, leaf thickness, biomass
702 partitioning and other parameters to adapt to different [CO2]Q5 (Long
703 et al., 2004; Leakey et al., 2009; Gerhart and Ward, 2010).
704 As in other studies (Aranjuelo et al., 2007), drought reduced
705 plant growth (i.e., mild WS plants decrease their shoot and root
706 biomass between 50 and 70% compared to WW plants; Fig. 1,
707 Table S1). Such reductions are minor at elevated than at current or
708 depleted [CO2] suggesting that the effect of mild water deficit is
709 minor at elevated [CO2] because the increased C availability gives
710 plants greater resistance to drought and it is in accordance with
711 our third hypothesis.
712 The leaf relative water content (RWC) measurements (Table 3)
713 revealed that differences observed in plant growth were due to CO2
714 and to water status. Mild water deficit might reduce the water
715 content under elevated [CO2].
716 As we mentioned before, leaves of wheat plants showed
717 photosynthetic acclimation with increases in assimilation and
718 there was also more C partitioning to leaves when plants were
719 switched from current to depleted [CO2]. Assimilation and
720 C partitioning in leaves suffered changes under drought (Allen
721 et al., 1991; Dippery et al., 1995) suggesting that photosynthetic

722acclimation is modulated by water deficit. Aranjuelo et al. (2009b)
723showed that the effect of drought in several C3 plants induced
724decreases in Vc,max and Jmax at elevated [CO2]. However, this effect
725is largely modulated by water availability and at elevated [CO2]
726mild WS plants suffered less down-regulation than WW plants
727because the production and storage of carbohydrates is minor
728under mild WS compared to WW plants. Mild WS negatively
729affected the up-regulation of photosynthesis. These facts sug-
730gested that drought stress inhibited photosynthetic acclimation at
731elevated and depleted [CO2].
732Also, lower photosynthetic rates in WW than in WS plants
733before anthesis and the end of grain filling, and higher rates during
734grain filling, indicated that photosynthetic down-regulation is
735modulated by water deficit and also by the phenological period at
736elevated [CO2]. Our non-stressed wheat plants showed more
737photosynthetic down-regulation before anthesis and during the
738end of the grain filling, and during grain filling had a greater ability
739to increase assimilation of C to then send more photoassimilates to
740the grain under elevated [CO2] (Aljazairi et al., 2014 a,b).
741In terms of chlorophyll fluorescence, mild WS plants showed
742around 10–20% lower values of Fv/Fm, F0v/F0m, FPSII and qp than WW
743plants (Fig. 2, Table S2). This data suggested that WS decreased the
744photochemical efficiency of plants. As we showed before, the
745capacity for carbon assimilation decreased at elevated [CO2], but
746the probability of photoinhibition due to increased non-photo-
747chemical quenching, is increased. Such non-photochemical
748quenching would serve to protect the reaction centres from
749photo-inactivation and damage when the rate of excitation of PSII
750is in excess of the rate of photochemistry (Hymus et al., 2001).
751Changes in pigment contents showed significant differences in
752the interaction of CO2� water availability, indicating that the
753responses of plants were modified by both factors. Plants under
754depleted [CO2] showed decreased pigment contents in both water
755treatments, however, plants at elevated [CO2] only showed large
756decreases in water deficit. These data may indicate the way plants
757reduce their pigment contents to protect themselves from damage
758due to drought and [CO2], minimising the amount of pigment so as
759to reduce electron transport and ROS production (Dalal and
760Tripathy, 2012), this effect was higher under depleted [CO2].
761However, the pigment content reduction is maximal at elevated
762[CO2] and WS indicating that both treatments together have an
763enhanced effect with the CO2 and water availability modulating
764each other. On the other hand, decreases in pigment content
765suggest that the combination of mild water deficit at elevated [CO2]
766put the greatest constraints on plants, but that the impact of
767elevated [CO2] in WW plants was minimum. However, restrictions
768on C under depleted [CO2] caused decreases in pigment content in
769both water treatments suggesting that C restriction at depleted
770[CO2] is a more important limitation than water deficit for plants.
771The analysis of Rubisco at elevated [CO2] revealed that the
772photosynthetic down regulation at elevated [CO2] was caused by a
773lower Rubisco content (Theobald et al.,1998; Aranjuelo et al., 2005;
774Gutierrez et al., 2009) and was modulated by water availability
775with greater decreases in mild WS plants. The lower photosyn-
776thetic rates of plants exposed to 700 ppm may be a consequence of
777decreases in content of both Rubisco subunits. In our study we
778observed decreases in Rbc L (25 and 29% for WW and WS,
779respectively) and Rbc S (40 and 50% for WW and WS; Table 4).
780These data corroborate that plants suffered down-regulation
781under elevated [CO2] and with WS stress the Rubisco content
782was even more affected, but as we saw before, the photosynthetic
783acclimation was stronger in WW plants. Specifically, in WW plants
784there were 103% and 50% more Rbc L and Rbc S subunits,
785respectively, while in WS plants the Rbc L was only 10% higher and
786the Rbc S was 12% smaller at depleted than at current [CO2],
787suggesting that the drought negatively affected the up-regulation
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788 processes at depleted [CO2]. As we highlighted before, WS also
789 modulated the response of Rubisco content to the down- and up-
790 regulation at elevated and depleted [CO2].
791 As in Drake et al. (1997), plants grown under elevated [CO2] had
792 increased nitrogen use efficiency, and was highest in WW plants
793 (45% and 66% for WS and WW plants, respectively). Also, elevated
794 [CO2] enhanced PNUE and decreased leaf N content significantly
795 and underlined the importance of past and future increases in CO2
796 for plants grown (Anderson et al., 2001; Gutierrez et al., 2013).
797 In summary, we have shown a photosynthetic acclimation of
798 plants exposed to 260 and 700 ppm [CO2] (up-regulation and
799 down-regulation, respectively). We also found an absence of
800 effects on biomass production and HI in plants exposed to depleted
801 and elevated [CO2]. This photosynthetic acclimation is modulated
802 by water availability. Furthermore, protein characterisation also
803 revealed that photosynthetic acclimation was caused by an
804 increase and a decrease in Rubisco protein content under depleted
805 and elevated [CO2] respectively. These changes in Rubisco content
806 and the analyses of leaf N content, with increases at depleted [CO2]
807 and decreases at elevated [CO2], suggest that under depleted [CO2]
808 the N content was accumulated in leaves where protein and
809 Rubisco content were higher, and under elevated CO2 there was
810 reallocation of leaf N to other parts of the plants, and most likely
811 the spikes. In this experiment, spikes of wheat did not contribute to
812 an increase in C sink strength. Also, at elevated [CO2] the absence of
813 effects on biomass production, and HI, reflected the inability of
814 plants to create new C sinks. Therefore, such plants were incapable
815 of overcoming leaf photoassimilate accumulation, with a conse-
816 quent alteration in leaf N and protein content that caused
817 photosynthetic down-regulation. Finally, mild water deficit
818 modulated the ability of plants to grow through its inhibitory
819 effect on biomass production in plants at the three CO2 levels.
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