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Abstract1 

Only limited public transcriptomics resources are available for durum wheat and its responses to 2 

environmental changes. We developed a quantitative RT-PCR platform for analysing the expression of 3 

primary C and N metabolism genes in durum wheat in leaves (125 genes) and roots (38 genes), 4 

based on available bread wheat genes and the identification of orthologs of known genes in other 5 

species. We also assessed the expression stability of seven reference genes for qRT-PCR under 6 

varying environments. We therefore present a functional qRT-PCR platform for gene expression 7 

analysis in durum wheat, and suggest using the ADP-ribosylation factor as a reference gene for qRT-8 

PCR normalization. We investigated the effects of elevated [CO2] and temperature at two N supplies 9 

on C and N metabolism by combining gene expression analysis, using our qRT-PCR platform, with 10 

biochemical and physiological parameters in durum wheat grown in field chambers. Elevated CO211 

down-regulated the photosynthetic capacity and led to the loss of N compounds, including Rubisco; 12 

this effect was exacerbated at low N. Mechanistically, the reduction in photosynthesis and N levels 13 

could be associated with a decreased transcription of the genes involved in photosynthesis and N 14 

assimilation. High temperatures increased stomatal conductance, and thus did not inhibit 15 

photosynthesis, even though Rubisco protein and activity, soluble protein, leaf N, and gene expression 16 

for C fixation and N assimilation were down-regulated. Under a future scenario of climate change, the 17 

extent to which C fixation capacity and N assimilation are down-regulated will depend upon the N 18 

supply. 19 

20 

Keywords: elevated CO2, high temperature, nitrogen, primary metabolism, qRT-PCR, Triticum durum 21 
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Introduction1 

The most important wheat species in agriculture are hexaploid bread wheat (Triticum aestivum, 2 

AABBDD genome) and tetraploid durum wheat (Triticum turgidum spp. Durum, AABB genome). The 3 

diploid progenitors of allopolyploid wheat species are closely related, which is reflected in the high 4 

average identity (approximately 97%) between coding regions of different wheat homeologs (Dvorak et 5 

al. 2006). The complex polyploid nature of wheat genomes, however, makes genetic and functional 6 

analyses extremely challenging. As tetraploid durum wheat accounts for only about 5% of global 7 

wheat production (Peng et al. 2011), much less effort has been dedicated to developing genomic 8 

resources for durum wheat than for hexaploid bread wheat. For example, regarding the 9 

transcriptomics resources and tools from public databases that are available to the wheat research 10 

community (Coram et al. 2008, Kolesnikov et al. 2015), the bulk of the data are available for bread 11 

wheat, with 1.3 million expressed sequence tags (ESTs) submitted to dbEST 12 

(http://www.ncbi.nlm.nih.gov/genbank/dbest/), with only 19,687 ESTs being submitted for durum wheat 13 

(January 2015). The scarcity of the durum wheat sequences available in public databases requires the 14 

use of homologous bread wheat sequences. Nevertheless, homologous sequences must be validated 15 

in durum wheat before investigating their biological responses, such as how durum wheat will respond 16 

to climate change. 17 

To meet the increasing demands for food worldwide, and despite the difficulties posed by climate 18 

change, there is a need to identify the wheat orthologs of genes that cover all the functions in plant 19 

primary metabolism. One approach is to use a simpler and fully sequenced genome, such as Oryza 20 

sativa, Arabidopsis thaliana or Brachypodium distachyon for the reference-based grouping of 21 

reads/ESTs prior to their assembly into transcripts (Mitchell et al. 2007). Another approach is to search 22 

wheat databases for sequences with the highest homology to known genes of interest, and validate 23 

the resulting candidates in silico or in vivo; either one of these two methods may be used to obtain 24 

candidates for primary metabolism-related genes in durum wheat. This candidate identification is 25 

helpful as a first step towards constructing networks controlling plant growth and development, or for 26 

understanding the shift in C-N balance observed with CO2 enrichment (Ainsworth et al. 2007), as 27 

foreseeable with global climate change.  28 

Gene expression analysis is key to understanding how environmental factors impact upon biological 29 

processes. A DNA array is available for the transcriptome analysis of bread wheat; however, 30 
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quantitative reverse transcription-PCR (qRT-PCR) is estimated to be at least 100-fold more sensitive 1 

than DNA arrays in detecting transcripts (Czechowski et al. 2004). Gene expression quantification by 2 

qRT-PCR requires efficient normalization using appropriate reference genes often referred to as 3 

housekeeping and/or control genes, which ideally show a stable expression under experimental 4 

conditions and tissues of interest (Udvardi et al. 2008, Hruz et al. 2011). Some of the best known and 5 

most frequently used reference genes for qRT-PCR are actin, tubulin, ubiquitin, 18S or 26S ribosomal 6 

RNA, β-glucuronidase or glyceraldehyde-3-phosphate dehydrogenase (Paolacci et al. 2009, Hruz et 7 

al. 2011, Feng et al. 2012). Unfortunately, even these reference genes do not always have stable 8 

transcript levels (Hruz et al. 2011), and their misuse may compromise gene expression studies. A set 9 

of new reference genes, including Ta54227 (AAA superfamily of ATPases), Ta2291 (ADP-ribosylation 10 

factor), and Ta2776 (RNase L inhibitor-like protein), has recently been proposed as more stable and 11 

effective in the normalization of gene expression in bread wheat (Paolacci et al. 2009). Further studies 12 

have also identified appropriate and stably expressed reference genes in bread wheat (Long et al. 13 

2010, Tenea et al. 2011, Feng et al. 2012) and different Triticeae species (Giménez et al. 2011). While 14 

these studies have emphasized the importance of highly reliable reference genes, and identified novel 15 

reference genes for bread wheat, there is a dearth of validated reference genes for durum wheat 16 

throughout development and under a range of environmental conditions.  17 

The Earth’s mean surface temperature is expected to increase throughout the 21st century as 18 

atmospheric [CO2] rises, with estimates depending on climate change emissions scenarios (IPCC 19 

2013). Global climate change will pose an additional challenge to food security by significantly 20 

modifying the crop-production environment. The long-term exposure of C3 plants like wheat to 21 

elevated [CO2] leads to a phenomenon known as CO2 acclimation, or the down-regulation of 22 

photosynthesis (Nie et al. 1995, Del Pozo et al. 2007, Gutiérrez et al. 2009, Aranjuelo et al. 2011, 23 

Pérez et al. 2011), which is characterized by a reduction in the amount and activity of ribulose-1,5-24 

bisphosphate carboxylase oxygenase (Rubisco) (Pérez et al. 2005, Del Pozo et al. 2007). This 25 

reduction is often associated with the repression of the nuclear-encoded small subunit of the enzyme 26 

caused by enhanced leaf carbohydrate content or lower plant N concentration (Taub and Wang 2008, 27 

Aranjuelo et al. 2011). Explanations for this N decline include the dilution of N by the increased 28 

photosynthetic assimilation of C, the inhibition of photorespiration, a slower uptake of N in roots, a 29 

decreased transpiration-driven mass flow of N, and the inhibition of nitrate assimilation into proteins 30 
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(Taub and Wang 2008, Pleijel and Uddling 2012, Bloom et al. 2014, Myers et al. 2014). Above-optimal 1 

temperatures inhibit photosynthesis and increase photorespiration, especially when accompanied by 2 

reduced precipitation (Salvucci and Crafts-Brandner 2004, Pérez et al. 2011). The effects of elevated 3 

[CO2] and high temperature in plants are modified by N availability, being more pronounced when the 4 

N supply is suboptimal or deficient (Stitt and Krapp 1999). This highlights the importance of 5 

investigating the close interaction between C and N metabolic pathways. Only a few studies have 6 

investigated the combined effects of elevated CO2 and temperature under field conditions, either in 7 

field chambers (Pérez et al. 2005, 2011, Martínez-Carrasco et al. 2005, Gutiérrez et al. 2009) or in 8 

free-air CO2 enrichment (FACE) with heating arrays (Ruiz-Vera et al. 2013, Rosenthal et al. 2014). 9 

Even fewer studies have explored these factors in combination with the N supply (field chamber 10 

studies cited above). Moreover, these studies have yet to include leaf transcription profiles (Miyazaki 11 

et al. 2004, Taylor et al. 2005, Kim et al. 2006, Li et al. 2008, Fukayama et al. 2009, Tallis et al. 2010, 12 

Li et al. 2013, Markelz et al. 2014a), primary metabolites, and physiological characteristics. 13 

Understanding the interaction between C metabolism and inorganic N assimilation in crops under the 14 

conditions anticipated for future climate change is important to both predict and optimize plant growth 15 

and productivity. 16 

This study’s main aim was to develop and optimize a qRT-PCR platform for durum wheat including 17 

genes that have been identified as key upstream components of sugar, N, and CO2 responses in 18 

Arabidopsis (Scheible et al. 2004, Bläsing et al. 2005, Osuna et al. 2007, Li et al. 2008). The 19 

expression stability of seven of the reference genes reported by Paolacci et al. (2009) for bread wheat 20 

was assessed in durum wheat. After validating the primer pairs for target and reference genes, we 21 

investigated transcript profile responses to elevated [CO2] and high temperature at two N supplies, as 22 

well as their relationship with other physiological and biochemical parameters. The study was 23 

performed at anthesis in flag leaves of durum wheat grown in field chambers. We were interested in 24 

NO3
- as when this nutrient form is the sole N source, growth in elevated CO2 has been reported to 25 

inhibit NO3
- assimilation and organic N accumulation (Bloom et al. 2012). The new platform has 26 

enabled us to disclose a series of candidate genes that are differentially expressed in response to 27 

future climate change using the ADP-ribosylation factor for accurately normalizing our qRT-PCR 28 

results. This tool can also be used to study plant responses to other relevant abiotic stress factors.  29 

30 
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Results1 

Optimization of the qRT-PCR platform: identification of genes associated with C and N metabolism in 2 

durum wheat and validation of specific primer pairs3 

The genes to be incorporated into the qRT-PCR platform were selected from those that respond 4 

rapidly to changed C and N supplies (Scheible et al. 2004, Bläsing et al. 2005, Osuna et al. 2007), as 5 

well as from those involved in photosynthesis and energy, N, carbohydrate and organic acid 6 

metabolism that show important changes in expression at elevated [CO2] in different plant species 7 

(Miyazaki et al. 2004, Taylor et al. 2005, Ainsworth et al. 2006, Li et al. 2008, Fukayama et al. 2009, 8 

2011, Tallis et al. 2010, Kaplan et al. 2012) (Table 1). The approach adopted for identifying durum 9 

wheat genes included several steps (Fig. 1). First, due to the scarcity of sequences available for this 10 

species, other Triticeae species were prioritized according to the genetic similarity of the A genome 11 

with Triticum durum (Ehtemam et al. 2010): Triticum aestivum (89%) and Triticum monococcum (85%). 12 

This approach was chosen as the A genome dominates the phenotype of tetraploid wheat (Feldman 13 

and Levy 2009). Target gene sequences for the qRT-PCR platform were identified from public 14 

databases, mainly from the manually annotated sequences in UniProtKB/Swiss-Prot and from named 15 

wheat sequences in GenBank (Table 1, Supplementary Table S1). Second, as many of the proteins of 16 

interest either lacked a sequence match or had a poorly annotated one, BLAST (Altschul et al. 1990) 17 

was used to search for genes homologous to the proteins of interest in both DFCI Triticum aestivum18 

Gene Index (TaGI) and GenBank (wheat nr/nt collection). Following this approach, thirty-two 19 

orthologous sequences were identified using Arabidopsis thaliana (14 genes) or other monocots:20 

Oryza sativa (12 genes), Hordeum vulgare (three) and Brachypodium distachyon (three). These gene 21 

sequences were added to the platform with the word ‘putative’, followed by the accession number of 22 

the template sequence (Table 1). GenBank identifiers were used where equivalent sequences were 23 

found in both databases. Third, BLASTn, InParanoid and TargetP1.1 tools, together with multiple 24 

sequence alignment and phylogenetic trees, were used for both orthologs and poorly annotated 25 

sequences to predict either protein function or subcellular localization. For example, tentative 26 

annotations were derived from phylogenetic trees for the subcellular localization of two poorly 27 

annotated sequences (Fig. 2a), and for the biological function of two orthologous genes (Fig. 2b). 28 

As a final step, specific primers were designed and verified in silico (Supplementary Table S1). The 29 

specificity of PCR amplification was confirmed by the presence of unique amplicons of the expected 30 
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length following electrophoresis on agarose gels, and by dissociation curves with single peaks. A more 1 

stringent test of PCR specificity was performed by sequencing the amplified products of 15 target 2 

genes (Supplementary Table S2), comprising 12 genes designed for T. aestivum, two genes for T. 3 

durum, and one gene for T. turgidum. Sequencing was conducted in both directions in order to obtain 4 

the entire short sequence of PCR products. After alignment with MUSCLE (Supplementary Table S2), 5 

only a few single nucleotide polymorphisms (SNPs) appeared in some PCR products. Moreover, when 6 

the consensus sequence was introduced as a query in BLASTn, it was well matched with the target 7 

cDNA. This workflow helped to identify 139 sequences; 132 belonged to Triticum aestivum, six to 8 

Triticum durum and one to Triticum monococcum. Of these sequences, 131 were tested and validated 9 

in leaves and/or roots (125 and 38, respectively), seven for reference genes and one for DNA 10 

contamination verification. As all the primers work at the same Tm (60 °C), they can be used on the 11 

same plate for qRT-PCR performance. 12 

13 

Optimization of the qRT-PCR platform: assessment of expression stability of the reference genes in 14 

durum wheat15 

The expression levels of seven reference genes were assessed in leaf samples representing a wide 16 

range of conditions (see Materials and Methods section and Supplementary Fig. S1). In addition, the 17 

variability of their signal intensity was verified through 1,532 available bread wheat 55k microarrays in 18 

the RefGenes tool from Genevestigator (April 2013), which stores a wide variety of gene expression 19 

results for different tissues and conditions (Table 2).  20 

Two of the most commonly used reference genes, actin and α-tubulin, were the least stably expressed 21 

among the seven reference genes, both in our own experimental results and in Genevestigator (Table 22 

2). β-tubulin had the lowest coefficient of variation (CV) in our experimental conditions, but showed 23 

greater variability in the RefGenes data array. The ADP-ribosylation factor and ubiquitin were 24 

consistently the most stable across the two expression datasets, with a CV in our experimental 25 

conditions of 2.67% and 2.74%, respectively, and 3.07% and 2.82% in the RefGenes data array (Table 26 

