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Table-text S2 
Summary of MapMan functional groups (BINs) overrepresented in clusters of genes 
differentially expressed in G132 compared to WT in ambient or elevated growth CO2
concentration. Genes with significantly different expressions (> 2 fold change, P < 0.05) were 
selected for K-means clustering. Down, up, functional groups repressed and induced, 
respectively, in G132 relative to WT. Cluster 0, stronger gene repression; cluster 4; weaker 
gene repression, for some BINs only with ambient CO2; cluster 2, repression only with elevated 
CO2; cluster 3, induction, for some BINs only with ambient CO2; cluster 1, induction only with 
elevated CO2. 

Cluster 
BIN NAME 0 4 2 3 1 
1.1. PS.lightreaction  down down up up
1.2. PS.photorespiration     up
1.3. PS.calvin cycle     up
2.1. major CHO metabolism.synthesis down
2.2. major CHO metabolism.degradation down down down  up
3.2. minor CHO metabolism.trehalose    up
4.1. glycolysis.cytosolic branch   down up
4.2. glycolysis.plastid branch  down
4.14. glycolysis.PEPCase  down
5.1. fermentation.aldehyde dehydrogenase down
5.3. fermentation.ADH  down
6.5. gluconeogenesis / glyoxylate cycle.pyruvate dikinase    up
7.1. OPP.oxidative PP  down
7.2. OPP.non-reductive PP  down
7.3. OPP.electron transfer down down
8.1. TCA / org transformation.TCA  down
8.2. TCA / org transformation.other organic acid 

transformatons
 down

9.2. mitochondrial electron transport / ATP 
synthesis.NADH-DH 

 down

9.8. mitochondrial electron transport / ATP 
synthesis.uncoupling protein 

 down

9.9. mitochondrial electron transport / ATP synthesis.F1-
ATPase 

 down

10.1. cell wall.precursor synthesis   down up up
10.2. cell wall.cellulose synthesis   down
10.6. cell wall.degradation down
10.7. cell wall.modification down
11.6. lipid metabolism.lipid transfer proteins etc    up
11.8. lipid metabolism.exotics (steroids, squalene etc)   down
12.1. N-metabolism.nitrate metabolism down
12.3. N-metabolism.N-degradation   down
13.1. amino acid metabolism.central amino acid metabolism  down down  up
13.2. amino acid metabolism.degradation  down down up up
13.99. amino acid metabolism.misc    up
14.1. S-assimilation.APS    up
15. metal handling     up
15.2. metal handling.binding, chelation and storage  down
16.1. secondary metabolism.isoprenoids   down  up
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Cluster 
BIN NAME 0 4 2 3 1 
16.2. secondary metabolism.phenylpropanoids   down up up
17.1. hormone metabolism.abscisic acid    up
17.2. hormone metabolism.auxin    up
17.3. hormone metabolism.brassinosteroid   down
17.7. hormone metabolism.jasmonate down   up up
18. Co-factor and vitamine metabolism     up
19.21. tetrapyrrole synthesis.heme oxygenase     up
20.1. stress.biotic down down down  up
20.2. stress.abiotic down  down up up
21.2. redox.ascorbate and glutathione     up
23.1. nucleotide metabolism.synthesis     up
23.4. nucleotide metabolism.phosphotransfer and 

pyrophosphatases 
 down

26.3. misc.gluco-, galacto- and mannosidases   down
26.4. misc.beta 1,3 glucan hydrolases down
26.7. misc.oxidases - copper, flavone etc  down
26.9. misc.glutathione S transferases  down
26.12. misc.peroxidases down down  up
26.13. misc.acid and other phosphatases   down up
26.21. misc.protease inhibitor/seed storage/lipid transfer 

protein (LTP) family protein 
down

27.1. RNA.processing  down   up
27.2. RNA.transcription    up
27.3. RNA.regulation of transcription down  down up up
28.1. DNA.synthesis/chromatin structure   down up
28.2. DNA.repair  down down
28.99. DNA.unspecified     up
29.2. protein.synthesis  down down up up
29.3. protein.targeting   down up up
29.4. protein.postranslational modification down down down  up
29.5. protein.degradation down down   up
30.1. signalling.in sugar and nutrient physiology down    up
30.2. signalling.receptor kinases  down down  up
30.3. signalling.calcium   down  up
30.8. signalling.misc down
30.11. signalling.light   down up
31.1. cell.organisation  down down up
31.2. cell.division    up
31.4. cell.vesicle transport   down up
33.99. development.unspecified down    up
34.1. transport.p- and v-ATPases   down
34.2. transport.sugars   down
34.6. transport.sulphate     up
34.8. transport.metabolite transporters at the envelope 

membrane 
 down

34.12. transport.metal   down up up
34.14. transport.unspecified cations     up
34.16. transport.ABC transporters and multidrug resistance 

systems 
 down  up

34.18. transport.unspecified anions    up
34.99. transport.misc  down  up
35.1. not assigned.no ontology down  down  up
35.2. not assigned.unknown down   down up up
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G132 transcriptome 

In G132 relative to WT, 2,299 genes were differentially expressed (log2 fold-change>1, 

P<0.05, with Benjamini and Hochberg adjustment) in ambient CO2 and 4,128 in elevated CO2, 

as shown in a Venn diagram (Fig. 4B). Of these genes, a total of 1,886 genes were differentially 

expressed in G132 with both CO2 concentrations. Compared to WT, G132 had relatively more 

repressed genes than induced ones. 