2). Stability was also evaluated in 48 root samples from hydroponic cultures, and the ADP-ribosylation 27 

factor appeared to be the most stably expressed (Ct = 22.95 ± 0.79; CV = 3.42%), with a narrow Ct28 

range across all the tissues and conditions analysed.  29 

30 
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A case study of durum wheat grown in field chambers in elevated [CO2] and high temperature at 1 

different N supplies: physiological and biochemical responses 2 

To elucidate the processes underlying plant responses to elevated [CO2] and high temperature at 3 

different N supplies, this study has combined physiological, biochemical and gene expression analysis 4 

at anthesis in the flag leaves of durum wheat grown in field chambers (Supplementary Fig. S1). An 5 

analysis of variance was conducted that revealed large, significant effects on gas exchange, dry 6 

weight, leaf composition and enzyme activities of factor (CO2, temperature and N supply) main effects 7 

and interactions, particularly that of [CO2] with N (Supplementary Table S4; for simplicity, the most 8 

interesting two-factor combinations are shown in Table 3). At the respective growth CO2 conditions, 9 

photosynthesis was higher in elevated rather than ambient [CO2] (31%; compare in Table 3 plants 10 

grown and measured in elevated [CO2] with those grown and measured in ambient [CO2]). However, 11 

relative to ambient [CO2], elevated [CO2] led to 62% and 35% down-regulation of photosynthesis 12 

capacity when measured at a common concentration of 370 and 700 µmol mol−1 CO2, respectively. 13 

Photosynthesis decreased with elevated [CO2] to a greater extent in N-deficient plants than in N-14 

abundant ones, although the CO2 × N interaction was not significant. Larger decreases with elevated 15 

[CO2] in stomatal conductance and transpiration, and lower increases in intercellular [CO2] occurred at 16 

warm rather than ambient temperatures. Elevated [CO2] led to an increase in shoot dry matter that 17 

was smaller (12%) than the increase in photosynthesis (31%). The increased [CO2] led to a greater 18 

accumulation of carbohydrates, particularly fructans, under a low N supply than under a high one. In 19 

contrast, decreases in N concentration, total chlorophyll, amino acids and soluble protein (especially 20 

Rubisco) content were observed in plants grown at elevated [CO2]; for some of these parameters, the 21 

drop was higher with a low N supply than with a high one. CO2 enrichment decreased Rubisco as a 22 

percentage of total soluble protein at ambient temperatures but not at warm ones. With elevated [CO2] 23 

maximal nitrate reductase (NR) activity, initial and total Rubisco activities declined; the former two to a 24 

greater extent at above ambient temperature. Conversely, the activation of both NR and Rubisco 25 

increased with elevated [CO2], the latter at a high N supply, but not at a low one.  26 

Above-ambient temperatures had fewer effects on the recorded physiological and biochemical 27 

parameters than elevated [CO2]. Growth in warmer temperature did not affect photosynthesis or 28 

biomass, but increased stomatal conductance and transpiration in plants grown in ambient [CO2]. 29 

Whilst glucose and fructose increased in plants grown at warmer temperature, starch decreased. 30 
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Furthermore, higher temperature led to a loss of N in the flag leaves, by way of decreased 1 

concentration in dry matter, total content (in plants grown in ambient [CO2]) and allocation, with a 2 

concomitant increase in N allocation to the ear. Amino acid, soluble protein and Rubisco protein (and 3 

its percentage of total soluble protein) contents decreased with warm temperature, especially in plants 4 

grown in ambient [CO2]. In contrast, initial Rubisco and selective NR activities (see Materials and 5 

Methods) decreased with temperature in elevated but not ambient [CO2]. Above-ambient temperatures 6 

decreased maximal NR activity at high but not low N (not shown). 7 

8 

A case study of durum wheat grown in field chambers in elevated [CO2] and high temperature at 9 

different N supplies: transcript abundance10 

Concurrent with the decrease in photosynthetic capacity, elevated [CO2] repressed several genes 11 

involved in photosynthesis, including the cytb6f Rieske iron-sulfur subunit, the chloroplastic ATPase β-12 

subunit, the GluTR and Rubisco large subunit (see abbreviations Table 1), together with other genes 13 

related to photorespiration, the oxidative pentose phosphate pathway (OPPP), glycolysis and the 14 

tricarboxylic acid (TCA) cycle (Table 4, Supplementary Table S3). Elevated [CO2] also decreased the 15 

transcripts of genes required for starch and sucrose synthesis, although the contents of both sugars 16 

increased. Furthermore, genes encoding fructosyltransferases were strongly induced by elevated 17 

[CO2], while the gene encoding 6-KEH was repressed, in correlation with a higher accumulation of 18 

fructans. In addition, the transcript levels for NADH-NR and AS were decreased by CO2 enrichment in 19 

association with the decline in N concentration, while those for cytosolic GS1 increased. The genes 20 

encoding HSP90.1-A1 and NF-YB3 were up-regulated and down-regulated, respectively. Several 21 

genes were also repressed by elevated [CO2] at a low N supply but not at a high one (Table 4, 22 

Supplementary Table S3), including mitochondrial ATPase β-subunit, vacuolar ATPase B1, plastidial 23 

PGK, TPI, RPI, AGPase small subunit, SS isoform IV, SPP, SUS, 6&1-FEH, CESA, F2KP, cytosolic 24 

FBA, PDC, OGDC subunits, NRT1.1B, NRT1.7B and GS (plastidial and cytosolic). The decreased 25 

expression for PGLP and NiR by elevated [CO2] was more pronounced in a low rather than a high N 26 

supply. CO2 differentially affected the expression of a few genes depending on temperature. Thus, at 27 

warmer temperature elevated [CO2] decreased the transcripts for LHCI, D1 protein, SHMT and iso1, 28 

while it increased those for AMT2;1. Conversely, at ambient but not warmer temperature, elevated 29 

[CO2] induced the expression of NAR2.1 and NAR2.2. 30 
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Although high temperature did not affect photosynthesis, it repressed several genes related to it, such 1 

as the cytb6f Rieske iron-sulfur subunit, PC, Fd, FNR, vacuolar ATPase B1, GluTR, the Rubisco large 2 

and small subunits, together with other genes involved in photorespiration, OPPP, glycolysis, the TCA 3 

cycle and HSP70 (Table 4, Supplementary Table S3). Other genes required for the synthesis and 4 

degradation of carbohydrates and N assimilation were also repressed, while a concomitant decline of 5 

starch and N compound contents was found. By contrast, warmer temperatures increased the 6 

transcript levels for 1-FEH, cell-wall invertase, cytosolic ICDH, NRT1.5B and HSP90.1-A1. When 7 

combined with a low N supply, but not a high one, above-ambient temperatures repressed several 8 

genes including mitochondrial ATPase β-subunit, PGLP, 6&1-FEH, trehalase, CLC and Dof1. In 9 

addition, the significant [CO2] × temperature interaction indicated that in plants exposed to elevated 10 

[CO2] genes encoding the LHCI, D1 protein, mitochondrial SHMT and NiR were down-regulated by 11 

warmer temperatures, while NAR2.2 was up-regulated. In turn, in plants grown at ambient [CO2], 12 

above-ambient temperatures decreased the transcripts for cytosolic PGI, AMT2;1 and NAR2.1. 13 

An overall comparison of treatments, with changes relative to the control conditions (ambient 14 

temperature and [CO2] and high N supply; AIH), is shown in a hierarchically clustered heat map 15 

(Supplementary Fig. S2), based on physiological and biochemical parameters and transcript 16 

abundance. In elevated [CO2] with warmer temperature and a low N supply (EFL), the treatment 17 

mimicking future environmental changes clustered away from the rest of the treatments. Although the 18 

differences in photosynthesis rate between EFL and AIH did not reach significance with the lsd test for 19 

the three-way interactions, EFL led to 58% and 45% down-regulation of C assimilation as compared to 20 

AIH when measured at 370 and 700 µmol mol−1 CO2, respectively (Supplementary Table S4). 21 

Decreased photosynthesis was associated with enhanced contents of fructose (125%) and sucrose 22 

(38%), and strong non-significant increases in fructans (1424%) and starch (228%). EFL led to a 23 

depletion of leaf N concentration as a percentage of dry matter (59%), leaf N (50%) and Rubisco 24 

protein (57%) contents, relative to AIH. Most of the genes analysed were repressed, while a small 25 

group were induced (Table 4). Thus, EFL down-regulated the genes related to light reactions, the 26 

Calvin-Benson cycle, photorespiration, tetrapyrrole synthesis, glycolysis, the TCA cycle and N 27 

assimilation, and up-regulated the genes encoding fructosyltransferases and the associated MYB13 28 

transcription factor, as well as the stress protein HSP90, as compared to AIL (Table 4).29 

30 
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Discussion1 

We have developed a primer platform for studying the expression of C fixation and N assimilation 2 

genes in tetraploid durum wheat (Triticum durum Desf. cv. Regallo) (Table 1, Supplementary Table 3 

S1). This resource has enabled us to measure transcript levels in leaves for 125 genes encoding key 4 

proteins for light reactions, central metabolism, cell-wall synthesis and stress with high specificity and 5 

precision. Of these, about 32 transcripts were also detected in root samples, and another six that were 6 

not detected in leaves, allowing us to measure the expression of a total of 38 genes in roots. Three 7 

transcription factors have been incorporated into the platform: MYB13, involved in fructosyltransferase 8 

activation (Xue et al. 2011), and Dof1 and NF-YB3 in the regulation of a number of N metabolism or 9 

photosynthesis genes, respectively (Chen et al. 2005, Stephenson et al. 2011). 10 

In this research, a significant number of target gene sequences were identified by exploiting the 11 

publicly available databases for wheat, while a set of 32 genes were identified by searching in TaGI for 12 

genes that are homologous to well-known genes in other plant species. For the 131 sequences of C 13 

and N metabolism genes identified in leaves and roots, specific and efficient primers were designed. 14 

As most genes are represented by three copies in bread wheat (Sharma et al. 2010), two copies per 15 

gene should be expected in durum wheat. Using Primique, genome specificity could be achieved if 16 

one of the primers overlapped a multiple intergenomic SNP (Uauy et al. 2009). Single PCR products of 17 

the expected size were obtained following qRT-PCR, and the sequencing of a subset of them 18 

confirmed the specificity of each PCR. Among the 15 PCR products sequenced, only 15 mismatches 19 

appeared in a total of 1,590 bases sequenced for the 12 hexaploid wheat templates (99% identity). 20 

This similarity was based on 97% identical coding regions in the A, B and D genomes (Dvorak et al. 21 

2006). Despite genome differences, 62% of the primer pairs designed from bread wheat worked in 22 

durum wheat (139/225), showing that the former can be used for gene identification and primer 23 

validation in the latter. 24 

To accurately quantify gene expression using qRT-PCR, it is crucial to use reference genes with a 25 

stable expression throughout development and under a range of environmental conditions. In our 26 

study, two of the most frequently used reference genes, actin and α-tubulin, had the least stable 27 

expression, which may compromise gene expression analysis. The ADP-ribosylation factor had strong 28 

expression stability, and was selected for the accurate quantification and normalization of the gene 29 

expression (Paolacci et al. 2009; Long et al. 2010, Hruz et al. 2011) in response to [CO2] and 30 
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temperature at two N supplies in flag leaves of field grown durum wheat. Nevertheless, other stably 1 

expressed genes (RNase L inhibitor-like protein and ubiquitin) could be used to ensure a proper 2 

normalization of qRT-PCR data. These results highlight the importance of systemic validation for a 3 

wide set of experimental conditions, and could guide the selection of reference genes for gene 4 

expression studies in durum wheat. 5 

The responses of field crops to elevated [CO2] and temperature at two N supplies were investigated by 6 

combining transcript expression analysis, using the developed qRT-PCR platform, with biochemical 7 

and physiological parameters. In this study, elevated [CO2] enhanced photosynthesis with a 8 

comparatively weaker improvement in dry matter accumulation, but it down-regulated photosynthetic 9 

capacity (cf. Nie et al. 1995, Pérez et al. 2005, Gutiérrez et al. 2009, Aranjuelo et al. 2011, Sinha et al. 10 

2011) in association with reductions in Rubisco activity and protein (Stitt and Krapp 1999). Elevated 11 

[CO2] also decreased leaf and shoot N (cf. Aranjuelo et al. 2011, Taub and Wang 2008), both on a 12 

weight and whole organ basis, amino acids as well as soluble proteins other than Rubisco (cf. 13 

Martínez-Carrasco et al. 2005, Del Pozo et al. 2007, Gutiérrez et al. 2009, Aranjuelo et al. 2011). The 14 

fact that elevated [CO2] induced lower decreases in soluble protein than in Rubisco protein at ambient 15 

but not warmer temperatures suggests that the selectivity of Rubisco loss under [CO2] enrichment 16 

(Long et al. 2004) is not a general response. The decrease in Rubisco with elevated [CO2] may be 17 

exacerbated by the reduction in transcripts for the Rubisco large subunit (cf. Nie et al. 1995). The 18 

down-regulation of GDH and AS, possibly together with the decreased N uptake (Del Pozo et al. 2007, 19 

Taub and Wang 2008) associated with the lower expression of NRT1.5B, may have contributed to the 20 

loss of plant N. Remarkably, the decline with elevated [CO2] in the NR transcript (cf. Ferrario-Méry et 21 

al. 1997, Geiger et al. 1998, Guo et al. 2013) and total activity was compensated by increased enzyme 22 

activation, whereby selective NR activity did not appear to cause the observed decrease in N 23 

contents. The reduced contents of amino acids, particularly glutamine, and increased sucrose 24 

contents (at a low N supply) with elevated [CO2] could increase NR activation (Morcuende et al. 1998). 25 

The inhibition of photorespiration by high [CO2] (Long et al. 2004) was associated with the repression 26 

of genes involved in this pathway (cf. Ainsworth et al. 2006, Li et al. 2008) and may decrease the 27 

amount of reductant available to power NO3
- reduction, as proposed by Bloom et al. (2012), and 28 

contribute to the observed decline in plant N. Photosynthetic acclimation to elevated [CO2] tended to 29 

be higher when the N supply was limited (cf. Stitt and Krapp 1999, Martínez-Carrasco et al. 2005, Del 30 
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Pozo et al. 2007, Gutiérrez et al. 2013), because Rubisco activation did not increase as it did at high N 1 

in this and earlier studies (Pérez et al. 2005), and chlorophyll content and leaf N concentration 2 

decreased more at low rather than high N. The decline with elevated [CO2] of the gene expression for 3 

further nitrate transporters (cf. Guo et al. 2013, Fukayama et al. 2011) and other proteins involved in N 4 

assimilation, such as NiR, could help to accentuate the decline in leaf N concentration. Overall, the 5 

results suggest that a decrease in the transcripts for enzymes of N uptake and assimilation, which is 6 

more marked at a low N supply, is involved in the fall in concentration of N compounds and the down-7 

regulation of photosynthetic capacity (cf. Stitt and Krapp 1999, Gutiérrez et al. 2013) in elevated [CO2]. 8 

The [CO2]-induced carbohydrate accumulation in leaves (cf. Stitt and Krapp 1999, Pérez et al. 2005), 9 

predominantly fructans (Nie et al. 1995, Pérez et al. 2005), was stronger at a low rather than a high N 10 

supply (cf. Ferrario-Méry et al. 1997, Pérez et al. 2005), which may be related to the nitrate inhibition 11 

of starch (Scheible et al. 1997) and fructan synthesis (Morcuende et al. 2004). This regulatory role of 12 

N may override the decreases with elevated [CO2] in the transcript level for several enzymes of 13 

sucrose and, at variance with prior reports (Fukayama et al. 2011, Kaplan et al. 2012), starch, 14 

especially in N-deficient plants. In contrast, the predominant fructan accumulation under elevated 15 

[CO2] was correlated with the strong induction of fructosyltransferases, as reported in rice (Fukayama 16 

et al. 2011). The repression with elevated [CO2] of genes related to carbohydrate degradation, such as 17 

sucrose synthase and fructan exohydrolases, particularly at low N, may also have contributed to the 18 

higher accumulation of sugars under such conditions. The decreased gene expression for glycolytic 19 

and TCA enzymes with elevated [CO2], particularly at a low N supply, contrasts with other reports 20 

(Ainsworth et al. 2006, Li et al. 2008, Fukayama et al. 2011, Li et al. 2013), although a lower induction 21 

of these genes was reported at a low N supply compared to a high one in Arabidopsis (Markelz et al. 22 

2014a). In spite of the repression of these genes, dark respiration rates can be enhanced (Davey et al. 23 

2004, Markelz et al. 2014b) owing to the carbohydrate build-up at elevated [CO2]. The results of this 24 

study are consistent with the proposed repression of photosynthetic genes by carbohydrate 25 

accumulation at elevated [CO2] (Stitt and Krapp 1999). 26 

The down-regulation of genes for light reactions, Calvin-Benson cycle enzymes and chlorophyll 27 

synthesis found in our study, particularly under N deficiency, may account for the reported effects of 28 

elevated [CO2], such as decreased photochemical activity (cf. Martínez-Carrasco et al. 2005, Sinha et 29 

al. 2011). In contrast, the lower transcript abundance for LHCI and D1 caused by elevated [CO2] at 30 
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warm temperature did not correlate with the mitigation by high [CO2] of photochemistry inhibition 1 

induced by high temperatures (Gutiérrez et al. 2009). The decrease in transcripts for several CAs with 2 

elevated [CO2] (cf. Li et al. 2006, Fukayama et al. 2011) could lower mesophyll conductance; however, 3 

an increase in the CA protein was found in wheat (Aranjuelo et al. 2011). The induction of the gene 4 

encoding HSP90.1-A1 by elevated [CO2] could improve tolerance to environmental stress, while the 5 

repression of that encoded NF-YB3 transcription factor may hinder the expression of photosynthetic 6 

genes (Stephenson et al. 2011). Other studies have also reported the induction or repression of 7 

several transcription factors by elevated [CO2] (Ainsworth et al. 2006, Li et al. 2008). 8 

Variable effects of mildly elevated temperature on carboxylation rates have been reported (Salvucci 9 

and Crafts-Brandner 2004, Martínez-Carrasco et al. 2005, Alonso et al. 2008, Rosenthal et al. 2014). 10 

In spite of the decreases in Rubisco protein (cf. Vu et al. 1997, Pérez et al. 2011) and, at elevated 11 

[CO2], in initial activity (cf. Pérez et al. 2011), the moderate increases in temperature in this study did 12 

not inhibit photosynthesis, possibly because a higher stomatal conductance improves photosynthesis 13 

and favours leaf cooling. The lower Rubisco protein content at warm temperature compared to 14 

ambient temperature was associated with decreased transcripts for Rubisco small (cf. Pérez et al. 15 

2005) and large subunits, and for other Calvin-Benson cycle and light reaction proteins. At variance 16 

with this association, the lower transcript abundance for GluTR at warm rather than ambient 17 

temperature was not correlated with a reduction in chlorophyll content in this and previous studies 18 

(Gutiérrez et al. 2009). Notably, the down-regulation of the genes involved in photorespiration 19 

contrasted with the expected enhancement of this process under warmer temperatures (Long 1991). 20 

Heat stress (above 45 ºC), which is over the temperature range used in our experiment, decreased 21 

photorespiration (Law and Crafts-Brandner 1999), and also down-regulated several proteins involved 22 

in this pathway (Xu et al. 2010). Whether moderately warmer growth temperatures inhibit 23 

photorespiration merits further investigation.  24 

The decreases with warm temperature in soluble protein, amino acid and N contents, and either 25 

maximal (at high N supply) or selective (at elevated [CO2]) NR activities were accompanied by the 26 

repression of the genes involved in N assimilation and amino acid metabolism. These results suggest 27 

an inhibition of N assimilation and further amino acid biosynthesis. Above-ambient temperature 28 

changed N partitioning within the plant, with a redistribution of N from the flag leaf and the rest of the 29 

shoot towards the ear, indicating that plant growth and the mobilization of assimilates to the ear were 30 
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hastened (Ford et al. 1976). Consistent with this earlier mobilization, amino acids and starch 1 

decreased with warmer temperature, while fructose and glucose, which may originate from the 2 

degradation of other carbohydrates, increased. Along with these changes, the transcripts for the genes 3 

required for starch and sucrose synthesis, glycolysis and the TCA cycle were decreased by warm 4 

temperature. The up-regulation of the HSP90.1-A1 heat shock protein was associated with high 5 

temperature, although HSP70 was slightly down-regulated. The number of genes whose expression 6 

was altered by above-ambient temperature combined with elevated [CO2], ambient [CO2] or low N 7 

supply, was comparatively low. The results of this study indicate that both elevated [CO2] and, to a 8 

lesser extent, high temperature, decreased the content of N compounds, including Rubisco protein, 9 

concomitant with a repression of the genes involved in photosynthesis, photorespiration, N 10 

metabolism and (partly) C metabolism. 11 

Compared to the plants grown in ambient [CO2] and temperature at a high N supply, the ones grown in 12 

elevated [CO2] and temperature at a low N supply showed a similar pattern of changes to those 13 

induced by elevated [CO2] at a low N supply, as previously described. The results indicate that the 14 

contribution of above-ambient temperature to these alterations was small. However, the magnitude of 15 

change in N distribution within the plant and selective NR activity was higher with elevated 16 

temperature. Elevated [CO2], high temperature and low N availability – the treatment combination 17 

simulating a future change in the environment – led to a depletion of photosynthetic capacity (cf. 18 

Salvucci and Crafts-Brandner 2004, Martínez-Carrasco et al. 2005, Pérez et al. 2005, 2011), linked to 19 

the down-regulation of Rubisco protein, plant N status and gene transcripts for photosynthetic proteins 20 

(cf. Nie et al. 1995, Pérez et al. 2005). The down-regulation of the expression for the NF-YB3 21 

transcription factor may have contributed to the decline in transcript abundance for photosynthesis. 22 

The future environment promoted an extensive accumulation of carbohydrates, especially fructans, 23 

correlated to the induction of genes required for their synthesis, and MYB-13, a transcription factor 24 

involved in fructosyltransferase activation (Xue et al. 2011), and the repression of those related to 25 

fructan degradation.  26 

In conclusion, the qRT-PCR platform developed here for the expression analysis of C and N 27 

metabolism-related genes in durum wheat effectively provides an overview of the abundance of 28 

transcripts ordered by pathways. To the best of our knowledge, such a resource for qRT-PCR has not 29 

been previously available. We successfully verified that bread wheat sequences can be used for gene 30 
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identification and primer validation in durum wheat. The qRT-PCR platform has helped to confirm that 1 

photosynthetic acclimation to elevated [CO2] was driven by a reduction in the concentration of N 2 

compounds, particularly Rubisco, and the repression of genes for N assimilation and photosynthesis. 3 

These effects were significantly more pronounced in N-deficient plants. Higher stomatal conductance 4 

at above-ambient temperatures improved photosynthesis, favoured leaf cooling and compensate for 5 

losses of transcripts and N compounds in leaves, while enhancing mobilization to the ear. Our results 6 

indicate that the combined effects of elevated [CO2] with high temperature and N supply cannot be 7 

predicted from the individual effects of these factors. 8 

9 

Materials and Methods10 

Plant material and growth conditions11 

Durum wheat (Triticum durum Desf. cv. Regallo) plants from three different experiments, one field and 12 

two hydroponic cultures, were used for validating gene-specific PCR primer pairs and evaluating the 13 

expression stability of reference genes during development in several experimental conditions and 14 

plant tissues. In turn, flag leaves of wheat grown in the field experiment were used for gene 15 

expression analysis using the developed qRT-PCR platform (see details in Supplementary Fig. S1). 16 

Briefly, the field experiment was conducted at IRNASA-CSIC’s experimental farm, in Salamanca, 17 

Spain (40°95′ N, 5°5′ W, 800 m a.s.l.), in a clay-sand soil under Mediterranean climate conditions. 18 

After adding 60 kg ha−1 each of P and K (as P2O5 and K2O, respectively), seeds were sown at a rate of 19 

200 kg ha−1 and 0.13 m row spacing on 29 October 2007. N fertilization was applied by hand as 20 

Ca(NO3)2 at two levels, 15 kg ha−1 or 140 kg ha−1, on 15 February 2008. The low and high N levels 21 

chosen were based on experience from previous experiments involving the same soil. The crop was 22 

watered weekly with a drip irrigation system, providing the amount of water required to equal the 23 

average rainfall for each particular month. After seedling emergence, six temperature-gradient 24 

chambers, like those described by Rawson et al. (1995), were mounted over the crop (Pérez et al. 25 

2005) on 27 February 2008. Three of them were kept at ambient [CO2], 370 µmol mol−1, while [CO2] 26 

was increased to 700 µmol mol−1 in other three by injecting pure CO2 during the day. The difference 27 

between the extreme chamber modules was set at ambient temperature and 4 ºC warmer. Flag leaves 28 

were harvested at ear emergence (Zadoks stage 59) and anthesis (Zadoks stage 65) on 7 and 19 May 29 

2008, respectively.  30 
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The first hydroponic culture was carried out in 2011 under ambient [CO2] (390 µmol mol−1) and 1 

enhanced (700 µmol mol−1) using two controlled environment growth chambers maintained on a daily 2 

cycle of 16 h light/8 h dark, 400 µmol m−2 s−1 photon flux density provided by a combination of blue- 3 

plus red-peak fluorescent lamps, with a day/night temperature of 20/15 ºC, and a relative humidity of 4 

60%. Wheat seeds were germinated on wet Whatman filter paper with demineralised water in each 5 

one of the growth chambers. Twelve days after the seeds were sown, seedlings were transferred to 10 6 

L hydroponic culture plastic pots (five seedlings per pot) containing an aerated 5 mM nitrate nutrient 7 

solution for three weeks. Thereafter, half of the pots in each [CO2] growth chamber received a nutrient 8 

solution with a concentration of 0.5 mM NO3
− (slightly sub-optimal) and the other half with 5 mM NO3

−9 

(super-optimal) by supplying KNO3 and Ca(NO3)2. In the nitrate-deficient solution, the additional 10 

concentrations of potassium and calcium required were supplied as KCl and CaCl2. The other macro 11 

and micro nutrients were supplied as MgSO4 1 mM, KH2PO4/K2HPO4 0.5 mM pH 5.6, KCl 0.1 mM, 12 

NaCl 0.1 mM, chelate ortho-otho Fe EDDHA 40 µM (ABAXO ferro), H3BO3 50 µM, MnSO4 10 µM, 13 

CuSO4 1 µM, ZnSO4 1 µM and Na2MoO4 0.5 µM. The solution was renewed once a week for the first 14 

three weeks, twice a week for the next month, and three times a week thereafter. To avoid edge 15 

effects, the pots were rotated once a week, within each growth chamber, and the pH of the nutrient 16 

solutions was adjusted to 5.6 daily with 1 M HCl. Flag leaves and roots were harvested at anthesis 17 

(Zadoks stage 65) and mid-grain filling (Zadoks stage 71) after 24 h of incubation on a fresh nutrient 18 

solution.  19 

In a second hydroponic culture, a more severe nitrate deficiency was induced as compared to an 20 

optimal nitrate supply (2.5 mM NO3
−) by decreasing the nitrate concentration in the nutrient solution 21 

and by changing the solution less frequently than in the previous hydroponic experiment. Following the 22 

same procedure as above, seedlings were transferred to pots containing a 2.5 mM nitrate nutrient 23 

solution in each one of the growth chambers. Two weeks later, half of the pots in each growth chamber 24 

received a nutrient solution with 0.25 mM NO3
− (deficient) and the other half with 2.5 mM NO3

−25 

(optimal). The solution was renewed once a week for the first 38 days, and twice a week thereafter. 26 

Flag leaves and roots were harvested at anthesis (Zadoks stage 65) at two time points, 4 h and 24 h, 27 

after nutrient solution renewal. Samples harvested from all the experiments were immediately frozen 28 

in liquid N and stored at –80 °C.  29 

30 
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Gene identification and primers design1 

Different databases were used (UniProtKB/Swiss-Prot, GenBank, ENA, GrainGenes, TIGR) to identify 2 

target gene sequences associated with C and N primary metabolism. TaGI release 12.0 (Dana Farber 3 

Cancer Institute and Harvard School of Public Health) was used to search for genes homologous to 4 

known genes in other species belonging to the Poaceae family (Hordeum vulgare, Oryza sativa, 5 

Brachypodium distachyon) and Arabidopsis thaliana. BLAST was performed using the BLASTn tool of 6 

NCBI (http://www.ncbi.nlm.nih.gov/) and InParanoid (http://inparanoid.sbc.su.se/cgi-bin/index.cgi). 7 

Multiple sequence alignments were constructed using a progressive sequence alignment by Clustal X 8 

2.0 (http://www.clustal.org/clustal2/). Based on the alignments, phylogenetic trees were generated with 9 

the target sequence and related known genes in other species using the neighbor-joining method in 10 

MEGA5 (Tamura et al. 2011). Bootstrap analysis was performed with 1,000 replicates to assess each 11 

branch’s statistical reliability. The presence of signals for subcellular localization in the deduced amino 12 

acid sequences was predicted using TargetP 1.1 (Emanuelsson et al. 2000). The collected data from 13 

BLAST results with the lowest E-values and highest similarity and from the phylogenetic trees were 14 

considered for tentative gene annotation. 15 

Specific primers were designed using Primer-BLAST (Ye et al. 2012) following the stringent criteria 16 

suggested by Udvardi et al. (2008): primer melting temperature (Tm) = 60 ± 1 °C and length of 18-25 17 

bases, guanine-cytosine content of 40-60% and PCR product of 60-150 bp. To examine the specificity 18 

of the primers, the predicted amplicons were used as a BLAST query against the GenBank sequence 19 

database. When other sequences or homologous genes could be amplified, the Primique tool was 20 

used to design specific PCR primers for each one (Fredslund and Lange 2007), following the above 21 

criteria. Fig. 1 contains a flowchart of the gene identification, primer design, and the protocol for qRT-22 