A k-means clustering was used to identify categories of genes significantly induced or 

repressed in G132 compared to WT. Five clusters were chosen based on the visual inspection 

of a hierarchical clustering dendrogram (data not shown). The complete dataset with functional 

annotations and cluster assignment of 4,542 genes is provided in Supplementary Table S2. The 

functional categories significantly overrepresented in each cluster are summarised in the Table 

above, and a full list is given in Supplementary Table S3. Three clusters (0, 4 and 2), containing 

a total of 2,409 genes, were repressed in G132 compared to WT; those overrepresented in 

cluster 0 were more strongly repressed than those in cluster 4, some of which changed with 

ambient but not elevated CO2. The categories overrepresented in cluster 2 were repressed in 

G132 with elevated but not ambient CO2. Clusters 1 and 3 grouped overrepresented functional 

categories of genes, a total of 2,133, induced in G132 compared to WT. The functional 

categories in cluster 1 were induced in G132 only with elevated CO2, while some categories in 

cluster 3 were induced in G132 only with ambient CO2. 

Clusters 0 and 4 (transcripts repressed, respectively, more or less strongly in G132 relative 

to WT) were overrepresented for the functional categories of photosynthesis light reactions 

(LHCII Lhcb1 polypeptide and psbQ extrinsic protein) and major carbohydrate metabolism 

(genes for fructan synthesis and sucrose, starch and fructan degradation). Also 

overrepresented were the categories of glycolysis (plastid branch and phosphoenolpyruvate 

carboxylase, PEPCASE), fermentation, oxidative pentose phosphate cycle (OPP), tricarboxylic 

acids (TCA) and mitochondrial electron transport, as well as cell wall degradation and 

modification (including xyloglucan endotransglycosylase). Clusters 0 and 4 were also 

overrepresented for the category of nitrate metabolism (nitrate reductase) and amino acid 

central metabolism and degradation, metal handling and jasmonate metabolism (allene oxide 

synthase and lipoxygenase). Although not significantly overrepresented, cluster 4 included the 
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category of tetrapyrrole synthesis (Bin 19), with transcripts for protochlorophyllide 

oxidoreductase A (PORA) and uroporphyrin-III C-methyltransferase. There was also 

overrepresentation of the categories of biotic and abiotic stress. Similarly, these clusters 

included the categories of nucleotide metabolism (phosphotransfer and pyrophosphatases), 

beta 1,3 glucan hydrolases, peroxidases, glutathione S transferases, oxidases (copper, flavone, 

etc.) and the bifunctional protease inhibitor/seed storage/lipid transfer protein (LTP). RNA 

processing and regulation of transcription (transcription factors as C2C2(Zn) GATA, MYB, 

WRKY, lateral organ boundaries (LOB), and others), as well as DNA repair were also 

overrepresented and thus repressed. Protein synthesis (proteins of the eukaryotic, non-

chloroplast ribosomal subunits 60S and 40S; ribosome biogenesis; synthesis initiation and 

release), post-translational modification (protein kinases and phosphatases) and degradation 

were also overrepresented groups. Signalling (in sugar and nutrient physiology, receptor 

kinases and others), cell organisation, development, and various transporters (metabolite 

transporters at the envelope membrane, ABC transporters, and miscellaneous transporters) 

were included among the categories overrepresented. Although the overrepresentation did not 

reach significance, cluster 0 included a down-regulated transcript for the SLAC1 homologue 

slow anion transporter SLAH3 (BIN 34.9). Finally, the functional category for non-assigned 

transcripts was also overrepresented in clusters 0 and 4.  

Cluster 2 (genes repressed in G132 compared to WT under elevated CO2 and not under 

ambient CO2) like the previous ones, albeit for different genes, was overrepresented for the 

functional categories of photosynthesis light reactions (a protein kinase involved in state 

transitions) and major carbohydrate degradation (cell wall invertase, starch phosphorylase). The 

cytosolic branch of glycolysis, rather than the plastidic one included in cluster 4, was the 

functional category overrepresented in cluster 2. In contrast with clusters 0 and 4, cluster 2 had 

no representation of gene groups involved in fermentation, OPP, TCA, mitochondrial electron 

transport, and cell wall degradation and modification. At variance with these clusters, the 

functional category of lipid metabolism (steroids, squalene, etc.) was overrepresented in cluster 

2. There was also overrepresentation of the categories of nitrogen degradation, amino acid 

degradation, central amino acid metabolism, and secondary metabolism (isoprenoids and 

phenylpropanoids). In cluster 2, brassinosteroid rather than jasmonate was the hormone 
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metabolism category overrepresented, while biotic and abiotic stress were included in cluster 2, 

as they were in clusters 0 and 4. Gluco- and mannosidases and phosphatases were also 

grouped into this cluster. There was overrepresentation of the regulation of transcription 