PCR. 23 

24 

RNA isolation and cDNA synthesis25 

RNA was isolated from frozen leaf and root plant material as described by Morcuende et al. (1998). 26 

For RNA root isolation, a double amount of plant material was used, as compared to leaf plant 27 

material. Total RNA was adjusted to the same concentration per sample for subsequent reactions, and 28 

was treated with DNase Turbo (Ambion) according to the manufacturer´s instructions before 29 

proceeding with first-strand cDNA synthesis. The absence of genomic DNA contamination was 30 



21 

subsequently confirmed by PCR, using a primer pair (Fw, ATCAGCTAACATTGGCACGC; Rev 1 

TCCTTCCACAACATCAGCCA) designed to amplify an exon-intron-exon sequence of the gene PolA12 

encoding the RNA polymerase I largest subunit (AB647308). Depending on the utilization of RNA 3 

contaminated with genomic DNA, free RNA or cDNA, a PCR product of 232 bp, none or 120 bp should 4 

be obtained, respectively. RNA integrity was checked on 1.5% (w/v) agarose gel electrophoresis, and 5 

stained with ethidium bromide prior to and after DNase digestion. Reverse transcription reactions were 6 

performed with SuperScript III reverse transcriptase (Invitrogen GmbH), according to the 7 

manufacturer´s instructions.  8 

9 

Real-time quantitative reverse-transcription PCR 10 

Polymerase chain reactions were performed in an optical 384 well plate with the ABI PRISM 7900 HT 11 

Sequence Detection System, using SYBR Green to monitor double-stranded DNA synthesis. The qRT-12 

PCR assays were carried out in a reaction volume of 10 µl containing 1 µl of each diluted cDNA (1:40 13 

leaf, 1:10 root), 200 nM of each gene-specific primer, and 5 µl of 2x SYBR Green Master Mix reagent 14 

(Applied Biosystems). The thermal profile used was exactly as described by Czechowski et al. (2004). 15 

Two technical replicates were analysed for each one of the three biological replicates. Flag leaf 16 

samples (96 cDNA, including three biological replicates per treatment) from the three experiments 17 

previously described, and root samples (48 cDNA) from the two hydroponic cultures were used for 18 

validating gene-specific PCR primer pairs and evaluating the expression stability of the reference 19 

genes. The expression stability was tested of seven reference genes for durum wheat, including actin, 20 

α-tubulin, ADP-ribosylation factor, β-tubulin, ubiquitin, RNase L inhibitor-like protein and the cell 21 

division control protein. PCR efficiency was determined using raw fluorescence as input data in 22 

LinRegPCR v2012.3 (Ruijter et al. 2009) to verify that the efficiency was close to 1 (0.95 ± 0.35 in all 23 

PCRs). In addition, leaf samples (24 cDNA, three biological replicates × two CO2 levels × two 24 

temperatures × two N supplies) from a field experiment harvested at anthesis were used for gene 25 

expression analysis with the qRT-PCR platform. The data were analysed using the comparative 26 

threshold cycle (Ct) method 2−ΔΔCt (Schmittgen and Livak 2008) and presented as the log2 fold change 27 

of elevated versus ambient [CO2]. 28 

29 

PCR products sequencing and analysis30 
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Some PCR products were purified using Illustra ExoProStar 1-Step (GE Healthcare) following the 1 

manufacturer’s instructions. Fifty ng of PCR product and 3 pmol of primer were used for sequencing in 2 

both directions (5’→3’ and 3’→5’) in a 3100 Genetic Analyzer (Applied Biosystem). Chromatograms 3 

were analysed with the Bioedit sequence alignment editor 7.1.11 (Hall 1999). Both sequences of each 4 

PCR product were aligned with the original sequence used for primer design in MUSCLE 5 

(http://www.ebi.ac.uk/Tools/msa/muscle/), and the consensus sequence was utilised as a query in 6 

BLASTn. 7 

8 

Photosynthesis, dry matter and N content 9 

Measurements were carried out in the field experiment plants at anthesis. The photosynthesis in the 10 

central segment of the flag leaves was recorded between 3 h and 8 h after the start of the 11 

photoperiod. It was conducted with an air flow rate of 300 ml min−1, 1500 µmol m−2 s−1 irradiance, and 12 

a 1.6 ± 0.23 kPa vapour pressure deficit, using a 1.7-cm2 window leaf chamber connected to a 13 

portable infrared gas analyser (CIRAS-2; PP Systems, Hitchin, Herts., UK) with differential operation in 14 

an open system. Temperature was kept at 25 °C with the analyser’s Peltier system. Photosynthesis 15 

was recorded at 370 and 700 µmol mol−1 CO2. Shoots were collected to determine the dry weight of 16 

flag leaves and total shoot after drying in an oven at 60 °C for 48 h. N concentration as a percentage 17 

of dry matter and the N content in flag leaves, ears and shoots were determined as described by 18 

Gutiérrez et al. (2013). N distribution among plant organs was also calculated.19 

20 

Determination of metabolites, protein and enzyme activities 21 

Flag leaves harvested for gene expression analysis at anthesis in the field experiment were also used 22 

for determining metabolite, protein and enzyme activity. Chlorophyll content was determined according 23 

to Pérez et al. (2005). After ethanol/water extraction, glucose, fructose, sucrose, fructans and starch 24 

were measured spectrophotometrically exactly as described by Morcuende et al. (2004). Total amino 25 

acids were measured in the ethanol/water extracts by the ninhydrin method (Hare 1977). Soluble 26 

protein, Rubisco protein and Rubisco activity (EC 4.1.1.39) were analysed according to Pérez et al. 27 

(2011). NR activity (EC 1.7.1.1) was assessed as described by Morcuende et al. (2004). 28 

29 

Statistical analysis30 
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The field experiment had three blocks with all the factorial combinations of two atmospheric CO21 

concentrations (370 and 700 µmol mol−1), two temperatures (ambient and 4 °C warmer) and two N 2 

fertilizer rates (15 and 140 kg N ha−1). Treatment effects and interactions were determined through an 3 

analysis of variance (ANOVA, GenStat 6.2). Standard errors of differences and least significant 4 

differences (lsd) were obtained to assess differences between treatment means. Differences were 5 

considered significant at P < 0.05. When differences between treatment [CO2], temperature and/or N 6 

availability, and/or interactions were significant according to ANOVA, they were evaluated using the 7 

lsd. A clustered heat map of physiological, biochemical and transcript changes was constructed using 8 

the R statistics environment (R Development Core Team 2008).  9 
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Table 1 List of selected genes for primary C and N metabolism in durum wheat. Tissue: L, leaf; R, 
root.

Ac. No. Description Enzyme Tissue
Light reactions
FJ797425 Putative photosystem I chlorophyll a-b binding protein, LHCI  L
AJ635207  Putative photosystem II chlorophyll a-b binding protein, LHCII  L
TC432721 Putative photosystem I P700 chlorophyll a apoprotein A1, PsaA (87% identical to L36246 of A. thaliana)  L
TC368668 Putative photosystem I P700 chlorophyll a apoprotein A2, PsaB (97% identical to DQ507383 of O. sativa)  L
M21352 Photosystem II protein D1  L
EU492899 Photosystem II protein D2  L
AY123422 Cytochrome b6f complex (cytb6f) Rieske iron-sulfur subunit EC 1.10.9.1 L
BE216924 Plastocyanin, PC  L
X75089 Ferredoxin, Fd  L
AJ457980 Ferredoxin-NADP(H) oxidoreductase, FNR (fnr) EC 1.18.1.2 L
Energy
M16843 ATP synthase β-subunit, chloroplastic, ATPase EC 3.6.3.14 L
X74545  ATP synthase β-subunit, mitochondrial, ATPase EC 3.6.3.14 L
EF105343 ATP synthase B1 subunit, vacuolar, ATPase  L
Chlorophyll synthesis
AB678199 Glutamyl-tRNA reductase, GluTR (hemA1) EC 1.2.1.70 L
Reductive and oxidative pentose phosphate pathway (chloroplast)
AY328025 Ribulose-1,5-bisphosphate carboxylase oxigenase (Rubisco) large subunit (rbcL) EC 4.1.1.39 L
AB020957 Ribulose-1,5-bisphosphate carboxylase oxigenase (Rubisco) small subunit (rbcS) EC 4.1.1.39 L
AJ635203 Rubisco activase, RCA (rba1)  L
X07851 Rubisco subunit-binding protein subunit α, cpn60  L
BE213258 Putative carbonic anhydrase, plastidial, CA EC 4.2.1.1 L
TC389217 Putative carbonic anhydrase, plastidial, CA (93% identical to XM_003566881 of B. distachyon) EC 4.2.1.1 L
TC393400 Putative carbonic anhydrase, plastidial, CA (91% identical to XM_003566881 of B. distachyon) EC 4.2.1.1 L
TC442386 Putative carbonic anhydrase, plastidial, CA (88% identical to XM_003576571 of B. distachyon) EC 4.2.1.1 L
DQ290746  Phosphoglycerate kinase, plastidial, PGK (pgk1) EC 2.7.2.3 L
TC379293 Putative glyceraldehyde-3-phosphate dehydrogenase, plastidial, GAPDH (72% identical to M64114 of A. 

thaliana) 
EC 1.2.1.13 L

TC389847 Putative triose phosphate isomerase, plastidial, TPI (72% identical to AY087893 of A. thaliana) EC 5.3.1.1 L
FJ625793 Fructose-1,6-bisphosphate aldolase, plastidial, FBA EC 4.1.2.13 L
X07780 Fructose-1,6-bisphosphatase, plastidial, FBPase EC 3.1.3.11 L
TC370604 Putative transketolase, plastidial, TK (77% identical to AY133860 of A. thaliana) EC 2.2.1.1 L
X65540 Sedoheptulose-1,7-bisphosphatase, SBPase EC 3.1.3.37 L
TC374908 Putative ribulose-5-phosphate 3-epimerase, plastidial, RPE (85% identical to AF047444 of O. sativa) EC 5.1.3.1 L
TC405712 Putative ribose-5-phosphate isomerase, plastidial, RPI (68% identical to AY045785 of A. thaliana) EC 5.3.1.6 L
X51608 Phosphoribulokinase / ribulose-5-phosphate kinase, plastidial, PRK EC 2.7.1.19 L
BE216942  Putative CP12 protein   L
Oxidative pentose phosphate pathway (cytosol)
TC410105 Putative ribulose-5-phosphate 3-epimerase, cytosolic, RPE (80% identical to AF189365 of O. sativa) EC 5.1.3.1 L
TC391593 Putative ribose-5-phosphate isomerase, cytosolic, RPI (65% identical to AY054172 of A. thaliana) EC 5.3.1.6 L
Photorespiration
TC391192 Putative phosphoglycolate phosphatase, PGLP (75% identical to AY094446 of A. thaliana) EC 3.1.3.18 L
BE216989 Putative glycolate oxidase, GO EC 1.1.3.15 L
D86327 Catalase-1, CAT (cat1) EC 1.11.1.6 L
TC405186 Putative glutamate:glyoxylate aminotransferase, GGAT (74% identical to AF479639 of A. thaliana) EC 2.6.1.4 L
TC416357 Putative serine:glyoxylate aminotransferase, SGAT (71% identical to AB048945 of A. thaliana) EC 2.6.1.45 L
AJ635205 Putative glycine decarboxylase complex (GDC) P subunit (gly1) EC 1.4.4.2 L
AY123417 Putative glycine decarboxylase complex (GDC) H subunit  L
DQ862827 Serine hydroxymethyltransferase, predicted mitochondrial, SHMT EC 2.1.2.1 L
TC391765 Putative hydroxypyruvate reductase, peroxisomal, HPR1 (74% identical to AY099552 of A. thaliana) EC 1.1.1.29 L
TC394252 Putative glycerate kinase, GLYK (69% identical to AF360156 of A. thaliana) EC 2.7.1.31 L
Synthesis and degradation of carbohydrates
JQ673331 Inorganic pyrophosphatase, IPP (IPP1-1) EC 3.6.1.1 L
AJ319659 ADP-glucose-pyrophosphatase, AGPPase EC 3.1.4.? L
DQ406820 ADP-glucose-pyrophosphorylase (AGPase) large subunit, plastidial (AGP-L) EC 2.7.7.27 L, R
AF492644 ADP-glucose-pyrophosphorylase (AGPase) small subunit, plastidial (AGP-S) EC 2.7.7.27 L, R
AJ635204 Putative starch synthase, isoform I, SSI EC 2.4.1.21 L, R
AF258608 Starch synthase, isoform III, SSIII EC 2.4.1.21 L
AY044844 Starch synthase, isoform IV, SSIV EC 2.4.1.21 L
AJ301647 Isoamylase 1 (iso1) EC 3.2.1.68 L
JN412069 Isoamylase 3 (iso3) EC 3.2.1.68 L
AF314182 Triose phosphate/phosphate translocator, TPT (tpt1)  L
AF548741  Glucose-6-phosphate/phosphate translocator, GPT  L
TC374000 Putative fructose-1,6-bisphosphatase, cytosolic, FBPase (83% identical to AB007193 of O. sativa) EC 3.1.3.11 L
TC380863 Putative nucleoside diphosphate kinase 1, cytosolic, NDK (76% identical to D16292 of O. sativa) EC 2.7.4.6 L
BT009219 Putative UTP-glucose-1-phosphate uridylyltransferase, UGPase (95% identical to X91347 of H. vulgare) EC 2.7.7.9 L
AF310160 Sucrose-phosphate synthase 1, SPS (SPS1) EC 2.4.1.14 L, R
AF321556 Sucrose-phosphate phosphatase 1, SPP (SPP1) EC 3.1.3.24 L
AJ001117 Sucrose synthase type 1, SUS (Sus1) EC 2.4.1.13 L
AM295169 Alkaline invertase, predicted cytosolic (AInv) EC 3.2.1.26 L, R
EU981912 Sucrose:sucrose 1-frutosyltransferase, 1-SST (1-SST) EC 2.4.1.99 L, R
EU981911 Sucrose:fructan 6-fructosyltransferase, 6-SFT (6-SFT) EC 2.4.1.10 L, R
AB088409 Fructan:fructan 1-fructosyltransferase, 1-FFT (1-FFT-A) EC 2.4.1.100 L, R
AB088410 Fructan:fructan 1-fructosyltransferase, 1-FFT (1-FFT-B) EC 2.4.1.100 L, R
AJ564996 Fructan 1-exohydrolase, 1-FEH (1-FEH w3) EC 3.2.1.153 L
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Table 1 Continued. 