(AP2/EREBP, bHLH, C2H2 zinc finger, etc.), DNA synthesis (chromatin structure) and repair, 

protein synthesis (proteins of non-chloroplastic, eukaryotic ribosomal subunits 60s and 40S and 

chloroplast prokaryotic ribosomal subunits 50S and 30S; ribosome biogenesis; initiation; 

elongation), targeting (nucleus, mitochondria, secretory pathway) and post-translational 

modification, signalling (receptor kinases, calcium, light), cell organisation (tubulin, actin, 

annexin, etc.) and vesicle transport, transport including ATPases, sugars and metals, as well as 

transcripts unassigned to functional categories. 

Cluster 3 (genes activated in G132 compared to WT, some of them only under ambient CO2) 

was overrepresented for the category of photosynthesis light reactions (psbP, psbR, psaA and 

psaB polypeptides, ATPase alpha subunit, NADH dehydrogenase, chlororespiration 

components), including the transcript coding for psbQ, which showed decreased levels in 

cluster 0 (see above). Although not significantly overrepresented, the transcript for the Rubisco 

large subunit (BIN 1.3) was included in this cluster, while the categories significantly 

overrepresented were minor carbohydrates (trehalose), cytosolic branch of glycolysis (PGM, 

PEPCK, enolase), gluconeogenesis, cell wall precursor synthesis, and lipid metabolism (lipid 

transfer proteins). In addition, there was overrepresentation of the functional categories of 

amino acid degradation; sulfur assimilation (sulfate adenylyltransferase); phenylpropanoids, 

abscisic acid (abscisic aldehyde oxidase, abscisic acid 8'-hydroxylase), auxin (auxin-responsive 

family protein, auxin-related, sulphur-starvation responsive transcription factors) and jasmonate 

(lipoxygenase) metabolisms, with the latter being repressed in cluster 0; abiotic stress, for which 

some repressed transcripts were included in clusters 0 and 2; peroxidases and phosphatases. 

Cluster 3 was also enriched in RNA processing, transcription and regulation of transcription 

(transcription factors such as APETALA, auxin response factors, CCAAT box binding factor, 

and many others); DNA synthesis (chromatin structure); protein targeting and synthesis 

(proteins of the chloroplast prokaryotic ribosomal subunits 30S and 50S and the eukaryotic 

ribosomal subunit 40S; initiation; elongation), whereby the genes for eukaryotic proteins 

(clusters 4 and 2) were repressed in G132, with activation of the genes for chloroplast 
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prokaryotic proteins of ribosomes (clusters 3 and 1, see below). Also overrepresented were the 

functional categories of light signalling; cell organisation, division and vesicle transport, some of 

which were also included in clusters with repressed transcripts (2 and 4); transport (metal, ABC, 

anions); and the functional category of unassigned.  

Cluster 1 (transcripts induced in G132 only with elevated CO2) was overrepresented for the 

functional category of photosynthetic light reactions, with induction of genes (Lhcb5, Lhcb7, 

CP24 and CP29 of LHCII, psbQ, some polypeptides included in cluster 3, such as psbP and 

PsbR, LHCI polypeptides Lhca1, Lhca2, Lhca3, Lhca5 and Lhca6, PSI subunits H2,O and L, 

etc.) different to those repressed in cluster 4, ATPase gamma subunit, components of the NDH 

dehydrogenase complex and chlororespiration. Also overrepresented were the categories of 

photorespiration (glycine decarboxylase, hydroxypyruvate reductase, etc.) and Benson-Calvin 

cycle (phosphoribulokinase, Rubisco large subunit N-methyltransferase); major carbohydrate 

degradation (beta amylase, alpha-1,4-glucanotransferase); cell wall precursor synthesis; amino 

acid synthesis and degradation; metal handling; isoprenoids and phenylpropanoids; jasmonate 

metabolism (lipoxygenase); cofactor and vitamin metabolism; tetrapyrrole synthesis (heme 

oxygenase) including some genes not significantly overrepresented (magnesium-chelatase, 

magnesium protoporphyrin IX methyltransferase, chlorophyllide a oxygenase); biotic and abiotic 

stress, also overrepresented in other clusters with induced and repressed genes, as already 

described; redox (monodehydroascorbate reductase, glutathione peroxidase, etc.), not 

overrepresented in other clusters; nucleotide synthesis; RNA processing and regulation of 

transcription (APETALA2, Auxin Response Factor, bHLH, etc.); DNA; protein synthesis 

(proteins of chloroplast prokaryotic ribosomal subunits 30S and 50S; ribosome biogenesis; 

initiation; elongation; release), targeting (chloroplast, vacuole), post-translational modification 

(protein kinases and phosphatases) and degradation (subtilases, cysteine proteases, ubiquitin, 

etc.); signalling (sugar and nutrient physiology, receptor kinases, calcium); development; 

transport (sulphate, metal, cations); and unassigned genes. 