Ac. No. Description Enzyme Tissue
Synthesis and degradation of carbohydrates
AB089269  Fructan 6&1-exohydrolase, 6&1-FEH  EC 3.2.1.? L
AB089270  6-kestose exohydrolase, 6-KEH EC 3.2.1.154 L
JQ073560  Trehalose-6-phosphate synthase, TPS EC 2.4.1.15 L
AK331310 Putative trehalase, TRE (85% identical to AK108163 of O. sativa) EC 3.2.1.28 L
Cell wall
AB158407 Putative cellulose synthase, CESA (CesA) EC 2.4.1.12 L
AF030421 Cell wall invertase, cwInv (IVR3) EC 3.2.1.26 L
Glycolysis
AY974231 Hexokinase, HXK EC 2.7.1.1 L, R
BQ606334 Putative phosphoglucomutase, plastidial, PGM (70% identical to AJ242601 of A. thaliana) EC 5.4.2.2 L
AJ313311 Phosphoglucomutase, cytosolic, PGM EC 5.4.2.2 L
AK333308 Putative phosphoglucose isomerase, plastidial, PGI EC 5.3.1.9 L
DQ456872 Phosphoglucose isomerase, cytosolic, PGI EC 5.3.1.9 L
AY130765 Pyrophosphate-fructose-6-phosphate 1-phosphotransferase, PFP EC 2.7.1.90 L
TC391986 Putative 6-phosphofructokinase, PFK (72% identical to NM_124155 of A. thaliana) EC 2.7.1.11 L
AK333335 Fuctose-2,6-bisphosphatase/6-phosphofructo-2-kinase, F2KP (91% identical to AF456329 of O. sativa) EC 3.1.3.46 / 

EC 2.7.1.105 
L

AJ420778  Fructose-1,6-bisphosphate aldolase, cytosolic, FBA EC 4.1.2.13 L
AJ278243 Triose phosphate isomerase, cytosolic, TPI EC 5.3.1.1 L
FN429985 Glyceraldehyde-3-phosphate dehydrogenase, cytosolic, GAPC EC 1.2.1.12 L
AF521191 Glyceraldehyde-3-phosphate dehydrogenase (non-phosphorylating), cytosolic, GAPN EC 1.2.1.9 L
X15232 Phosphoglycerate kinase, cytosolic, PGK (pgk2) EC 2.7.2.3 L
AF475111 Phosphoglycerate mutase, PGAM EC 5.4.2.1 L
AJ007705 Phosphoenolpyruvate carboxylase, PEPC (PEPC) EC 4.1.1.31 L
AK332778 Putative pyruvate kinase, PK (86% identical to NM_001072281 of O. sativa) EC 2.7.1.40 L, R
TCA cycle
GU563379 Putative pyruvate dehydrogenase complex (PDC) E1 component α-subunit, mitochondrial EC 1.2.4.1 L
TC378665 Putative citrate synthase, mitochondrial, CS (74% identical to AF387018 of A. thaliana) EC 2.3.3.1 L, R
AK331640 Putative NAD-dependent isocitrate dehydrogenase, mithochondrial, IDH (87% identical to AB189169 of 

O. sativa) 
EC 1.1.1.41 L

DR740472 Putative NADP-dependent isocitrate dehydrogenase, cytosolic, ICDH (88% identical to GQ848053 of 
O. sativa) 

EC 1.1.1.42 L

TC392831 Putative 2-oxoglutarate dehydrogenase complex (OGDC) E1 subunit EC 1.2.4.2 L, R
N assimilation
AY525637 Ammonium transporter, AMT (AMT1;1)  R
AY525638 Ammonium transporter, AMT (AMT1;2)  L, R
AY428038 Ammonium transporter, AMT (AMT2;1)  L, R
HF544985 Low affinity nitrate transporter, NRT1 (NRT1.1A)  L, R
HF544986 Low affinity nitrate transporter, NRT1 (NRT1.1B)  L, R
AY587264 Low affinity nitrate transporter, NRT1 (NRT1.2)  R
HF544990 Low affinity nitrate transporter, NRT1 (NRT1.3A)  L, R
HF544993 Low affinity nitrate transporter, NRT1 (NRT1.5B)  L, R
HF544995 Low affinity nitrate transporter, NRT1 (NRT1.7B)  L, R
HF544997 Low affinity nitrate transporter, NRT1 (NRT1.8B)  L
AF332214 High affinity nitrate transporter, NRT2 (NRT2.1)  R
AF288688 High affinity nitrate transporter, NRT2 (NRT2.2)  L, R
AY053452 High affinity nitrate transporter, NRT2 (NRT2.3)  R
AY763794 Component of high affinity nitrate transporter, NAR2 (NAR2.1)  L, R
AY763795 Component of high affinity nitrate transporter, NAR2 (NAR2.2)  L, R
AK333426  Putative NADH-nitrate reductase, NR (88% identical to X57845 of H. vulgare) (NIA) EC 1.7.1.1 L, R
AK333382 Molybdenum cofactor biosynthesis protein, MoCo (95% identical to AF268595 of H. vulgare)  L, R
FJ527909 Ferredoxin-nitrite reductase, NiR (nir) EC 1.7.7.1 L, R
DQ124209 Glutamine synthetase, cytosolic, GS1 (GS1a) EC 6.3.1.2 L, R
AY491968 Glutamine synthetase, cytosolic, GS1 (GSr1) EC 6.3.1.2 L
DQ124212 Glutamine synthetase, plastidial, GS2 (GS2a) EC 6.3.1.2 L
DQ124213 Glutamine synthetase, plastidial, GS2 (GS2b) EC 6.3.1.2 L
TC387834 Putative NADH-dependent glutamate synthase, NADH-GOGAT (86% identical to AB008845 of O. 

sativa) 
EC 1.4.1.14 L, R

TC394038 Putative ferredoxin-dependent glutamate synthase, Fd-GOGAT (86% identical to AB008845 of O. 
sativa) 

EC 1.4.7.1 L, R

HQ821868 Glutamate dehydrogenase, GDH (GDH1) EC 1.4.1.2 L, R
EU346759 Aspartate aminotransferase, predicted cytosolic, AAT EC 2.6.1.1 L
EU885207 Aspartate aminotransferase, plastidial, AAT EC 2.6.1.1 L
AY621539 Asparagine synthetase, AS (ASN1) EC 6.3.5.4 L, R
HM998551 Chloride channel 1, CLC (ClC1)  L
Stress
GQ240772 Heat shock protein, HSP (HSP90.1-A1)  L
GQ280382 Heat shock protein, HSP (HSP70)  L
Transcription factors
JF288934 Myb transcription factor (MYB13-1)  L
AY955493 Dof transcription factor (Dof1)  L, R
JF830784 NF-Y transcription factor (NF-YB3)  L
DQ512330 MADS-box transcription factor (AGL1)  R
AM502900 MADS-box transcription factor (WM30)  R
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Table 2 Expression levels (Ct values) of the reference genes, coefficient of variation (CV) and Ct
difference (ΔCt = Ct max – Ct min) in 96 cDNA leaf samples of durum wheat plants from three different 
experiments, which included different developmental stages, CO2 concentrations, temperatures and N 
supplies. The signal intensity and CV for these unigenes across 1,532 microarrays in Genevestigator 
is also included. Ct values and signal intensity are shown as mean ± standard deviation.

Unigene Description
Experimental results Genevestigator

Ct CV ΔCt Signal 
intensity 

CV

Ta54825 Actin 19.95 ± 1.05 5.25 4.48 17.15 ± 0.62 3.62
Ta25534 α-tubulin 23.83 ± 1.05 4.40 5.21 13.45 ± 0.87 6.47
Ta2291 ADP-ribosylation factor 22.71 ± 0.61 2.67 2.80 16.60 ± 0.51 3.07
Ta44405 β-tubulin 26.63 ± 0.69 2.60 3.12 15.22 ± 0.70 4.60
Ta50503 Ubiquitin 22.52 ± 0.62 2.74 3.19 17.75 ± 0.50 2.82
Ta2776 RNase L inhibitor-like protein 24.87 ± 0.85 3.43 4.02 14.85 ± 0.53 3.57
Ta54227 Cell division control protein, AAA-

superfamily of ATPases
21.40 ± 0.88 4.12 4.60 15.86 ± 0.68 4.29
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Table 3 Rates of photosynthesis (An), stomatal conductance (gs), transpiration (E) and intercellular 
CO2 concentration (Ci) measured at 370 and 700 µmol mol−1, dry weight, N concentration, total N 
content (Nt), percentage distribution of total plant N (Nd), chlorophyll (chl), glucose, fructose, sucrose, 
fructan, starch, total amino acid, soluble and Rubisco protein contents, Rubisco as a percentage of 
soluble protein, initial and total Rubisco activities (Rbco Act.) and activation (%act.), maximal and 
selective nitrate reductase activities (NRA) and activation (%act.) in durum wheat grown in field 
chambers at ambient [CO2] (A, 370 µmol mol−1) or elevated (E, 700 µmol mol−1) combined with 
ambient (I) or ambient + 4 °C (F) temperature, and low (L) or high (H) N supply at anthesis. Unless 
otherwise specified, the measurements were carried out on the flag leaf. Each value is the mean of 12 
replicates (six for gas exchange parameters). Max. lsd, maximum least significant difference (P < 
0.05) for main effects and interactions. sign., statistically significant main effects of 1, CO2 and 2, 
temperature; and interactive effects of 3, CO2 × N; and, 4 CO2 × Temperature. Data for the CO2 × N × 
Temperature interaction for the same analysis of variance are shown in Supplementary Table S4.

CO2 × N CO2 × Temperature  Max. 
Parameter Units AL AH EL EH AI AF EI EF lsd sign.
An370 µmol m−2 s−1 14.4 16.7 4.6 7.3 14.2 16.9 5.7 6.2 4.5 1

An700 µmol m−2 s−1 29.0 34.0 17.0 24.0 31.3 31.6 18.8 22.2 4.1 1

gs370 mmol m−2 s−1 162.2 230.
7

57.8 89.6 155.
9

237.0 71.4 76.0 46.3 1,2,4

gs700 mmol m−2 s−1 162.4 234.
3

86.3 128.2 175.
3

221.4 97.7 116.8 51.6 1

E370 mmol m−2 s−1 3.31 4.40 1.26 1.84 3.07 4.63 1.48 1.62 0.76 1,2,4

E700 mmol m−2 s−1 3.18 4.11 1.96 2.72 3.35 3.94 2.23 2.44 0.71 1

Ci370 µmol mol−1 170.6 192.
3

222.5 229.6 164.
2

198.8 246.7 205.3 45.4 1,4

Ci700 µmol mol−1 328.1 363.
4

350.1 351.6 325.
4

366.1 347.2 354.5 36.2

Leaf dry weight g 0.11 0.13 0.12 0.12 0.13 0.12 0.12 0.12 0.01 3

Shoot dry weight g 3.01 3.23 3.50 3.48 3.16 3.07 3.42 3.56 0.39 1

Glucose µmol g FW−1 7.54 6.09 2.93 6.94 4.16 9.48 4.77 5.10 1.62 1,2,3,4

Fructose µmol g FW−1 9.76 7.19 7.19 9.89 6.66 10.29 6.50 10.58 2.62 2,3

Sucrose µmol g FW−1 17.0 17.7 20.3 17.6 17.3 17.4 17.7 20.2 2.1 1,3

Fructans µmol g FW−1 39.5 13.5 192.6 36.6 26.2 26.8 106.4 122.9 17.4 1,3

Starch µmol g FW−1 1.76 0.97 3.61 1.53 1.69 1.04 2.78 2.36 0.34 1,2,3

Leaf %N % dry weight 3.28 3.60 2.13 3.22 3.70 3.19 2.86 2.49 0.29 1,2,3

Shoot %N % dry weight 1.20 1.42 0.93 1.17 1.33 1.29 1.07 1.04 0.13 1

Leaf Nt mg N per organ 3.42 4.91 3.08 4.15 4.82 3.51 3.58 3.65 0.52 1,2,4

Shoot Nt mg N per organ 34.8 48.6 32.6 39.5 45.0 38.5 36.1 36.0 5.24 1

Leaf Nd % 9.7 10.4 8.7 10.2 11.5 8.6 10.3 8.5 1.34 2

Ear Nd % 40.8 40.3 39.7 36.2 32.5 48.6 34.9 40.9 4.48 2,4

Rest Shoot Nd % 49.5 49.3 51.2 53.2 55.8 43.1 54.6 49.9 3.95 1,2,4

Total Chl  mg g FW-1 2.87 3.16 1.75 2.70 3.02 3.00 2.19 2.26 0.37 1,3

Amino acids µmol g FW−1 23.7 25.8 17.0 18.8 28.0 21.5 18.4 17.4 2.79 1,2,4

Soluble protein mg g FW-1 27.9 33.0 19.3 22.6 32.5 28.4 22.5 19.5 3.23 1,2

Rbco protein mg g FW-1 14.4 15.7 8.6 9.5 16.7 13.4 9.7 8.4 1.33 1,2,4

Rbco % sol. protein % 45.1 47.3 37.2 42.9 49.7 42.7 40.4 39.6 4.27 1,2,4

Total Rbco Act. µmol m−2 s−1 64.8 101. 32.9 54.5 86.1 80.5 44.5 42.9 10.4 1,3

Initial Rbco Act. µmol m−2 s−1 28.3 40.2 18.7 31.6 33.3 35.2 29.8 20.5 4.72 1,2,4

Rbco %act. % 48.3 38.0 50.7 60.7 41.5 44.8 57.9 53.5 6.89 1,3

Maximal NRA µmol g-1 h-1 5.74 7.88 3.58 5.11 7.01 6.61 4.96 3.73 1.07 1,2

Selective NRA µmol g-1 h-1 2.21 2.88 2.60 2.45 2.59 2.50 3.25 1.80 0.55 2,3,4

NR %act. % 39.1 29.6 86.3 49.8 33.0 35.6 66.4 69.8 9.25 1,3
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Table 4 Heat map of transcript abundance under ambient (A, 370 µmol mol−1) or elevated (E, 700 
µmol mol−1) [CO2], ambient (I) or ambient + 4 °C (F) temperature, and low (L) or high (H) N supply in 
durum wheat flag leaves at anthesis. White indicates no change, blue up-regulation and red down-
regulation in each treatment versus treatment AIH, as shown in the colour bar for a log2 scale.

Description AIL AFL AFH EIL EIH EFL EFH Description AIL AFL AFH EIL EIH EFL EFH
Light reactions Synthesis and degradation of carbohydrates
LHCI 0.35 -0.17 0.24 -0.05 -0.15 -2.52 -1.57  1-SST  1.76 1.82 0.80 2.33 1.12 3.44 0.90
LHCII 0.05 -0.66 -0.46 -0.37 0.11 -2.44 -1.02  6-SFT 2.95 2.85 1.55 3.84 1.80 4.74 1.87
PsaA 0.10 -0.05 0.01 0.13 0.36 -0.63 -0.20  1-FFT A 1.23 1.52 0.69 1.59 0.81 2.20 0.35
PsaB -0.01 -0.17 -0.13 -0.12 0.20 -0.86 -0.12  1-FFT B 2.33 2.52 1.60 3.46 1.69 3.73 1.42
D1  0.07 0.10 0.17 0.27 0.45 -0.93 -0.37  1-FEH  0.33 0.71 0.67 0.00 0.13 0.36 0.32
D2  0.27 0.01 0.16 -0.02 0.49 -0.51 -0.31  6&1-FEH  0.42 -0.06 -0.08 -0.90 -0.02 -1.72 0.08
cytb6f Rieske prot. 0.07 -0.05 -0.21 -0.41 -0.04 -1.24 -0.50  6-KEH 0.00 -0.04 -0.75 -1.33 -0.49 -2.43 -1.30
PC 0.10 -0.22 -0.45 -0.36 0.05 -1.66 -0.62  TPS 0.44 0.30 0.31 -0.14 0.47 0.47 0.16
Fd 0.29 -0.19 -0.38 -0.26 0.19 -1.18 -0.53  TRE 0.53 -0.64 0.29 0.02 0.34 0.48 -0.03
FNR 0.25 0.03 -0.05 -0.12 0.25 -1.03 -0.38 Cell wall
Energy CESA  0.08 -0.02 -0.10 -0.32 0.06 -0.51 -0.06
chl. ATPase β sub. 0.04 0.00 -0.11 -0.33 0.14 -1.78 -0.47  cwInv  0.22 0.58 0.58 -0.11 0.25 0.42 0.25
mit. ATPase β sub. 0.30 0.12 0.11 0.03 0.30 -0.51 -0.06 Glycolysis
vac. ATPase B1 
sub. 0.03 -0.11 -0.10 -0.48 -0.01 -0.98 -0.25 HXK 0.23 0.31 -0.21 -0.37 0.42 -0.50 -0.38

Chlorophyll synthesis  plast.PGM 0.06 0.00 -0.08 -0.41 0.03 -1.05 -0.30
GluTR 0.10 -0.47 -0.44 -0.28 -0.09 -2.11 -1.05  cyt. PGM 0.19 0.00 -0.06 -0.35 0.08 -0.88 -0.31
Reductive and oxidative pentose phosphate pathway (chloroplast)  plast.PGI 0.34 0.03 0.18 0.06 0.24 0.02 0.13
Rubisco large sub. 0.41 0.19 -0.06 0.15 -0.07 -1.11 -0.69  cyt. PGI 0.80 -0.12 -0.37 -0.27 0.17 0.43 -0.30
Rubisco small sub. 0.33 -0.34 -0.70 -0.06 -0.17 -2.41 -0.89  PFP 0.01 0.02 -0.09 -0.31 0.13 -1.20 -0.18
RCA 0.19 -0.26 -0.12 -0.43 0.00 -1.41 -0.43  PFK 0.10 -0.29 0.17 -0.52 0.18 -0.27 0.17
cpn60 0.21 -0.20 -0.36 -0.04 -0.26 -2.03 -0.54  F2KP 0.12 -0.28 -0.33 -0.65 -0.01 -2.29 -0.73
CA 0.42 -0.71 -1.03 -0.85 -0.79 -3.11 -1.42  cyt. FBA -0.08 -0.16 -0.12 -0.34 0.02 -0.57 -0.15
CA -0.11 -1.02 -1.38 -1.07 -0.99 -3.38 -2.02  cyt. TPI 0.02 -0.20 -0.17 -0.34 0.03 -0.89 -0.23
CA 0.02 -0.99 -1.23 -0.91 -0.67 -3.13 -1.88  cyt. GAPC 0.21 0.08 -0.11 -0.33 0.07 -0.99 -0.42
CA -0.18 -0.04 0.08 -0.59 -0.22 -0.32 -0.48  cyt. GAPN 0.15 -0.03 -0.20 -0.39 0.00 -1.83 -0.49
plast. PGK  0.19 -0.35 -0.57 -0.51 -0.11 -2.22 -0.77  cyt. PGK  0.16 -0.11 -0.11 -0.32 0.09 -0.88 -0.27
plast.GAPDH 0.28 -0.33 -0.49 -0.27 -0.16 -2.24 -0.79  PGAM 0.04 -0.02 0.10 -0.12 0.09 -0.35 -0.24
plast.TPI 0.08 -0.21 -0.51 -0.45 -0.14 -1.54 -0.57  PEPC  0.27 0.10 0.38 -0.11 0.23 -0.66 0.05
plast.FBA 0.07 -0.20 -0.30 -0.29 0.11 -1.81 -0.54  PK 0.03 0.03 0.10 -0.30 -0.11 -0.46 -0.39
plast.FBPase -0.05 -0.13 -0.23 -0.23 -0.20 -1.39 -0.62 TCA cycle

plast.TK 0.05 -0.50 -0.51 -0.55 -0.21 -1.66 -0.72 mit. PDC α-
sub. 0.20 -0.09 -0.13 -0.26 0.01 -0.45 -0.15

SBPase 0.00 -0.09 -0.31 -0.17 -0.19 -1.38 -0.42  mit. CS 0.13 -0.08 -0.09 -0.30 0.04 -0.27 -0.29
plast.RPE 0.04 -0.16 -0.46 -0.49 -0.24 -1.87 -0.74  mit. IDH 0.14 -0.02 0.02 -0.13 0.14 -0.16 -0.19
plast.RPI 0.11 -0.04 -0.06 -0.38 -0.11 -0.41 -0.10  cyt. ICDH -0.07 0.39 0.66 -0.45 0.07 -0.11 0.33
plast.PRK 0.19 -0.02 -0.34 -0.18 -0.16 -1.50 -0.56  OGDC E1 sub. 0.10 -0.13 -0.09 -0.23 0.10 -0.68 -0.18
CP12  0.26 -0.15 -0.43 -0.30 -0.28 -1.65 -0.73 N assimilation
Oxidative pentose phosphate pathway (cytosol)  AMT1;2 0.18 0.03 -0.06 0.25 0.39 -0.27 -0.06
cyt. RPE 0.35 -0.14 -0.20 0.06 0.02 -1.56 -0.46  AMT2;1 0.11 -1.05 -0.12 -0.11 0.22 0.39 0.75
cyt. RPI 0.23 -0.02 -0.24 -0.07 -0.08 -1.02 -0.80  NRT1.1A 0.39 -0.02 -0.19 0.28 0.23 -0.03 -0.05
Photorespiration  NRT1.1B 0.27 0.54 -0.48 0.18 0.08 -0.52 0.28
PGLP 0.39 0.45 0.47 -0.76 -0.36 -1.29 -0.22  NRT1.3A -0.05 -0.14 0.13 0.01 0.25 -0.17 -0.08
GO 0.34 -0.41 -0.25 0.04 -0.13 -0.64 -0.66  NRT1.5B -0.27 0.45 0.78 -0.81 -0.17 -0.54 -0.09
CAT  0.28 -0.21 0.08 -0.27 -0.27 -1.51 -0.65  NRT1.7B 0.15 0.22 0.22 -0.74 0.58 -0.57 -0.36
GGAT 0.19 -0.12 0.14 -0.22 -0.20 -1.52 -0.42  NRT1.8B -0.02 0.10 0.32 -0.18 0.15 -0.87 -0.12
SGAT 0.18 -0.17 -0.14 -0.41 -0.10 -0.93 -0.55  NRT2.2 -0.04 -0.03 -0.16 0.34 -0.07 -0.40 -0.41
GDC sub. P  0.22 0.00 -0.15 -0.32 -0.22 -1.32 -0.51  NAR2.1 0.81 -1.41 -1.04 -1.62 -0.62 -1.16 -0.43
GDC sub. H 0.25 -0.08 0.11 0.02 0.09 -1.49 -0.41  NAR2.2 0.52 -0.49 -0.27 -1.02 -0.12 -0.02 0.27
mit. SHMT 0.14 -0.07 0.37 -0.30 0.07 -1.59 -0.43  NADH-NR  -0.23 -0.18 0.47 -0.86 0.11 -1.06 -0.92
perox. HPR1 0.11 -0.24 -0.29 -0.42 -0.38 -1.08 -0.61  MoCo 0.25 -0.05 0.12 0.12 0.21 -0.27 -0.07
GLYK 0.50 0.09 -0.17 0.01 -0.12 -1.16 -0.31  NiR  0.10 0.88 0.94 -0.66 -0.15 -1.49 -0.68
Synthesis and degradation of carbohydrates  GS1a 0.48 0.32 0.17 0.78 0.47 1.25 0.89
IPP  0.26 -0.06 -0.20 -0.33 -0.14 -1.05 -0.53  GSr1 0.47 0.34 0.01 0.05 0.36 -0.28 -0.22
AGPPase 0.96 -0.28 -0.15 0.64 -0.08 0.26 -0.23  GS2a 0.40 -0.02 -0.37 -0.15 -0.07 -1.55 -0.45
AGPase large sub. 0.21 -0.08 -0.05 -0.36 -0.09 -1.46 -0.41  GS2b 0.29 0.07 0.08 0.33 -0.48 -0.24 -0.07
AGPase small sub.  0.24 0.07 0.06 -0.27 -0.07 -0.83 -0.20  NADH-GOGAT -0.15 0.04 0.09 -0.62 0.11 -0.50 0.04
SSI 0.27 0.04 0.03 -0.16 -0.18 -0.96 -0.12  Fd-GOGAT 0.40 0.13 0.14 0.14 0.34 -0.79 -0.03
SSIII 0.59 0.47 0.57 0.43 0.01 0.62 -0.03  GDH  0.01 0.01 0.29 -0.30 -0.32 -0.36 -0.16
SSIV 0.37 0.23 0.19 -0.21 0.12 -0.52 -0.18  cyt. AAT 0.14 0.22 0.10 -0.35 0.20 -0.51 0.10
iso1 0.22 0.40 0.35 0.06 0.23 0.06 -0.32  plast. AAT 0.16 0.03 -0.02 0.02 0.20 -0.95 0.02
iso3 0.02 -0.09 0.19 -0.45 0.03 -1.48 -0.37  AS  -0.60 -0.50 -0.47 -1.47 -0.67 -1.46 -0.88
TPT  0.27 -0.19 -0.07 -0.18 0.02 -1.31 -0.17  CLC  0.32 -0.08 0.10 0.03 0.22 -0.47 -0.09
GPT 0.19 0.09 0.10 -0.30 0.26 0.03 0.19 Stress
cyt. FBPase -0.01 -0.15 -0.09 -0.06 0.21 -1.30 -0.39  HSP90.1-A1 1.01 0.72 0.51 0.87 0.84 2.52 0.53
cyt. NDK 0.43 0.32 0.10 -0.14 0.01 -0.05 0.19  HSP70 0.78 0.00 0.22 0.34 0.48 -0.21 -0.18
UGPase 0.14 0.15 -0.11 -0.58 -0.25 -0.74 -0.48 Transcription factors
SPS 0.52 0.09 -0.26 -0.04 0.24 -0.54 -0.75  MYB13-1 1.14 1.03 0.44 0.77 0.83 1.32 1.23
SPP  0.12 -0.14 -0.25 -0.44 -0.02 -1.07 -0.40  Dof1 0.33 0.06 0.48 0.43 0.35 -0.11 0.04
SUS  -0.05 -0.58 0.00 -0.84 0.25 -0.95 0.13  NF-YB3 -0.43 -0.17 -0.22 -0.85 -0.20 -1.84 -0.60
AInv 0.38 0.07 0.20 0.20 0.34 0.18 -0.07
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Figure legends 

Fig. 1 Flowchart of the gene identification, primer design, and protocol for qRT-PCR followed in this 
study.  

Fig. 2 Phylogenetic tree of (a) aspartate aminotransferase amino acid sequences of two poorly 
annotated wheat genes and other plants species, and (b) glutamate synthase nucleotide sequences of 
two putative orthologous wheat genes and other plants species. AAT plant sequences were retrieved 
from UniProtKB/Swiss-Prot, the accession number indicating the entry in the database. The mRNA 
sequences for wheat proteins are EU346759 and EU885207 (B0FRH4 and B5B1F8, respectively). 
GOGAT plant sequences were retrieved from UniProtKB/Swiss-Prot and GenBank, the code indicating 
the accession number in GenBank. The phylogenetic tree was constructed by the neighbor-joining 
method with MEGA5. Numbers indicate the bootstrap analysis for 1000 replicates. 
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Supplementary Table S1 Primer pairs for durum wheat sequences associated with C and N 
metabolism. 
 

Acc. No. Description Orient. 5’-3’ sequence Product 
(bp) 

     
FJ797425 
 

Putative photosystem I chlorophyll a-b binding 
protein, LHCI 

Fw CTTCGAGCGGTTCAAGGAGT 106 
 Rv CTTCACCCAGTTGCCCAGTC 

AJ635207  
 

Putative photosystem II chlorophyll a-b binding 
protein, LHCII 

Fw GCGCTTGGTTGTGTCTTTCCCG 84 
 Rv CTGAGAGCCAGCCATGAACCAGAC 

TC432721 
 

Putative photosystem I P700 chlorophyll a 
apoprotein A1, PsaA 

Fw AAGCCGCTCCCAAATTGGCCT 109 
 Rv TGAATTTGGTGCCCCGCCCA 

TC368668 
 

Putative photosystem I P700 chlorophyll a 
apoprotein A2, PsaB 

Fw TGTTGCTATTCCCGCATCCAGGGG 99 
 Rv TGACCCGTCAAAAGGGGTCCCAA 

M21352 
 

Photosystem II protein D1 Fw AGTACAAGCCTGTGGGGTCGCT 141 
 Rv AGGGGCAGCGATGAAGGCGATA 

EU492899 
 

Photosystem II protein D2 Fw GGATGACTGGTTACGAAGGGACCGT 100 
 Rv CCCTGTAAACCAACCCCCTAAAGCG 

AY123422 
 

Cytochrome b6f complex (cytb6f) Rieske iron-
sulfur subunit 

Fw AATAAGCGACGCAAGCTCCGGC 81 
 Rv TGTAGCAGCGTTCTTAGGACTGGCA 

BE216924 
 

Plastocyanin, PC Fw AACGACTTCAGCGTCAAGGCCG 74 
 Rv AACACCACGTTGTGCGGGAACC 

X75089 
 

Ferredoxin, Fd Fw GCAAGTTGGTGTCCGGCGAGAT 109 
 Rv ATGTCGGACTTGGGGTAGGCGT 

AJ457980 
 

Ferredoxin-NADP(H) oxidoreductase, FNR 
(fnr) 

Fw GATCCAGTCGATCCCGTCTTTGGC 127 
 Rv GGAGGAGCTCTGGGAGATGCTCAA 

M16843 
 

ATP synthase β-subunit, chloroplastic, ATPase Fw CCCTGCCCCTGCCACAACATTT 139 
 Rv GTTGCCAACGATCCGAGGCTGT 

X74545  
 

ATP synthase β-subunit, mitochondrial, ATPase Fw AACAGCATCCGCCTCGTGCT 131 
 Rv ACAGTGATGGGGGATCCGGTGT 

EF105343 
 

ATP synthase B1 subunit, vacuolar, ATPase Fw ACATTGCTCCGCATCTTCCCTCG 67 
 Rv AGAACGCGTCCAAGGTCTTCGC 

AB678199 
 

Glutamyl-tRNA reductase (hemA1) Fw CCATGGGCGGTGTTCGGCTTTT 70 
 Rv ACTTCGGATAGACAGGCGCCGA 

AY328025 
 

Ribulose-1,5-bisphosphate carboxylase 
oxigenase (Rubisco) large subunit (rbcL) 

Fw GGCTGCAGTAGCTGCCGAATCT 117 
 Rv TCCCCAGCAACAGGCTCGATGT 

AB020957 
 

Ribulose-1,5-bisphosphate carboxylase 
oxigenase (Rubisco) small subunit (rbcS) 

Fw AGCCTCAGCAGCGTCAGCAAT 108 
 Rv CGTGGATAGGGGTGGCAGGTAAGA 

AJ635203 
 

Rubisco activase, RCA (rba1) Fw AAGCTTGTGAACTCGCGGGACG 60 
 Rv CTCGACTGTCATCTTTGGCTGCTCA 

X07851 
 

Rubisco subunit-binding protein subunit α, 
cpn60 

Fw TGCTGGATGAGTATGGCAACCCCAA 102 
 Rv TCAGAGCTGCACCCGCATTTTCC 

BE213258 
 

Putative carbonic anhydrase, plastidial, CA Fw CGACCGATGTGGATCCATTGCCA 65 
 Rv ATCCCGGCATCCAGTCGTGGAA 

TC389217 Putative carbonic anhydrase, plastidial, CA Fw GGTCGGCGGTCACTACGACTTC 173 
Rv AAACAACGAGTACGCACTCCCATG 

TC393400 Putative carbonic anhydrase, plastidial, CA Fw GCAGAACCTCCTGACCTACCCGTTC 82 
Rv GAAGTCGTAATGACCGCCGACCAG 

TC442386 Putative carbonic anhydrase, plastidial, CA Fw TGGAGTAAAGTTGGACACAGCGAAC 126 
Rv CTGGCCGCCATTTCACGATTCTAG 

DQ290746  
 

Phosphoglycerate kinase, plastidial, PGK 
(pgk1) 

Fw AACAGCCCACAGAGCACATGCC 138 
 Rv ATGGCAGCGAATGGGCGCTT 

TC379293 
 

Putative glyceraldehyde-3-phosphate 
dehydrogenase, plastidial, GAPDH 

Fw TACACCCACGCCGACACCATCA 144 
 Rv TAGCCTCTGGTCGCCGGTGTAT 

TC389847 
 

Putative triose phosphate isomerase, plastidial, 
TPI 

Fw TTGCGTATGAGCCTGTGTGGGC 91 
 Rv AACCAATCACGGACAGCGGCA 

FJ625793 
 

Fructose-1,6-bisphosphate aldolase, plastidial, 
FBA 

Fw AGGCGTGTCAAAGAAGAGGGTAGCA 72 
 Rv TGAGGAGAGTAGCAGACGCCATTGT 

X07780 
 

Fructose-1,6-bisphosphatase, plastidial, 
FBPase 

Fw TACATCGTGGTGTTCGACCCGC 135 
 Rv CGTCACTTCGTCAAGGGTTGCGT 

TC370604 
 

Putative transketolase, plastidial, TK Fw ATCGGCATCGACAAGTTCGGCG 92 
 Rv TTGGCTGCGGCGATGACGTT 

X65540 
 

Sedoheptulose-1,7-bisphosphatase, SBPase Fw AGTACTCCCATGTGTGCAAGTACGC 145 
 Rv TTCCCACGGTGAAGTTGGTGTCC 

TC374908 
 

Putative ribulose-5-phosphate 3-epimerase, 
plastidial, RPE 

Fw CAATCCTGGTTTTGGTGGGCAGAGT 102 
 Rv TCGATCCAGGGGTTCACTCCCTTC 

TC405712 
 

Putative ribose-5-phosphate isomerase, 
plastidial, RPI 

Fw CGGACGGACGCATGTTTCTGCT 105 
 Rv TGCGTGAAAGCCAAGGGCACA 

     

 
 



Supplementary Table S1 Continued. 
 

Acc. No. Description Orient. 5’-3’ sequence Product 
(bp) 

     
X51608 
 

Phosphoribulokinase / ribulose-5-phosphate 
kinase, plastidial, PRK 

Fw CGGGCAAGGAGATTGCAGCTTTGG 100 
 Rv ACACTGACACCGTCTGATCCAGCAA 

BE216942  
 

Putative CP12 protein  Fw GGCAAGGAGATTGCGGCTTTGGA 141 
 Rv CACCGACAACAGGTAGCTGACCCA 

TC410105 
 

Putative ribulose-5-phosphate 3-epimerase, 
cytosolic, RPE 

Fw AAGGGGAGAAGAGCAGCTCCCAAG 101 
 Rv TTGGGATGGTGGTGCATGGGGA 

TC391593 
 

Putative ribose-5-phosphate isomerase, 
cytosolic, RPI 

Fw GAACTACTGCAAGGAGAACCCC 89 
 Rv CTATCCGCCGTCCAGAACAAA 

TC391192 
 

Putative phosphoglycolate phosphatase, 
PGLP 

Fw AGGCCAAAAGGGTTGGTGTT 101 
 Rv TCTTCCTCGTTGACACTGAGC 

BE216989 
 

Putative glycolate oxidase, GO Fw CAACGCCCTAGAAGAAGCCGCA 94 
 Rv GCCAAAGCAGCCCCTAAAGCGT 

D86327 
 

Catalase-1, CAT (cat1)  Fw TGACCGTTCCTCCGTTCGCCAT 109 
 Rv TTGTCGTTGTTCCAGACGGGCG 

TC405186 
 

Putative glutamate:glyoxylate 
aminotransferase, GGAT 

Fw TCGGCCAGAAGCCACTCACCTT 70 
 Rv TCATCGAGCAGGAAGGGAGCCT 

TC416357 
 

Putative serine:glyoxylate aminotransferase, 
SGAT 

Fw TGGAAGCGGTACAACCTCAG 135 
 Rv CTTGAGCACCATCTCCACCC 

AJ635205 
 

Putative glycine decarboxylase complex 
(GDC) P subunit (gly1) 

Fw ACGTGTACGGGGATCGCAACCT 65 
 Rv AGCTTCCTCTGCCACCTGGGAT 

AY123417 
 

Putative glycine decarboxylase complex 
(GDC) H subunit 

Fw ACCGAGCCACCATCCCCTACAA 149 
 Rv TGGCGCCGCTGCTTGAAATCT 

DQ862827 
 

Serine hydroxymethyltransferase, predicted 
mitochondrial, SHMT 

Fw GCCAGAAACGTGCTTTGGAGGC 90 
 Rv GGAAGTTGGCAGGTGAACCCGA 

TC391765 
 

Putative hydroxypyruvate reductase, 
peroxisomal, HPR1 

Fw GCTCGCTGCTCTGAACGTGCTT 148 
 Rv AGATGGCAGGCCGAGTTGCTTG 

TC394252 
 

Putative glycerate kinase, GLYK Fw ACCATGCGTATTTGCCCACGCT 64 
 Rv AGCAGATGGTCTTTCTTCGCGCC 

JQ673331  
 

Inorganic pyrophosphatase, IPP (IPP1-1) Fw CTATGGCTTCATTCCACGCACACTC 65 
 Rv GCATCAGGACAAGGACATCCATCGG 

AJ319659 
 

ADP-glucose-pyrophosphatase, AGPPase Fw CATGGCCAACGCAATGTTGCTCC 65 
 Rv CCATGGCGGAGAAGGGCATGAT 

DQ406820 
 

ADP-glucose-pyrophosphorylase (AGPase) 
large subunit, plastidial (AGP-L) 

Fw GGCTCCAACGTACACCTCAA 78 
 Rv CTGGTCGCCTCTTTCCATGT 

AF492644 
 

ADP-glucose-pyrophosphorylase (AGPase) 
small subunit, plastidial (AGP-S) 

Fw CCGGAGATCACCTGTACCGA 109 
 Rv GTCGCACGTTCCTCATCCAT 

AJ635204 
 

Putative starch synthase, isoform I, SSI Fw ACGAGCAGATCTTCCGAATGGGC 86 
 Rv AAGGAGACTGCCGCTTCGACCT 

AF258608 
 

Starch synthase, isoform III, SSIII Fw AGCGGACTCGTCGCAAAATGCT 61 
 Rv ATCCGCCACATCCACTTCCCCA 

AY044844 
 

Starch synthase, isoform IV, SSIV Fw GGCGCCGACCCCCTTTATAACAA 66 
 Rv TTCAGCGGAAACCGACGCCT 

AJ301647 
 

Isoamylase 1 (iso1) Fw CACTTACCGGCCGTTGTTGA 88 
 Rv AGTCGTATGGTGCTGGCTTG 

JN412069 
 

Isoamylase 3 (iso3) Fw GGTGGGCTGAATGGAATGGA 83 
 Rv TGCCAACACCCCCTTCATAC 

AF314182 
 

Triose phosphate/phosphate translocator, TPT 
(tpt1) 

Fw CGGCAATCACCACCGGCTTCTT 148 
 Rv AGGAGGCAGTACACAACTCCCACA 

AF548741  
 

Glucose-6-phosphate/phosphate translocator, 
GPT 

Fw CCTCACACGGCTAGATGACC 113 
 Rv ACACCTCAGCCTTTGACTCC 

TC374000 
 

Putative fructose-1,6-bisphosphatase, 
cytosolic, FBPase 

Fw GCTAAGCGAACGAGAGGGAGGGTAG 69 
 Rv TGTCCGCCGCGTGATCCATCTT 

TC380863 
 

Putative nucleoside diphosphate kinase 1, 
cytosolic, NDK 

Fw CGCAGCAGCACTATGCCGATCT 126 
 Rv TCCTGCGGCCAGTCAAGACAAC 

BT009219 
 

Putative UTP-glucose-1-phosphate 
uridylyltransferase, UGPase 

Fw CGTGTGCATTCTGCTGGGGTGT 103 
 Rv TGGCACGCCCAGGAAGAACAAG 

AF310160 
 

Sucrose-phosphate synthase 1, SPS (SPS1) Fw AGAAGGCTCTGCCTCCCATTTGGTC 70 
 Rv AGGATCATCGGCTTGTGCGGGTT 

AF321556 
 

Sucrose-phosphate phosphatase 1, SPP 
(SPP1) 

Fw GCGCACGGGAAGGAGTTTTTCTTCT 144 
 Rv GACCTCCGTAGACATCATCCAGCCC 

AJ001117 
 

Sucrose synthase type 1, SUS (Sus1) Fw GTATGTTCACCAGGGCAAGGGCA 61 
 Rv GGCGTCAAACTCAGCAAGCAGC 

AM295169 
 

Alkaline invertase, predicted cytosolic (AInv) Fw CCCCCTTGTGAATGAGGCATGGGA 70 
 Rv ACCCACAGGTTGGCCACGAAAATG 

EU981912 
 

Sucrose:sucrose 1-frutosyltransferase, 1-SST 
(1-SST) 

Fw TACGCGTCCAAGTCCTTCTACGACC 143 
 Rv CGTCAAGCTCCACTGTCCTCGGAAT 
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EU981911 
 

Sucrose:fructan 6-fructosyltransferase, 6-SFT 
(6-SFT) 

Fw CCAAGCGGGCTGATGTGGTGAA 147 
 Rv ACTGAGTTCGGTGGCGTTGAGG 

AB088409  
 

Fructan:fructan 1-fructosyltransferase, 1-FFT 
(1-FFT-A) 

Fw CCCTTCGGCATTCTTGTCCT 83 
 Rv CCATCCAGTCCCTTGGACAC 

AB088410 
 

Fructan:fructan 1-fructosyltransferase, 1-FFT 
(1-FFT-B) 

Fw AAGAACGACACGGACCACTC 78 
 Rv CCCCGGTATCAACTCGTAGC 

AJ564996 
 

Fructan 1-exohydrolase, 1-FEH (1-FEH w3) Fw ACGTAACCAGCCTCTTCCTCCCCA 75 
 Rv ACAAGGATCTGCCTCCTCCATCGC 

AB089269  
 

Fructan 6&1-exohydrolase, 6&1-FEH  Fw TAGCAGTTGGTGCTGAGGTG 93 
 Rv ACAGCGGGCGTTCAATTCTA 

AB089270  
 

6-kestose exohydrolase, 6-KEH Fw CCCACCTCACCTACTACCTGTAGCC 127 
 Rv AGAAGATACACGCGAGGCCACCA 

JQ073560  
 

Trehalose-6-phosphate synthase, TPS Fw CTTCTCCTCTGGCTTGCACA 76 
 Rv CTACGAGTACGTTGCCTCCC 

AK331310  
 

Putative trehalase, TRE Fw GGCCTTGTGAGGAGAGCATT 128 
 Rv CACATGGCCTGGTAACGACT 

AB158407 
 

Putative cellulose synthase, CESA (CesA) Fw AGCAGACGTGCTCCCTTTCCCT 136 
 Rv TGGGAATTGCACCCTTGTCCTGC 

AF030421  
 

Cell wall invertase, cwInv (IVR3) Fw AGGGCCCACATTTACGCTTT 95 
 Rv TCCACATTCACTTGTGCCTTCT 

AY974231 
 

Hexokinase, HXK Fw CGGGGATGAGCATGGGCTGTTTT 85 
 Rv CTCCTTTCCTCCAAGCTGAACCCG 

BQ606334 
 

Putative phosphoglucomutase, plastidial, PGM Fw AAGCTTGTTACGGTTGAGGACAT 119 
 Rv ATAGCCATCAGTTCCTTGGCAG 

AJ313311 
 

Phosphoglucomutase, cytosolic, PGM Fw ACTGGTTGATCGGATGGGTCTTGGG 63 
 Rv GCGGCACCAAATTCAGGGGGTT 

AK333308 
 

Putative phosphoglucose isomerase, plastidial, 
PGI 

Fw CCGACCCTGCTGGAATTGAT 111 
 Rv GACCATTCCGGGTTTCAGGT 

DQ456872 
 

Phosphoglucose isomerase, cytosolic, PGI Fw CGCCGTTAGGGTCATGCAGAAAACA 84 
 Rv ACATTGCTATGCAAGCGGCGCA 

AY130765 
 

Pyrophosphate-fructose-6-phosphate 1-
phosphotransferase, PFP 

Fw ATTGGCGGGGATGGAACAAT 144 
 Rv AGTCTGAAACCCAAACGCCT 

TC391986 
 

Putative 6-phosphofructokinase, PFK 
 

Fw GATTCCCCGGACTGATGACC 104 
 Rv TCCACCATCTACCCAGCTCA 

AK333335 
 

Fuctose-2,6-bisphosphatase/6-phosphofructo-
2-kinase, F2KP 

Fw ACCCACTCATGCGACCGAGGAT 91 
 Rv AGTTGGTGGTGCAGTTGGCGT 

AJ420778  
 

Fructose-1,6-bisphosphate aldolase, cytosolic, 
FBA 

Fw CACAGCTCTCCATCGACCAG 147 
 Rv CGATCTCGGTGACGTAAGCA 

AJ278243 
 

Triose phosphate isomerase, cytosolic, TPI Fw TCGTCGGCGGCAACTGGAAA 121 
 Rv TAGGGCGGGCTAACGACAACCT 

FN429985 
 

Glyceraldehyde-3-phosphate dehydrogenase, 
cytosolic, GAPC 

Fw TTGATGGTCCCTCGAGCAAGGACT 127 
 Rv CCGGTAAGCTTGCCATTCAGCTCAG 

AF521191 
 

Glyceraldehyde-3-phosphate dehydrogenase 
(non-phosphorylating), cytosolic, GAPN 

Fw GATGCCTGCATTGTGCTGGAGGA 134 
 Rv GTGTCGGCAACCGCTTCCATGA 

X15232 
 

Phosphoglycerate kinase, cytosolic, PGK 
(pgk2) 

Fw CCAAGCCCATCGCCACTCCAAT 143 
 Rv CGCACGAACACCTTCTTCCCCT 

AF475111 
 

Phosphoglycerate mutase, PGAM Fw TGAGCAGGGTGTTGATGCACGG 103 
 Rv ATCCCACCCACGCTTGACCACA 

AJ007705 
 

Phosphoenolpyruvate carboxylase, PEPC 
(PEPC) 

Fw CGATGAGATGGCTGTGGTGGCAA 140 
 Rv TTCTCTTGGATGGCCTGCTCCCT 

AK332778 
 

Putative pyruvate kinase, PK Fw CCATGCTTGCCGATCCACGTCA 124 
 Rv ACGACAACGCGGTCATGCGA 

GU563379 
 

Putative pyruvate dehydrogenase complex 
(PDC) E1 component α-subunit, mitochondrial 

Fw ACCCCTGCTGAGCTCAAGGACA 141 
 Rv TGACTCAACGCCAAAACCCTTGACA 

TC378665 
 

Putative citrate synthase, mitochondrial, CS Fw GCCCTTGGCCTACCGCTTGAAA 78 
 Rv AGCCGCAACCTTCTTGCAGTGG 

AK331640 
 

Putative NAD-dependent isocitrate 
dehydrogenase, mithochondrial, IDH 

Fw TTGCAGTTCCCGTCGTTCGCT 91 
 Rv TGCCGCCCAGATCCTTTGTCCT 

DR740472 
 

Putative NADP-dependent isocitrate 
dehydrogenase, cytosolic, ICDH 

Fw GGCACCGTGTTCAGAGAGCCAA 141 
 Rv TTTGCCAGGTCCCTTGAGAACGG 

TC392831 
 

Putative 2-oxoglutarate dehydrogenase 
complex (OGDC) E1 subunit 

Fw AAGTGGCCAGGATGTTGAGAGAGGT 60 
 Rv TGGTCATGGATGACAGAATGGCGG 

AY525637 
 

Ammonium transporter, AMT (AMT1;1) Fw CTACACCGACGAGGACTCCA 77 
 Rv CCGACTTGAGCATGAACCCT 

AY525638  
 

Ammonium transporter, AMT (AMT1;2) Fw CGCGCTCTTCTACTACCTCTT 80 
 Rv CGAAGAAGTGCTTCCCGATAAAC 
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AY428038  
 

Ammonium transporter, AMT (AMT2;1) Fw GAGCCGAACCTCTGCAATCT 123 
 Rv GTTCCACCCGATCACGAAGA 

HF544985  
 

Low affinity nitrate transporter, NRT1 
(NRT1.1A) 

Fw CCTTCACCTACATCGGCCAG 112 
 Rv CTGACGAAGAATCCGAGCGA 

HF544986  
 

Low affinity nitrate transporter, NRT1 
(NRT1.1B) 

Fw GCCTCACATCGTCCACTCA 140 
 Rv CTTCATCCCCTTTGGGCACT 

AY587264 
 

Low affinity nitrate transporter, NRT1 (NRT1.2) Fw ATACCTGGGGAAGTACCGGACAGC 133 
 Rv AGGATCTGCCCAAAGAGTCCAAGCA 

HF544990  
 

Low affinity nitrate transporter, NRT1 
(NRT1.3A) 

Fw AGCCTCAACAATGACGGAAGT 82 
 Rv CCAGAAGAGGATGCAGGTGG 

HF544993  
 

Low affinity nitrate transporter, NRT1 
(NRT1.5B) 

Fw AGCAGTCAAAGCAAACACTGG 84 
 Rv CCGAAGAAGGCGCATGTTAC 

HF544995 
 

Low affinity nitrate transporter, NRT1 
(NRT1.7B) 

Fw ATCGTATGCTTCGTCGCGT 147 
 Rv CGGCAAGAATGCAGTTAGGG 

HF544997 
 

Low affinity nitrate transporter, NRT1 
(NRT1.8B) 

Fw TGCACCGCAAGGTGGCTGTT 138 
 Rv AGCTTCGCATGCCATCTGGAGATTC 

AF332214  
 

High-affinity nitrate transporter, NRT2 
(NRT2.1) 

Fw TCAAGAAAGATGGAGGTGCAGGCCG 124 
 Rv TGTGGGGGTTGGCGAAGGAGAA 

AF288688 
 

High-affinity nitrate transporter, NRT2 
(NRT2.2) 

Fw TCGTCATGCTCTCAGCACCCACT 111 
 Rv ATGACACGAAGGTGGCGAGGGA 

AY053452 
 

High-affinity nitrate transporter, NRT2 
(NRT2.3) 

Fw ATGCCGGTGTGGCATCTGTGTC 130 
 Rv ATGCAGAAGACCGTTGGCGCT 

AY763794 
 

Component of high-affinity nitrate transporter, 
NAR2 (NAR2.1) 

Fw TCGCCTCCCTCGCATTCTTCTTCT 103 
 Rv GACCGGCCAGAGAAAGCCAACA 

AY763795 
 

Component of high-affinity nitrate transporter, 
NAR2 (NAR2.2) 

Fw CGTCGTCTCCCTCGCCTTCTTCTT 98 
 Rv AAGTCGCGCACGGACGAACA 

AK333426  
 

Putative NADH-nitrate reductase, NR (NIA) Fw CTCAAGCGCAGCACGTCTA 66 
 Rv CTCGGACATGGTGAACTGCT 

AK333382 
 

Molybdenum cofactor biosynthesis protein, 
MoCo 

Fw AGCGGCGTGTGGGATAAGAGGA 75 
 Rv ATGCACTCCGCGACAGCGTT 

FJ527909 
 

Ferredoxin-nitrite reductase, NiR (nir) Fw AACCTCCTCTCCTCCTACATCA 66 
 Rv CCTAGGAAGGTTGGTGATGGC 

DQ124209 
 

Glutamine synthetase, cytosolic, GS1 (GS1a) Fw AGGTCATCGTGGATGCCGTGGA 139 
 Rv TTTGCGACGCCCCAGCTGAA 

AY491968 
 

Glutamine synthetase, cytosolic, GS1 (GSr1) Fw AAGGGCTACTTCGAGGACCGCA 129 
 Rv ATGATCTGGCGGCGGTAGGCAT 

DQ124212  
 

Glutamine synthetase, plastidial, GS2 (GS2a) Fw CTCATGGTGTGTTGCGAACC 83 
 Rv GGTCCTCCAGGTATCCTTTGC 

DQ124213  
 

Glutamine synthetase, plastidial, GS2 (GS2b) Fw TGAAGGAAACGAGCGGAGAC 104 
 Rv CTCGCCCCACACGAATAGAG 

TC387834 
 

Putative NADH-dependent glutamate 
synthase, NADH-GOGAT 

Fw GCCATTGAATCAGTTCCAGGGCCAC 99 
 Rv GCCAGCACCTGAGCTTTCCTGATG 

TC394038 
 

Putative ferredoxin-dependent glutamate 
synthase, Fd-GOGAT 

Fw CGGCAATGGAGGCTGAGCAACA 80 
 Rv TGAGCCTGCTCGATGGTCACTGT 

HQ821868  Glutamate dehydrogenase, GDH (GDH1) Fw AGCGTTTTGTAATCCAGGGGT 150 
 Rv AGTGCTTCATCAGCTTGGCTA 

EU346759 
 

Aspartate aminotransferase, predicted 
cytosolic, AAT 

Fw GCTATGTTCGACGAATGGACCGTGG 82 
 Rv GCGCATCAAAAAGCTGCTCCCTCA 

EU885207 
 

Aspartate aminotransferase, plastidial, AAT Fw AAGCTCAACCTTGGTGTTGGTGCCT 138 
 Rv TGCAGCGAAGCCTTCAATAGGCAGA 

AY621539 
 

Asparagine synthetase, AS (ASN1) Fw GAACCAGCAAGAAGCCGAGGATGA 90 
 Rv AGAGATTGGCAAGCAGGACAGGACA 

HM998551 
 

Chloride channel 1, CLC (ClC1) Fw TCGTGGCTGTTGTGGTGCGA 75 
 Rv AACCGCCAGCCCCAAAATGACC 

GQ240772 
 

Heat shock protein, HSP (HSP90.1-A1) Fw GAGGAGGTCGACGATGACAAGGACA 74 
 Rv TCGTGGCTCACCTCCTTCACCT 

GQ280382 
 

Heat shock protein, HSP (HSP70) Fw TGCAGATGCGGGTTGCTCGT 96 
 Rv AGTTGGTGGTGCCCAGGTCGAT 

JF288934 
 

Myb transcription factor (MYB13-1) Fw TACGACCACGTCCACGTCCATG 98 
 Rv GGCCGTGATGTGAGTTGTTGTCG 

AY955493 
 

Dof transcription factor (Dof1) Fw AACAAGCGCATAGCAGCGCAC 65 
 Rv GCATGGGCTGGTGTGGAGTTCA 

JF830784  
 

NF-Y transcription factor (NF-YB3) Fw TCAAGCACTACCTCCACAAGTTC 105 
 Rv CGGTGGCATTGTTGTTGTTTCT 

DQ512330 
 

MADS-box transcription factor (AGL1) Fw GTTGAAGAAGCCGAGGAGGACGAGT 65 
 Rv ATGACCAGCTCGGTCTCCACTTCC’ 

AM502900 
 

MADS-box transcription factor (WM30) Fw TTCCATCGCCCTCTTGCTCTGC 81 
 Rv TTGCCGCGCCCCATCTTCAA 

     

 



Supplementary Table S3 Main effects on transcript abundance of elevated [CO2] (700 µmol mol−1), 
high temperature (ambient + 4 ºC) and interactions between them and with N supply. Up and down, 
over- and under-expression, respectively, relative to the parameter ambient level; blank, non-
significant effect. The column for high temperature × high N interaction is omitted because non-
significant results were reached. 
 

Description Elevated CO2  High temperature 
 Main 
effect 

× Low N × High N × High 
temp. 

× Amb. 
temp. 

  Main 
effect 

× Low N × Elev. 
CO2 

× Amb. 
CO2 

Light reactions 
LHCI    down     down  
LHCII           
PsaA           
PsaB           
D1     down     down  
D2            
cytb6f Rieske 
protein 

down      down    

PC       down    
Fd       down    
FNR       down    
Energy 
chl. ATPase β sub. down          
mit. ATPase β sub.  down      down   
vac. ATPase B1 
sub. 

 down     down    

Chlorophyll synthesis 
GluTR down      down    
Reductive and oxidative pentose phosphate pathway (chloroplast) 
Rubisco large sub. down      down    
Rubisco small sub.       down    
RCA down          
cpn60           
CA           
CA down      down    
CA down      down    
CA down          
plast. PGK   down     down    
plast.GAPDH down      down    
plast.TPI  down     down    
plast.FBA down      down    
plast.FBPase down      down    
plast.TK down      down    
SBPase           
plast.RPE down      down    
plast.RPI  down         
plast.PRK down      down    
CP12            
Oxidative pentose phosphate pathway (cytosol) 
cyt. RPE down      down    
cyt. RPI down      down    
Photorespiration 
PGLP  down down     down   
GO down      down    
CAT  down      down    
GGAT down          
SGAT down      down    
GDC sub. P  down      down    
GDC sub. H           
mit. SHMT    down     down  
perox. HPR1 down      down    
GLYK down          
Synthesis and degradation of carbohydrates 
IPP  down      down    
AGPPase       down    
AGPase large sub. down      down    
AGPase small sub.   down         
SSI down          
SSIII           
SSIV  down         
iso1    down       
iso3           
TPT  down      down    
GPT  down         
cyt. FBPase       down    
cyt. NDK  down         
UGPase down          
SPS down      down    
SPP   down     down    
SUS   down         
AInv           
1-SST  up          
6-SFT up          



Supplementary Table S3 Continued. 
 

Description 
Elevated CO2  High temperature 

 Main 
effect 

× Low N × High N × High 
temp. 

× Amb. 
temp. 

  Main 
effect 

× Low N × Elev. 
CO2 

× Amb. 
CO2 

Synthesis and degradation of carbohydrates 
1-FFT A           
1-FFT B up          
1-FEH        up    
6&1-FEH   down      down   
6-KEH down          
TPS           
TRE  up      down   
Cell wall 
CESA   down         
cwInv        up    
Glycolysis 
HXK           
plast.PGM  down     down    
cyt. PGM  down         
plast.PGI           
cyt. PGI          down 
PFP           
PFK           
F2KP  down     down    
cyt. FBA  down         
cyt. TPI  down     down    
cyt. GAPC down      down    
cyt. GAPN           
cyt. PGK   down     down    
PGAM           
PEPC  down          
PK down          
Tricarboxylic acid cycle 
mit. PDC α-
subunit 

 down     down    

mit. CS down          
mit. IDH down      down    
cyt. ICDH       up    
OGDC E1 subunit  down     down    
Nitrogen assimilation 
AMT1;2       down    
AMT2;1    up      down 
NRT1.1A       down    
NRT1.1B  down         
NRT1.3A           
NRT1.5B down      up    
NRT1.7B  down         
NRT1.8B           
NRT2.2       down    
NAR2.1     down     down 
NAR2.2     down    up  
NADH-NR  down          
MoCo       down    
NiR   down down      down  
GS1a up          
GSr1  down     down    
GS2a  down     down    
GS2b           
NADH-GOGAT  down         
Fd-GOGAT           
GDH  down          
cyt. AAT  down         
plast. AAT  down     down    
AS  down          
CLC   down      down   
Stress 
HSP90.1-A1 up      up    
HSP70       down    
Transcription factors 
MYB13-1           
Dof1        down   
NF-YB3 down          

 
 


